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PREFACE

v

More than 460,000 Americans die each year from sudden, unexpected cardiac arrest.
Despite the fact that there have been more than 50 years of scientific, experimental, and
clinical studies since the introduction of modern cardiopulmonary resuscitation (CPR) by
researchers at Johns Hopkins University in the 1950s, survival remains dismal. Only 1
out of 5 adults survive in-hospital, and less than 1 in 10 survive out-of-hospital, cardiac
arrest. Thus, there is ample room for further discovery and enhancement of resuscitative
interventions.

CPR is at best an inexact science spanning many different specialties and medical disci-
plines. Organizations such as the American Heart Association, the Canadian Heart and
Stroke Foundation, the European Resuscitation Council, and the International Liaison
Committee on Resuscitation develop and publish guidelines for resuscitation approxi-
mately every 5 years. Many of the authors in this book are active members of these
organizations and contribute regularly to these international guidelines documents. The
purpose of Cardiopulmonary Resuscitation is to provide physicians, nurses, paramedics,
and other members of the in- or out-of-hospital emergency response team with the latest
information on the science and practice of CPR. Unlike the American Heart Association
Guidelines in Cardiopulmonary Resuscitation and Emergency Cardiovascular Care or
the Advanced Cardiac Life Support textbook, Cardiopulmonary Resuscitation explores
the physiology behind current state-of-the-art clinical resuscitation in depth.

Generous portions of this book translate resuscitation physiology and principles into
practical bedside recommendations, clinical tips, and expert techniques. The collective
wisdom of the authors—an international, stellar group of resuscitation thought leaders—
on how best to approach difficult resuscitation decisions should be of great benefit to in-
or out-of-hospital resuscitation team members. The book reviews major ongoing re-
search in resuscitation science that will likely affect the next set of international resus-
citation guidelines. Finally, there is an extensive discussion of ethical issues surrounding
resuscitation of both children and adults.

Cardiopulmonary Resuscitation is dedicated to the countless victims of sudden,
unexpected cardiac arrest, and to their families, friends, and loved ones. If our readers can
learn from this book even one new, practical technique that can save a  life, our efforts
will not have been in vain.

Joseph P. Ornato, MD, FACP, FACC, FACEP

Mary Ann Peberdy, MD, FACC
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Chapter 1 / History of the Science of CPR 1

1

From: Contemporary Cardiology: Cardiopulmonary Resuscitation
Edited by: J. P. Ornato and M. A. Peberdy © Humana Press Inc., Totowa, NJ

1 History of the Science
of Cardiopulmonary Resuscitation

Mickey S. Eisenberg, MD, PhD

CONTENTS
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REFERENCES

THE WILL OF RESUSCITATION

Through much of recorded history, resuscitation was forbidden. Although written
accounts of resuscitation can be found, it is clear that successful reversal of death was
thought to have been performed directly by God or through appointed agents. For example,
stories of resuscitation in the Bible involve prophets acting clearly as vessels through which
God’s power restores life (1,2). In these and other resuscitation accounts, reversal of
death was considered the province of God and not something mere mortals should under-
take. This “prohibition” against resuscitation was challenged during the Enlightenment,
an amazing period of scientific discovery. Starting around 1750, scientists and philoso-
phers questioned the dogma of the past and came to believe that humans could understand
and control their own destinies. They wished to discover the workings of the universe as
well as the ticking of life itself. To speak of the science of resuscitation one must begin
where science begins. And there is no more crucial ingredient to science than the scien-
tific method—a key achievement of the Enlightenment. The intellectual giants of the
Enlightenment claimed that the world could best be understood through scientific discov-
ery, and the means to achieve this was the scientific method.

From the experiments and swirling discoveries of the Enlightenment came the belief
that if life could be understood, then death itself could be reversed. The will to resuscitate
manifested itself in the first organized effort to deal with the problem of sudden death.



2 Cardiopulmonary Resuscitation

In the 1700s, drowning, particularly in the large European port cities, was the leading
cause of sudden death. In response, Amsterdam founded the first organized resuscitation
effort—there were as many as 400 deaths per year in that city (3). The establishment of
the Amsterdam Rescue Society in 1767 represents humanity’s collective desire to attempt
resuscitation of the suddenly dead. No longer was religion invoked as the sole life-saving
force, instead humankind empowered itself to deal with matters of life and death. Within
4 years of its founding, the Amsterdam Rescue claimed to have saved 150 persons from
watery deaths. The Royal Humane Society in London began a few years later in 1774 (4).
The Society’s emblem shows an angel blowing on an ember with a Latin inscription that
translates “A little spark may yet lie hid.” This emblem is a wonderful metaphor of
the prevailing belief that as long as there was warmth in the body, life could be reignited.
The will to resuscitate began with the Enlightenment. It would take approx 200 years for
the way to be found (5).

THE SEARCH FOR THE WAY OF RESUSCITATION

Rescue societies were formed in many European and American cities after the Enlight-
enment, and all of these societies recommended techniques to deal with drowning victims
(6). For example, one technique advocated placing the victim over a barrel and rolling
him or her back and forth while holding the legs. This technique allowed the abdomen
to be alternatively squeezed and to perhaps allow a small amount of air to reach the lungs.
Another recommended procedure was to use bellows to directly blow air into the victim’s
mouth. Clearly, most of the air would go into the stomach or out the nose. There were even
recommendations to use tobacco smoke inserted rectally in the drowning victim (7,8).
Tobacco was a stimulant, and there were animal experiments suggesting that smoke in
the rectum could revive unconscious individuals. These techniques relied on common
sense. It seemed logical to stimulate the body to restart breathing. With these and many
other fanciful methods it is tempting to ridicule the science of the 18th century. What is
important, however, is not the success of these early methods, but rather their very
existence as emblematic of the quest to reverse sudden death.

From 1767 to 1949, there were literally hundreds of techniques and procedures recom-
mended for artificial ventilation (9). Most relied on direct pressure to the abdomen, chest,
or back. The inventors of these techniques thought, wrongly, that passive entrainment of
air into the lungs was sufficient to maintain adequate oxygenation. Hundreds of thou-
sands of individuals in Europe and the United States learned these techniques, although
none of the methods were very effective (10). Perhaps it is surprising that no scientist
recommended direct mouth-to-mouth respiration, but it must be remembered that for
many years it was considered loathsome for a rescuer to place his or her lips on another
person’s mouth. And then there was the belief, strongly held for many decades, that
expired air did not contain enough oxygen to sustain life.

THE WAY IS FOUND

It wasn’t until James Elam, an anesthesiologist, entered the scene that mouth-to-mouth
resuscitation was rediscovered. I say “rediscovered” because it had been known for many
centuries that it could be useful in newborn resuscitation. Elam’s discovery occurred in
the middle of a polio outbreak in 1949 in Minneapolis. Here is how Elam describes the
event.
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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 off his mouth and face, . . .
sealed my lips around his nose and inflated his lungs. In four breaths he was pink (5).

The evening before this rediscovery, Elam read a chapter on the history of resuscitation
in which mouth-to-mouth ventilation for newborns was described. He credits this chapter
for his “reflex behavior.” It is comforting to think that historians played a crucial role in
scientific discoveries. Elam’s passion led to his proselytizing about the merits of mouth-
to-nose ventilation. He set out to prove that exhaled air was adequate to oxygenate non-
breathing persons. To accomplish this he obtained permission from his chief of surgery
to do studies on postoperative patients before the ether anesthesia wore off. He demon-
strated that expired air blown into the endotracheal tube maintained normal oxygen
saturation (11).

Several years later, Elam met Peter Safar, and Safar joined the effort to convince the
world that mouth-to-mouth ventilation was effective. Safar set out on a series of experi-
ments using paralyzed individuals to show that the technique could maintain adequate
oxygenation (12). Safar describes the experiments.

Thirty-one physicians and medical students, and one nurse volunteered. . . . Consent
was very informed. All volunteers had to observe me ventilate anesthetized and curarized
patients without a tracheal tube. I sedated the volunteers and paralyzed them for several
hours each. Blood O2 and CO2 were analyzed. I demonstrated the method to over 100
lay persons who were then asked to perform the method on the curarized volunteers (5).

Within a year of these experiments, Safar and Elam convinced the world to switch from
manual to mouth-to-mouth ventilation. The US military accepted and endorsed the
method in 1957 and the American Medical Association (AMA) followed suit in 1958.
The Journal of the American Medical Association (JAMA) stated the following endorse-
ment, “Information about expired air breathing should be disseminated as widely as
possible” (13).

Unlike cessation of respiration, an obvious sign of sudden death, the cessation of
circulation, and particularly the rhythm of the heart, was invisible to an observer. Perhaps
as a result, the appreciation of artificial circulation lagged considerably behind the obvi-
ous need for artificial respirations. Plus, even if scientists in the post-Enlightenment
period appreciated the need to circulate blood there was simply no effective means to do
so. Even though closed chest massage was described in 1904 (14), its benefit was not
appreciated and anecdotal case reports did little to promote the benefit of closed chest
massage. The prevailing belief was described in a physician’s quote from 1890, “We are
powerless against paralysis of the circulation.”

 Here’s where serendipity plays a role. It would be nice to believe that all scientific
discoveries are the result of the painstaking accumulation of small facts leading to a grand
synthesis, yet, the role of accident cannot be discounted. Chest compression was really
an accidental discovery made by William Kouwenhoven, Guy Knickerbocker, and James
Jude. They were studying defibrillation in dogs and they noticed that by forcefully applying
the paddles to the chest of the dog with a fair amount of force, they could achieve a pulse
in the femoral artery. This was the key observation that led them eventually to try it on
humans. The first person saved with this technique was recalled by Jude as “. . . rather
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an obese female who . . . went into cardiac arrest as a result of flurothane anesthetic. . . . This
woman had no blood pressure, no pulse, and ordinarily we would have opened up her chest.
. . . Instead, since we weren’t in the operating room, we applied external cardiac massage.
. . . Her blood pressure and pulse came back at once. We didn’t have to open her chest.
They went ahead and did the operation on her, and she recovered completely” (5). They
published their findings on 20 cases on in-hospital cardiac arrest (CA) in a 1960 JAMA
article (15). Of the 20 patients, 14 (70%) were discharged from the hospital. Chest
compression ranged from 1 to 65 minutes in the patients. The authors write in their
landmark article, “Now anyone, anytime, can institute life saving measures.” Later that
year, mouth-to-mouth ventilation was combined with chest compression and cardiopul-
monary resuscitation (CPR), as we practice it today, was developed. The American Heart
Association (AHA) formally endorsed CPR in 1963 (5).

THE SEARCH FOR DEFIBRILLATION

The discovery of electricity was another product of the Enlightenment. In the late
1700s, many scientists began experimenting with this “newly discovered” force called
electricity. There were early descriptions of possible defibrillation (16). For example, in
this account from 1780 there is a report of “Sophia Greenhill who fell from a window and
was taken up, by all appearances, dead.” The report goes on to say that “Mr. Squires tried
the effects of electricity, and upon transmitting a few shocks to the thorax, perceived a
small pulsation” (17). Protodefibrillators had two electrodes and glass rods to protect the
operator. They even had a capacitor and a means to dial in a variable amount of current.

Ventricular fibrillation (VF) was first appreciated in animals 150 years ago when two
German scientists noticed that strong electric currents applied directly to the ventricles
of a dog’s heart caused VF. It was considered a medical curiosity with no relevance for
humans. John McWilliam made the first detailed descriptions of VF in animals and he
was the first to postulate an importance for humans in a series of articles from 1887 to
1889 published in the British Medical Journal (BMJ) (18,19). In McWilliam’s day it was
assumed that sudden cardiac collapse took the form of a sudden standstill—in other
words, no electrical activity. Experiments performed by McWilliam on dogs disproved
this idea. McWilliam’s descriptions of VF, written more than 100 years ago, are classic:

The normal beat is at once abolished, and the ventricles are thrown into a tumultuous
state of quick, irregular, twitching action. . . . 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. . . . It seems to me in the highest degree probable that
a similar phenomenon occurs in the human heart, and is the direct and immediate cause
of death in many cases of sudden dissolution (18).

In addition to studying dogs, McWilliam performed experiments on both young and
adult cats, rabbits, rats, mice, hedgehogs, eels, and chickens. He noted that the lower and
smaller mammals, and the fetal hearts of larger animals, could not sustain VF. The hearts
were simply too small to sustain the rhythm. His delineation of heart size and its ability
to maintain VF were major factors in his speculation that fibrillation is an important cause
of sudden death in humans. At the time McWilliam was writing, VF had never been
observed directly in humans, as the electrocardiogram (ECG) wasn’t invented until 1930.

Although McWilliam used an electric current to induce the fibrillation, he never tried
electricity to stop the fibrillations of a heart muscle. One would not intuitively assume that
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the electrical stimulation that caused the fibrillation could not also defibrillate the heart.
Nevertheless, McWilliam deserves recognition for his landmark studies in fibrillation
and for being the first scientist to defibrillate animals.

MODERN CURRENTS

The connection between electricity and defibrillation was picked up again in the l920s.
The Edison Electric Institute, concerned about fatal electrical shocks suffered by its
utility workers, funded research to prevent fatalities. The researchers were Hooker,
Langworthy, and Kouwenhoven (20). This is the same Kouwenhoven who later was one
of the codiscoverers of CPR—he was working on defibrillation involving dogs and
noticed how the pressure of the paddles on the dogs’ chest led to a pulse. This accidental
observation led to modern CPR. Throughout the early 1930s, Hooker et al. showed that
even small electric shocks could induce VF in the heart and that more powerful shocks
could erase the fibrillation. These investigators induced VF in dogs and then were able
to defibrillate the heart without opening the chest. But their closed-chest defibrillation
was successful only if the fibrillatory contractions were vigorous and the period of no
circulation or breathing did not exceed several minutes. If the period was longer than
several minutes, open-heart massage was necessary before the electric shock could defib-
rillate the heart. The term “countershock” was derived from their research. Because an
initial shock was required to place the heart in VF, it was only logical to call the subse-
quent shock, which defibrillated the heart, the countershock. The term countershock for
many years was used synonymously to mean defibrillation.

Hooker et al.’s research was well on its way toward developing effective defibrillation in
humans; unfortunately, however, their work had to be halted because of World War II.

Claude Beck, professor of surgery at Western Reserve University (later to become
Case Western Reserve) in Cleveland, worked for years on a technique for defibrillation
of the human heart. Beck probably witnessed his first CA during his internship in 1922,
while on the surgery service at the Johns Hopkins Hospital. During a urological opera-
tion, the anesthetist announced that the patient’s heart had stopped. To Beck’s amaze-
ment, the surgical resident removed his gloves and went to a telephone in a corner of the
room and called the fire department. Beck remained in total bewilderment as the fire
department rescue squad rushed into the operating room 15 minutes later and applied
oxygen-powered resuscitators to the patient’s face. The patient died, but the episode left
an indelible impression on Beck. Twenty years later, Beck wrote, “surgeons should not
turn these emergencies over to the care of the fire department.” Recalling the same event,
he remarked to medical students in typically understated fashion, “The experience left me
with a conviction that we were not doing our best for the patient” (21). Beck ultimately
developed techniques to take back the management of CA from the fire department and
place it in the hands of surgeons. Ironically, 20 years after his accomplishment, CA
management was utilized by emergency medical technicians (EMTs), thus returned to
the fire department.

Beck realized that VF often occurred in hearts that were basically sound and he coined
the phrase “Hearts Too Good to Die.” In l947, Beck accomplished his first successful
resuscitation of a 14-year-old boy using open-chest massage and internal defibrillation
with alternating current. The boy was being operated on for a severe congenital funnel
chest. In all other respects, the boy was normal. During the closure of the large incision
in the boy’s chest, his pulse suddenly stopped and his blood pressure (BP) fell to zero.
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Seeing the boy was in CA, Beck immediately reopened his chest and began manual heart
massage. As Beck looked at and felt the heart, he realized that VF was present. Massage
continued for 35 minutes, then an ECG was taken that confirmed the presence of VF.
Another 10 minutes passed before the defibrillator was brought to the operating room.
The first shock, using electrode paddles placed directly on the sides of the heart, was
unsuccessful. Beck administered procainamide and then gave a second shock that wiped
out the fibrillation. Within a very few seconds a feeble, regular, and fast contraction of
the heart occurred. The boy’s BP rose from 0 to 50 mmHg. Beck noted that the heartbeat
remained regular and that the pressure slowly began to rise. Twenty minutes after the
successful defibrillation, the chest wound was closed. Three hours later, the BP rose to
a normal level, and the child awoke and was able to answer questions. The boy made a
full recovery, with no neurological damage (22).

The defibrillators used by Beck were individually made. Ever the scientist, Beck kept
experimenting with different models in order to improve the efficiency of the machine.
Because these models were intended for open-heart defibrillation, Beck designed a model
that would both shock and perform heart massage. Suction cups were attached to the walls
of the heart and alternating suction would expand and allow the heart to relax. According
to Beck, the machine could massage at the rate of 120 beats per minute, and relieved the
surgeon of performing cardiac massage. The suction cups doubled as defibrillator elec-
trodes. It was an ingenious device, but closed-chest compression and closed-chest defibril-
lation ultimately turned Beck’s defibrillator machine into an historical curiosity.

For Paul Zoll, the development of an external defibrillator was a natural extension of
his earlier work with an external cardiac pacemaker. Zoll was also quite aware of open-heart
defibrillation. He worked in a hospital where that procedure was used to resuscitate people
whose hearts went into fibrillation during operations. The standard procedure would then
be to crack open the patient’s chest and massage the heart by hand to restore blood
circulation. Then, the doctors would apply an electrical alternating current (AC) coun-
tershock directly to the heart.

The decision to develop an external defibrillator using AC rather than direct current
(DC) was a practical one. DC batteries and capacitor technology that were both powerful
and portable for practical use simply did not exist in the early 1950s. In 1955, a 67-year-
old man survived several episodes of VF, thanks to Zoll’s external defibrillator, and went
home from the hospital after 1 month. Over a period of 4 months, Zoll had successfully
stopped VF 11 times in four different patients. The energy required for defibrillation
ranged from 240 to 720 volts (V). Zoll’s findings were published in the New England
Journal of Medicine (NEJM) in 1956 (23).

The defibrillator designed by Zoll, as well as earlier versions invented by Kouwen-hoven
and Beck, utilized AC and were run off the electricity from any wall socket, or line current.
These AC defibrillators were very large and heavy, primarily because they contained a
transformer to step up the line current from 110 V to 500 or 1000 V. Not many lives would
be saved unless the inherent nonportability of AC defibrillators could be solved.

The portability problem was finally solved by Bernard Lown. Lown devised a defibril-
lator that utilized DC instead of AC. With DC it was possible to use power, supplied by
a battery, to charge a capacitor over a few seconds. The capacitor stored the energy until
it was released in one massive jolt to the chest wall. The availability of new, small
capacitors considerably reduced the size and weight of the device. No longer would
defibrillators require bulky transformers and no longer would they be tied to line current.
The cord was cut—the defibrillator could travel to the patient.
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In 1960, little was known about the effect of DC current on the heart. Lown divided
the problem into two parts: What is safe? What is effective? A series of animal experi-
ments on dogs in 1960 and 1961 established that DC shocks were extremely effective in
shocking the heart. What’s more, it was clear that DC would be many times safer than AC
when applied through the chest wall.

In a 1962 article in the American Journal of Cardiology (24), Lown noted that the
incidence of VF was 10 times more frequent after AC than DC cardioversion. Lown did
discover one short period of time during the procedure when a DC shock could induce
VF. Thus, the trick was simply to build a device that would shock the heart while avoiding
this so called “vulnerable period” of a few milliseconds. It was his breakthrough to DC
that eventually made the portable defibrillator practical.

The development of small but powerful DC batteries and small capacitors would be
the next technological link. At that point, the need to carry a 50-pound step-up trans-
former to the patient and the need to find an electrical outlet in which to plug an AC-based
defibrillator vanished.

PRESENT CURRENTS

With DC defibrillation proved, all the elements were in place for widespread dissemi-
nation of the procedure. Defibrillation spread quickly into hospital coronary care units,
emergency departments, and, then, in the late 1960s and early 1970s the first paramedic
programs began. Now the defibrillator traveled directly to a patient in VF. The first
programs began almost simultaneously in Seattle, Portland, Columbus, Ohio, Miami,
and Los Angeles (5). By the 1980s, studies to demonstrate successful defibrillation by
EMTs were conducted in King County, Washington. The first study demonstrated an
improvement in VF survival from 7 to 26%. Slowly, other communities began EMT
defibrillation programs (25).

The idea for an automatic defibrillator was first conceived by Dr. Arch Diack, a
surgeon in Portland (26). Diack’s prototype, literally assembled in a basement, utilized
a unique defibrillation pathway—tongue to chest. There was a breath detector that was
a safeguard to prevent shocking breathing persons. The electrode was essentially a rate
counter, far more crude than today’s sophisticated VF detectors. The production model
weighed 35 pounds and gave verbal instructions. It was an idea ahead of its time. Most
people viewed it as a curiosity. By the late 1980s, however, other manufacturers entered
the field leading to the crop of automated external defibrillators (AEDs) we have today.
AEDs, with ease of training and use, allowed EMT defibrillation programs to expand
rapidly. The first program to demonstrate the safety and effectiveness of EMT defibril-
lation with AEDs was also conducted in King County (by Richard Cummins) (27). From
EMT defibrillation with AEDs, there was a natural and logical progression to the early
First Responder defibrillation and finally the current situation of widespread public
access defibrillation. Perhaps the future will witness AEDs in homes, and they will be
thought of as personal safety devices.

FUTURE CURRENTS

Future AEDs will likely interact more with the victim of CA and provide feedback to
the rescuer. For example, a device may obtain information from the heart’s ECG, or wall
motion or internal sound that could be fed back to tell the rescuer to perform CPR prior
to defibrillation. In other words, the ECG signal may be a surrogate for downtime that in
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turn can better advise how to proceed with the resuscitation. Back in the early 1970s, it
was dogma that CPR should precede defibrillation to “prime the pump” and rid the heart
of lactic acid. By the 1980s, there was a growing body of information to suggest that time
to shock was the best predictor of outcome. Thus, defibrillation became the priority and
defibrillatory shocks were to be given as rapidly as possible. The mantra became, “CPR
until the defibrillator arrives.” Now with recent studies from Seattle and Oslo, some are
once again questioning whether CPR should be given prior to defibrillation. It may well
turn out that both are correct, namely immediate shock for witnessed VF or VF of short
duration and CPR prior to shock for VF of longer duration.

We now appreciate that there is an interaction between CPR and defibrillation. Each
procedure is not independent of the other. It is possible to learn much from the VF signal
that can be used to provide feedback regarding whether CPR or immediate defibrillation
is the procedure of choice. Recent studies coming from the world of engineering demon-
strate that the probability of return of spontaneous circulation (PROSC) based on the VF
signal can be calculated. This probability is determined from calculations of spectral
densities, frequency, amplitude, and other electrical terms. This information is translated
into a probability. And because it can be calculated every second, it will be possible to
determine if the PROSC is rising or falling. This in turn can guide the resuscitation. For
example, if the PROSC is 20% after attaching the pads, then CPR is indicated and perhaps
medication. Once the PROSC reaches 60% then, a shock is indicated. Shocking for low
PROSC are not indicated because they are likely to damage the heart with low likelihood
of success and deprive the heart of CPR during the pause for defibrillatory shock. It is
possible to gain the information from the VF signal even in the presence of chest com-
pressions and ventilation.

THE SCIENCE OF RESUSCITATION CONTINUES

The will to resuscitate, as exemplified by rescue societies, emerged during the Enlight-
enment. It took approx 200 years for the way of resuscitation to be found. The elements
of mouth-to-mouth ventilation, chest compression, and defibrillation each had to be
discovered separately and integrated for reversal of sudden death to become a reality. The
science of resuscitation is founded on the scientific method of experimentation. Many
false starts, particularly in ventilation and defibrillation, happened before new under-
standings led to effective techniques. We now can reverse sudden death reliably and
numerous scientists and investigators can take pride in this accomplishment. But the real
challenge remains for the future. The real challenge is to fully understand the causes and
triggers of VF and to develop preventive measures. Whether this will require 20 or 200
years, one thing is certain—future chapters in the science of resuscitation are still to be
told.
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INTRODUCTION

Sudden death, mainly out-of-hospital death, is a major public health burden through-
out the world. It accounts for 50 to 75% of all fatal cardiovascular disease (CVD) events
in countries where data are collected. It is usually unexpected, affecting all age, gender,
and ethnic groups (1). The immediate mechanism of death is ventricular fibrillation or
ventricular standstill, but the underlying cause is commonly ischemic coronary heart
disease (CHD). However, other causes including different forms of cardiac pathology,
genetic and environmentally induced, are also well recognized.

Classification of out-of-hospital death is deficient because of its sudden onset and lack
of information from the victim. This lack of information limits the accuracy and extent
of possible classification, as well as our understanding. Prospective epidemiological
studies do provide more pre-event information but still face limited data on the circum-
stances surrounding the fatality and its causes. Although patients who undergo resusci-
tation from fatal events provide information, these events are uncommon and patients
may be amnestic for the event. At the community or national level, the main sources of
information are death certificates with their inherent limitations, and postmortem exami-
nation to confirm cause of death is infrequent in most areas.

This chapter will describe the population patterns, trends, and risk factors for out-of-
hospital death in CVD. It will discuss the underlying pathophysiology in the population
and ongoing attempts to better understand this common problem.
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INCIDENCE/PREVALENCE

Out-of-hospital CVD is the most common cause of death in much of the industrialized
world. In the United States, almost 50% of deaths result from CVD and 60–70% of all
cardiovascular deaths occur outside of hospitals (1,2). Similar data are observed in the
international MONICA study, which includes populations in Europe and Asia as well as
North America (3).

The age-adjusted annual rate for out-of-hospital death in the United States in 1998 was
410.6 per 100,000 for men and 274.6 per 100,000 for women (1). These figures differed
only modestly from those in the early 1980s as described by Gillum (4).

The determination of rates of out-of-hospital death is based on death certificates. Site
of death is a required part of this data collection. Although there may be some
misclassification of those who are pronounced dead in the emergency room as in-hospital
death, this proportion is thought to be modest at best (5). Data on site of death from death
certificates is felt to be of generally high quality.

The age-adjusted rates of out-of-hospital death differ for men and women and by race
(1). As shown in Fig. 1 for men, African Americans have the highest rates of out-of-
hospital death. They are followed by white Americans and, at a much lower level, Native
Americans and Asian Americans. Similar patterns are shown in Fig. 2 for women. How-
ever, the age-adjusted rates for women are much lower. This is a function of age-adjust-
ment as out-of-hospital death is common in women but occurs at older ages. Again,
African Americans have the highest rate of out-of-hospital death, followed by whites,
Native Americans, and Asians.

The difference in out-of-hospital death and in-hospital fatality are shown in Fig. 3. At
all the age levels in Scotland, out-of-hospital death exceeds rates of in-hospital death
among both men and women (6). Also observed in this study are slightly higher rates of
out-of-hospital death for men. This is compensated by somewhat higher in-hospital rates
of death for women. Women are more likely to reach the hospital with severe CVD,
whereas men are more likely to die at home.

TRENDS

Overall age-adjusted CVD mortality has fallen steadily since the mid-1960s at 1–2%
per year (Fig. 4; 7). Out-of-hospital death rates are also falling in the United States as
shown in Figs. 2 and 3. Over the past 30 years, there is a decline in age-adjusted rates of
approx 1–2% per year for men and women in all major race and ethnic groups (1).

Although the steady decline indicates progress is being made, it is significantly
slower than the improvement of in-hospital mortality. In Fig. 5, data from Minnesota
finds in-hospital mortality is falling much more rapidly (2–3% per year) than out-of-
hospital death. These data suggest that much greater progress in improving survival is
being made once people reach the hospital. The result is that out-of-hospital death con-
stitutes a growing proportion of the burden. This shift is particularly evident among
women (Fig. 5).

DEFINITIONS

Although the fact and site of out-of-hospital death are based on reliable data, other
information surrounding the event is less available and reliable. Other potentially impor-
tant data are shown in Table 1. The victim cannot supply much of this data. The data relate
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Fig. 1. Men and sudden death trends.

to the circumstances surrounding the event and medical history. Among the most impor-
tant factors has been timing. Although the classic popular version of out-of-hospital death
is sudden and dramatic without early symptoms, such circumstances are probably uncom-
mon. Determining the onset of symptoms to demise is difficult even when the person is
under observation. The definition of sudden—commonly viewed as less than 1 hour since
last seen alive—obscures the nature of the problem.

Many epidemiologists now suggest that a 24-hour window from onset of symptoms
or when the victim was last seen alive should define sudden out-of-hospital death.

Fig. 2. Women and sudden death trends.
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Fig. 3. Survival in acute myocardial infarction, Scotland 1986–1995.

Fig. 4. Percent change in death rates (age adjusted) since 1950.

SITE OF SUDDEN DEATH

The site of sudden death is available on death certificates. In a study by Kuller et al.,
70% of out-of-hospital deaths occurred at home (8). A much smaller proportion occurred
while the victim was at work (12%) and while traveling (7%). Only 1% occurred while
participating in recreational activities and 2% while observing recreational activities.
This distribution by site roughly approximates the amount of time an individual spends
at each of these places. It is skewed toward events at home and not at work partly because
many of the victims are retired. The Kuller study also observed that women (84%) were
more likely than men (65%) to die at home, which may be a function of the earlier
presentation and work status of this disease among males. Also observed in this study is
a similar distribution of sites for whites and African Americans. A more recent study by
Tunstall-Pedoe et al. in Scotland showed a similar distribution of site of death (9).
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Fig. 5. Time trends (1985–1998) in congestive heart disease mortality rates in Twin Cities resi-
dents, ages 30–74. Years, by location of death.

Table 1
Definitions

• Observed or unobserved
• Symptomatic or not
• CPR or not
• Timing

- 15 minutes
- 1 hour
- 6 hours
- 24 hours

As one considers acute interventions for out-of-hospital death, the preponderance of
events at home, as opposed to public places, should influence planning.

PATHOLOGY

Postmortem examination at autopsy is the well-accepted arbiter of underlying cause
of death pathology. Unfortunately, sudden out-of-hospital death is usually an electral
event resulting in ventricular tachycardia and fibrillation. The process is quite sudden and
may leave no macro- or microscopic clues for the examining pathologist. Additionally,
the autopsy rate in the United States and internationally has fallen to very low levels. This
is particularly true in the older adult population because the cause of death is not of
forensic interest, and families will not give permission.
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Nonetheless, there are studies of sudden out-of-hospital deaths attributed to cardiac
causes based on postmortem autopsy findings. They tend to be highly selected in cases
in which the cause of death is not suspected from prior medical history. A recent study
by Chugh et al. found that a group of hearts referred for specialized examination in the
setting of sudden out-of-hospital death resulted in the discovery of a number of common
findings (10). In that select group of hearts, approximately two-thirds (65%) had ana-
tomical evidence of CHD. A second subgroup (23%) had congenital conditions including
arrhythmogenic right ventricular dysplasia and hypertrophic obstructive cardiomyopa-
thy. Myocarditis was found in 11%. There were a number of other much less common
abnormalities and some hearts had more than one pathology.

In a group of 76 hearts referred for specialized examination because they were appar-
ently normal on gross examination, 79% had cardiac pathology when examined micro-
scopically. This included local myocarditis and conduction system disease in most cases.
Only a small proportion had a structurally normal heart without any evidence of pathol-
ogy (11).

It is apparent from these and other postmortem studies that most out-of-hospital deaths
have evidence of CHD either clinically manifest or unknown to the victim.

The current thinking about the pathophysiology of acute coronary syndrome implicates
thrombosis formation in the setting of a disrupted plaque. Pathologists have begun to look
more systematically for this phenomenon in sudden out-of-hospital death. The work of
Davies demonstrated 81% of postmortem cases with disrupted plaque and/or active throm-
bosis (12). Others have found lower rates. Farb et al. described 57% active lesions in their
study (13). These differences are not surprising given the differences in selection factors for
those hearts available for examination by cardiac pathologists. Atherosclerotic plaque
rupture with resultant ischemia appears to be a common underlying event.

ETIOLOGY

Although the death certificate and autopsy provide clues to the causes of sudden out-
of-hospital death, there are additional epidemiologic data providing substantial informa-
tion. It is clear that most cases are associated with CHD. Congestive heart failure, an
increasingly prevalent condition associated with out-of-hospital death, is most com-
monly the result of chronic ischemic CHD as well. Other factors are less common but
some are well studied. For example, congenital heart disease including hypertrophic
cardiomyopathy, arrhythmic right ventricular dysplasia, and other malformations of the
heart and blood vessels are associated with sudden out-of-hospital death, particularly
among younger individuals. Cardiomyopathies of congenital, infectious, and other eti-
ology are also more commonly associated. Other genetic abnormalities that are increas-
ingly studied are those of the conduction system.

It is also apparent that there are factors that provoke sudden out-of-hospital death
particularly in the population in which atherosclerotic CHD is common as in industrial-
ized societies. These factors include environmental issues such as air pollution and a wide
variety of medications known to cause long QT abnormality. Recently, more attention
has been paid to acute risk factors such as stress, anger, physical activity, and others as
triggers of acute myocardial infarction and out-of-hospital death.

The growing body of observational data based on prospective epidemiologic studies,
patient histories, and medical records allows a better picture of out-of-hospital sudden
cardiac death (CD).
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Atherosclerotic CHD
A growing number of prospective epidemiologic studies have evaluated the predictive

power of risk factors for atherosclerosis and sudden out-of-hospital CD. Among these is
the Framingham study, which demonstrated increasing multivariate risk of out-of-hos-
pital death is associated with age, systolic blood pressure, ECG abnormalities, serum
cholesterol, vital capacity, cigarettes, relative weight, and heart rate (14). A relative risk
of 25 or more is found for men and women between the lowest and highest declines of
risk (Fig. 6). The Pooling Project showed similar relationships using serum cholesterol,
diastolic blood pressure, and cigarette smoking (15). The more recent Paris Prospective
Study of middle-aged men found that those who suffered sudden out-of-hospital death
had significantly higher body mass index, tobacco consumption, diabetes, systolic and
diastolic blood pressure, blood cholesterol, and blood triglycerides than the controls.
These levels were also somewhat, although not always, significantly higher than men
who suffered fatal myocardial infarctions in the hospital (16). It is clear that traditional
cardiovascular risk factors are associated with sudden out-of-hospital death in large
prospective studies just as they are for other forms of atherosclerotic CHD.

Medications and Food Intake
Medications have the ability to affect the QT interval, prolonging it. A long QT is

associated with fatal arrhythmias. This acquired long QT syndrome has been associated
with numerous agents including antihistamines, antimicrobials, psychotropic agents,
food supplements, and anti-arrhythmic agents (14). The well-described association of a
high-protein diet with sudden out-of-hospital death is another example. Antipsychotic
drugs, particularly in high doses have also been associated with an increased rate ratio
(2.39) of sudden out-of-hospital CD (17). This effect was particularly high in those with
known prior CVD (17).

Most recently, usual diet has been suspected as an etiologic factor. Intake of n-3
polyunsaturated fatty acids from seafood was observed to be protective in cardiac arrest

Fig. 6. Risk of sudden cardiac death by decile of multivariate risk: 26-year follow-up:
Framingham Study.
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(18). However, studies such as this require significantly more exploration and confound-
ing factors may play an important role in explaining the results.

Acute Risk Factors

The observation that out-of-hospital sudden death had an increased incidence in the
morning has increased our understanding of the role of a number of acute risk factors or
triggers (19). Key factors include time of day, strenuous physical activity, anger, stress,
alcohol excess, and sexual intercourse (20–23). There is evidence that commonly used
medications such as aspirin and -blockers blunt this effect. Acute risk factors present an
intriguing new approach to out-of-hospital sudden CD. However, it must be remembered
that this phenomenon occurs in the context of widespread atherosclerotic CVD in the
population.

GENETIC FACTORS

Genetic abnormalities leading to sudden CD are an area of increased interest and
speculation as methods to explore genes improve (24,25). Much interest has centered on
inherited electrical abnormalities rather than traditional structural abnormalities of con-
genital heart disease. The long QT syndrome, Brugada syndrome and Lev’s syndrome are
among the best known. There are currently ten identifiable genetic variants of long QT
syndrome associated with out-of-hospital sudden CD. It is anticipated that more will be
discovered as the human genome is further understood (26). These and the recently
described Brugada syndrome affect potassium and sodium regulation mechanisms in the
heart. Most of the genetic variances are thought to be rare although there is growing
interest and debate about their prevalence.

In addition to the identification of genetic conduction abnormalities, there is also
growing interest on the interaction of these factors with environmental characteristics. It
appears intuitive that a lethal conduction system defect would be manifest early and
fatally. However, interaction between the environment and genes may provide some
insight into their effects among mature adults. For example, studies of long QT syndrome
show that exercise, emotion, sleep, and other circumstances are variably associated with
long QT-1, long QT-2, and long QT-3 (27). For example, long QT-1 is associated with
cardiac events during exercise, whereas association is much less common with other
variants. These observations suggest that more will be learned on gene–environment
interactions.

CONCLUSION

Out-of-hospital sudden CD is a common and major public health problem accounting
for approx 25% of all mortality in the United States. Although overall age-adjusted CVD
mortality is falling in most industrialized countries, the rate of improvement is less for
out-of-hospital sudden CD. Patients are more likely to survive a cardiovascular event
including sudden death once they reach the hospital and the many therapies it provides.
Atherosclerotic CHD is the underlying substrate for the overwhelming majority of cases.
Given its ubiquity in the adult population, it is not surprising that primary prevention
through risk factor modification is an important strategy as the traditional risk character-
istics predict out-of-hospital sudden death. However, there is also an interest in identi-
fying the portion of the adult population that has atherosclerosis and is at higher risk.
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Methods for identifying these victims are still lacking as approximately half of the out-
of-hospital sudden death have no diagnosed CVD.

Acute risk factors are emerging and may provide an insight into prevention. More will
be learned about this along with the emergence of genetic factors and their interaction
with environmental stressors.

We do know something about the pathophysiology of sudden CD. It is based on
diseased tissue either acquired or genetic with local electrical instability. Treatments are
emerging as we learn about the effects of aspirin and -blockers. Additionally, for the
most severe identifiable cases, intracardiac defibrillators are becoming more widely
used. These may provide insights into the events preceding sudden death as their dis-
charge may be lifesaving. Unfortunately, many of these devices and treatments are too
late for most. Primary prevention of CVD remains the best population-wide approach to
confront this difficult health problem.
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INTRODUCTION

Since the 1960s, important advances have been made in resuscitation of patients from
sudden cardiac death (SCD). Despite these advances, rates of survival to hospital dis-
charge range from only 2 to 30% (generally 5–10%); rates of survival with intact neuro-
logical status are even lower (1). Approximately 400,000 out-of-hospital sudden deaths
occur in the United States each year (2). These grim statistics point to the importance of
prevention in approaching the problem of SCD from a public health standpoint.

It has been estimated that one-half to two-thirds of out-of-hospital sudden death is
caused by ventricular arrhythmias (VA) (ventricular tachycardia [VT] and ventricular
fibrillation [VF]) (3). Bradyarrhythmias, such as complete atrioventricular block and
asystole, are a less frequent cause of arrhythmic sudden death. A substantial minority of
cases of apparent SCD may be because of nonarrhythmic causes, such as massive pulmo-
nary embolus, ruptured aortic aneurysm or dissection, or stroke (4). Because most research
into prevention of SCD has focused on VA, this subject will form the basis for this chapter.
Preventive strategies will be considered according to the etiology of cardiac disease.

CORONARY ARTERY DISEASE

Coronary artery disease (CAD) is the leading cause of death in Western countries and
the most common cardiac substrate for SCD. It is now recognized that CAD is a systemic
disease of the cardiovascular system that is often far advanced by the time it is clinically
manifest. The first signs of atheroma formation may begin in adolescence. As CAD
progresses, atheromas may encroach on the coronary artery lumen, causing flow-limiting
stenosis. At this stage, patients may develop ischemia in the absence of infarction, often
with exertion or stress. Ischemia in turn may lead to arrhythmias, particularly polymor-
phic VT and VF. Ischemic VA may also occur in the absence of significant atheroscle-
rosis, usually associated with coronary artery spasm or congenital coronary anomalies.
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Coronary atherosclerotic plaques of any size may rupture, triggering platelet adhesion,
thrombus formation, and acute myocardial infarction (AMI). Serious VAs, especially
VFs, are common in this setting, and they account for a substantial proportion of deaths
from AMI, particularly in the prehospital setting. Later in the course of infarction, the
infarct zone undergoes cellular and tissue remodeling with the laying of collagen scar and
ventricular dilatation. This process creates the anatomic substrate for future VAs, par-
ticular sustained monomorphic VT.

Primary Prevention of CAD

Approximately 12.6 million people in the United States have CAD and about 1 million
suffer AMIs annually (2). Given the scope of the problem, effective primary prevention
of CAD could have a substantial impact on prevention of SCD. Particularly important is
changing modifiable risk factors, especially cigarette smoking, dyslipidemia, athero-
genic diet, obesity, and physical inactivity (5). Optimal control of predisposing medical
conditions, such as systemic hypertension and diabetes mellitus, may also reduce the
incidence of coronary disease and related SCD. Hopefully, improved public education
regarding primary prevention of CAD will ultimately translate into reduction of SCD
rates as well as CAD incidence.

There is evidence that improvements in treatment of AMI are also reducing rates of
SCD. Both fibrinolytic therapy and primary percutaneous coronary intervention reduce
all-cause mortality as well as SCD. Moreover, by reducing infarct size, acute
revascularization in AMI likely reduces late risk of SCD by modifying the substrate for
arrhythmogenesis. Modification of the arrhythmic substrate may also account for some
of the mortality benefit of angiotensin-converting enzyme (ACE) inhibitors in treatment
of AMI. The Coronary Artery Surgery Study showed that coronary artery bypass grafting
(CABG) leads to improved survival in selected high-risk patients with CAD. Further
analysis of this trial has shown reduction in SCD in high-risk patients who underwent
surgery (6).

Medical Therapy for Prevention of SCD After Myocardial Infarction

Table 1 summarizes the outcomes of nine large trials of antiarrhythmic therapy after
AMI. Probably the most important aspect of medical treatment of AMI survivors for
prevention of SCD is -blocker therapy. These agents block the -1 adrenergic receptor
in the heart, blunting the pro-arrhythmic effects of the sympathetic nervous system and
circulating cathecholamines, and reducing myocardial oxygen consumption and ischemia.
In addition to reducing incidence of late coronary events, -blockers have been shown in
several trials to reduce all-cause mortality as well as life-threatening VAs (7–10). The
antiarrhythmic action of -blockers was also demonstrated in a recent small trial, which
showed that sympathetic blockade was superior to standard antiarrhythmic drugs for
treatment of recurrent VF in AMI (11).

Prospective observational studies published in the early 1980s established that fre-
quent isolated ventricular premature contractions and nonsustained VT are markers of
increased mortality risk after MI, particularly in patients with left ventricular (LV) sys-
tolic dysfunction (12). Further studies showed that type I antiarrhythmic drugs effec-
tively suppressed these VAs in this setting, leading to the organization of the Cardiac
Arrhythmia Suppression Trial (CAST). Publication of the results of this trial, which
showed a doubling of mortality rates in patients receiving flecainide, encainide, or
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Table 1. Randomized Trials of Anti-Arrhythmic Medications After MI

Trial Year of publication Result

BHAT (7) 1981 Improved survival with propranolol
ISIS-1 (8) 1986 Improved survival with atenolol
CAPRICORN (9) 2001 Improved survival with carvedilol
CAST-I (13) 1989, 1991 Increased mortality with flecainide or encainide
CAST-II (14) 1992 Increased mortality with moricizine
SWORD (15) 1996 Increased mortality with D-sotalol
DIAMOND (16) 2000 No effect of dofetilide on mortality
EMIAT (19) 1997 No effect of amiodarone on mortality
CAMIAT (20) 1997 No effect of amiodarone on mortality

moricizine, led to a re-examination of the use of these agents in patients with CAD and
other forms of structural heart disease (13,14). There is now general agreement that type
I antiarrhythmic drugs, particularly type Ic agents, should be avoided in patients with
CAD because of the pro-arrhythmic effects demonstrated in CAST.

A similar increased risk of death was seen in a trial of the class III antiarrhythmic D-sotalol
in postinfarction patients (15). The Survival With Oral D-Sotalol trial recruited 3121 patients
with LV ejection fraction (EF) of 0.40 or less and prior MI. Patients were randomly
assigned to long-term treatment with D -sotalol (a pure type III anti-arrhythmic agent with
no -blocking activity) or matching placebo. After a mean follow-up period of 150 days
and halfway into recruitment, the trial was stopped early because of a 65% increased
relative risk of mortality in the D -sotalol treatment arm (5 vs 3.1% in placebo group, p = 0.006).
The excess mortality was felt to be because of an increase in arrhythmic deaths.

In contrast, a large trial of dofetilide, another pure class III antiarrhythmic drug, found
no increase in mortality on survivors of MI (16). The Danish Investigations of Arrhyth-
mia and Mortality on Dofetilide (DIAMOND) Study Group randomized 1510 patients
with recent MI and LVEF of 0.35 or less to treatment with dofetilide (dose based on
creatinine clearance) or matching placebo. After a median follow-up of 456 days, mor-
tality was nearly identical in the two groups (31 vs 32%, respectively, p = 0.61).

Amiodarone, a unique antiarrhythmic drug that exhibits actions of all four Vaughn-
Williams drug classes, was originally developed as an anti-anginal medication. On the
basis of its efficacy in the treatment of recurrent VA and its safety compared with other
antiarrhythmic drugs in survivors of cardiac arrest (CA), two large trials were organized
to test its efficacy in high-risk survivors of AMI (17,18). The European Myocardial
Infarction Amiodarone Trial (EMIAT) enrolled 1486 patients 5 or more days after MI
only on the basis of depressed LVEF of 0.40 or less (19). Patients were treated with
amiodarone (200 mg per day after loading) or placebo. After a median follow-up period
of 21 months, overall mortality was identical in the two groups (14% in each, p = 0.96).

The Canadian Amiodarone Myocardial Infarction Arrhythmia Trial (CAMIAT) stud-
ied 1202 patients enrolled 6–42 days after AMI, who had frequent ventricular premature
contractions or nonsustained VT; LV systolic dysfunction was not required for entry into
the trial (20). Patients were treated with amiodarone (200 mg per day after loading) or
placebo and followed for a mean of 1.8 years. No significant difference in overall mortal-
ity was found (9.4% in the amiodarone group vs 11.4% in the placebo group, p = 0.129).
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Both EMIAT and CAMIAT did find a reduction in death ascribed to arrhythmia, but the
significance of this finding in the absence of overall mortality benefit has been ques-
tioned. A posthoc analysis of both trials suggested a possible synergistic benefit of
amiodarone and -blockers, but this remains to be demonstrated prospectively.

In summary, proven medical therapy for primary prevention of sudden death in
patients with CAD is limited to -blocker use. Type I antiarrhythmic drugs and D-sotalol
have been shown to be harmful in this population. Amiodarone and dofetilide had a
neutral effect on all-cause mortality and are relatively safe to use for treatment of symp-
tomatic arrhythmias in patients with CAD.

Role of the Implantable Cardioverter Defibrillator in CAD
The implantable cardioverter defibrillator (ICD) has had a major impact on clinical

approach to prevention of SCD. Conceived by Morton Mower and Michel Mirowski and
introduced after a decade of preclinical development, the ICD was first used in humans
in the late 1970s (21). Implantation initially required thoracotomy to place epicardial
patches and rate-sensing electrodes. First generations of pulse generators were large
(>250 g) and required implantation in an abdominal pocket. Pacing function and pro-
grammability were extremely limited. Rapid evolution of the ICD ensued, leading to a
succession of improved lead systems and smaller generators with greater functionality (22).

Current ICD systems can be implanted transvenously via subclavian or cephalic vein
access, similar to pacemakers, using a single 8–10 French lead and a pectorally implanted
generator as small as 75 g. They are capable of all bradycardia-pacing functions, includ-
ing, with addition of one or more leads, dual-chamber and biventricular pacing. They are
also capable of detecting arrhythmias in several different programmable rate zones and
delivering a different series of programmable therapies for each zone (Fig. 1). They have
capacity to store large amounts of information regarding each arrhythmia episode for
later analysis. Finally, they incorporate increasingly sophisticated algorithms for distin-
guishing supraventricular from VAs.

ICDs detect VAs from the tip electrode of the lead, usually implanted at the right
ventricular apex. When a ventricular rate is detected that exceeds the programmed
detection rate (usually 150–200 beats per minute [bpm]) for the programmed number of
beats (usually 10–20), the ICD begins charging the capacitors. This generally takes
between 1 and 5 seconds, after which the device confirms continuation of tachycardia
before delivering the programmed energy (anywhere from 1–40 J) between the metal
shell of the generator and one or more coils on the ICD lead (Fig. 2A). The ICD then
re-analyzes the ventricular rate to determine if therapy was successful. If the rate has not
fallen below the arrhythmia detection limit, the ICD proceeds to deliver the next therapy.
This process continues until the arrhythmia is terminated or all programmed therapies
(usually a maximum of six to eight) are exhausted.

In addition to delivering shock therapies, ICDs may be programmed to deliver sequences
of antitachycardia pacing (ATP), usually 8–12 beats, to terminate sustained monomorphic
(regular) VT (Fig. 2B). This therapy has the advantage of being delivered more rapidly
and being entirely painless. Potential disadvantages of ATP include possibility of accel-
erating the tachycardia to a more unstable type and delaying delivery of shock therapy
if ATP is unsuccessful. ATP is not useful for treating VF or polymorphic VT.

When first released for clinical use in the early 1980s, ICDs were targeted toward
patients who had survived multiple CAs with recurrent VAs that were refractory to
conventional anti-arrhythmic drug treatment. As the design of ICDs improved over the
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Fig. 1. Tiered therapy of VAs by the ICD. The figure shows stored single-channel telemetry strip
during an  episode of ventricular tachyarrhythmia in a patient with an implantable cardioverter
defibrillator who was hospitalized. A ventricular premature beat initiates sustained monomor-
phic ventricular tachycardia (VT 1). Four cycles of antitachycardia pacing (ATP 1-4) fail to
terminate the arrhythmia. A low-energy cardioversion (CV 1) results in a different morphology
of monomorphic VT (VT 2). A second low-energy cardioversion (CV 2) results in polymorphic
VT (PVT). After the first high-energy defibrillation (DF 1), the rhythm degenerates into ven-
tricular fibrillation (VF). A second high-energy defibrillation (DF 2), results in restoration of
sinus rhythm.

next decade, and the limitations of anti-arrhythmic drugs were exposed through random-
ized clinical trials, the ICD gained increasing favor for treatment of CA survivors. In this
setting, several clinical trials were organized to test the efficacy of the ICD in secondary
prevention (for patients who had survived a sustained life-threatening VA) and primary
prevention (for high-risk patients without history of sustained arrhythmia) of SCD
(Tables 2 and 3).

ICD FOR SECONDARY PREVENTION IN CAD
The first published trial comparing the ICD and conventional medical therapy for

secondary prevention of SCD was the Anti-arrhythmics Versus Implantable Defibrillator
(AVID) trial (23). This National Institutes of Health (NIH)-sponsored multicenter study
enrolled 1016 patients in 56 North American centers who were resuscitated from VF or
sustained VT between 1993 and 1997. The mean age of enrolled patients was 65 years
and the mean LVEF was 0.32. Eighty-one percent of patients had CAD and 67% had a
history of MI. Patients were randomly assigned to receive an ICD or to treatment with
anti-arrhythmic drug therapy, predominantly amiodarone (96% of assigned patients).
Over a mean follow-up period of 18 months, 122 of 509 patients (24%) in the anti-
arrhythmic drug therapy group died vs only 80 of 507 patients (16%) assigned to receive
an ICD. This difference corresponds to a 33% relative risk reduction and an 8% absolute
risk reduction in total mortality in favor of the ICD (p < 0.02). Of note, this treatment
effect was demonstrated despite a significant crossover to ICD therapy in the drug therapy
arm, reaching 25% at 3 years.



26 Cardiopulmonary Resuscitation

Fig. 2. Treatment of different ventricular arrhythmias in the same patients with an implantable
cardioverter defibrillator (ICD). The figure shows stored internal electrograms and marker chan-
nels of two episodes of sustained monomorphic ventricular arrhythmia in a 38-year-old man with
cardiac sarcoidosis. The first event shown in A is an episode of ventricular fibrillation that was
successfully treated with a single 20-J internal defibrillation by the ICD, restoring the patient to
sinus rhythm. The second event shown in B is an episode of sustained monomorphic ventricular
tachycardia with a rate of 200 bpm successfully treated with a single sequence of 8 beats of anti-
tachycardia pacing.

Strengths of the AVID trial include its relatively large size, NIH sponsorship, and its
use of total mortality as an unambiguous and unquestionably important primary end-
point. Because the trial included only a small proportion of patients without CAD, it is
difficult to draw conclusions about benefit of ICD in other subgroups. No placebo group
was used, raising the question of whether the some of the apparent benefit of the ICD was
because of a detrimental effect of amiodarone; other trials, however, have demonstrated
the safety of amiodarone in patients with structural heart disease. Finally, -blocker use
was much greater in the ICD arm (about 40%) compared to the drug therapy arm (10–
15%), probably because of the bradycardic effects of amiodarone; this discrepancy might
account for some of the apparent benefit of the ICD. Despite these criticisms, the AVID
trial has led to the ICD becoming the treatment of choice for survivors of CA without
contraindications to its use.

Two smaller trials of ICD therapy in secondary prevention of SCD have been reported
since the AVID trial was published. The first, the Canadian Implantable Defibrillator
Study (CIDS), enrolled 659 patients with an episode of unstable sustained VA in 24
centers in Canada, Australia, and the United States between 1990 and 1997 (24). Baseline
patient characteristics were similar to those of the AVID population, with a mean age of
63.5 years, mean LVEF of 0.34, and an 82% prevalence of CAD. After a mean follow-
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up period of 3 years, 98 of 331 patients (29.6%) assigned to amiodarone had died vs 83
of 328 patients assigned to ICD therapy (25.3%). On an annualized basis, the absolute risk
reduction for death was 1.9% per year in favor of the ICD arm, with a relative risk
reduction of 19.7% (p = 0.142).

The Cardiac Arrest Study Hamburg (CASH) enrolled 288 CA survivors (84% with
VF) in eight centers in northern Germany between 1987 and 1996 and randomly assigned
them to ICD implantation, amiodarone therapy, or metoprolol treatment in a 1:1:1 fash-
ion (25). The trial had originally included a propafenone treatment arm, which was
discontinued in 1992 because of the 61% higher all-cause mortality in that group. Over
a mean follow-up period of 57 months, the crude death rates were 36.4% in the ICD arm
and 44.4% in the two drug treatment arms, an absolute reduction of 8% and a relative risk
reduction of 18% (p = 0.081). The relative risk reduction was 42% at 1 year and 28% at
3 years. Secondary analysis showed that this nonsignificant reduction in total mortality
appeared to be due entirely to a significant reduction in sudden death (p = 0.005). As in
CIDS, there was a trend toward increased efficacy of the ICD in higher risk subgroups
with lower LVEF and higher New York Heart Association (NYHA) heart failure class.
Although neither CIDS nor CASH reached statistical significance, the degree of treat-
ment effect was similar to that seen in AVID and these trials are generally viewed a
supportive for ICD treatment in secondary prevention of SCD.

Table 2
ICD Trials for Primary and Secondary Prevention of SCD

Primary or Year Number Mean Relative Absolute
secondary of of follow-up risk risk

Trial prevention publication patients (months) reduction reduction p-value

AVID (23) Secondary 1997 1016 18 33%     8% p < 0.02
CIDS (24) Secondary 2000   659 36 28%  4.3% p = 0.14
CASH (25) Secondary 2000   288 57 18%     8% p = 0.08
MADIT (26) Primary 1996   196 27 59%   23% p = 0.009
MUSST (27) Primary 1999   704 39 60%    31% p < 0.001
CABG-Patch (28) Primary 1997   900 32 –8% –1.7% p = NS
MADIT-II (29) Primary 2002 1232 20 28%   5.6% p = 0.016

Table 3
Nonischemic Cardiomyopathies Associated With Sudden CA

Dilated cardiomyopathies
Idiopathic
Postviral
Alcohol-related
Valvular heart disease
Postpartum
Familial
Chagas’ disease

Hypertrophic cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy
Cardiac sarcoidosis
Cardiac amyloidosis
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ICD FOR PRIMARY PREVENTION IN CAD
With the rapid evolution of the ICD and its clear effectiveness in treating VAs, it was

reasonable to presume that the ICD might be effective in primary prevention of SCD in
high-risk patients. Several trials were designed to test this hypothesis. The first to be
published was the Multicenter Automatic Defibrillator Implantation Trial (MADIT)
(26). This device industry-sponsored study enrolled 196 high-risk CAD patients in 32 US
and European centers from 1990 to 1996 and randomly assigned them to implantation of
ICD or to conventional therapy (determined by treating physician, with amiodarone in
74%). Eligible patients had a documented MI greater than 3 weeks prior to enrollment and
an episode of asymptomatic nonsustained VT of 3 to 30 beats with a rate of at least 120
bpm. Patients with NYHA class IV symptoms were excluded because of a known high
mortality from pump failure. Eligible patients then underwent invasive electro-physi-
ologic study, with delivery of one, two, and three-paced ventricular premature beats at
increasingly close coupling intervals. If sustained VT or VF was induced, stimulation
was repeated after giving intravenous procainamide. If the arrhythmia remained induc-
ible, then the patient became eligible for randomization. The mean age of randomized
patients was 64 years, the mean LVEF was 0.26, and 65% had NYHA class II or III
symptoms.

After a mean follow-up of 27 months, the trial was stopped early because of a marked
treatment effect in favor of the ICD. Over the follow-up period, 39 of 101 patients (39%)
in conventional treatment group died vs only 15 of 95 patients (16%) assigned to ICD,
an absolute risk reduction of 23% and a relative risk reduction of 59%. The relative hazard
for overall mortality was 0.46 in the ICD arm (p = 0.009).

Despite the results, MADIT initially met with skepticism owing to its small sample
size, ICD industry-sponsorship, and low use of -blockers (5–8%) in the conventional
therapy arm. These criticisms were largely answered with the publication of the
Multicenter Unsustained Tachycardia Trial (MUSTT) 3 years later (27). This study
involved 704 patients with CAD enrolled at 85 centers in the United States and Canada
between 1990 and 1996, and was sponsored by the NIH, with additional grant support
from several drug and ICD manufacturers. Similar to MADIT, eligible patients had CAD
with depressed LVEF (0.40 or less), and a qualifying episode of nonsustained VT of three
or more beats at least 96 hours after a MI or revascularization procedure. Potential
patients underwent invasive electrophysiologic (EP) study and, if inducible for sustained
VA, were eligible for randomization to either electrophysiologically guided anti-arrhyth-
mic therapy or to no anti-arrhythmic therapy. Patients in the therapy arm were then
randomly assigned to a Food and Drug Administration-approved class I or class III anti-
arrhythmic drug followed by repeat EP testing. If no effective anti-arrhythmic drug was
found, an ICD was implanted. ICD therapy was permitted, at investigator discretion, after
one to three failed drug trials. Out of 351 patients, 202 in this arm (58%) ultimately
received an ICD. -Blocker and ACE inhibitor treatment was encouraged in all patients,
and 40% of all patients were receiving -blockers at hospital discharge. The median age
of enrolled patients was 66 years and the median LVEF was 0.30.

After a median follow-up period of 39 months, the 2- and 5-year rates of overall
mortality were 28% and 48% in the group assigned to no anti-arrhythmic therapy and
22% and 42% in the EP-guided therapy arm (relative risk 0.80 at 5 years, p = 0.06).
Subsequent analysis of the data showed that this treatment effect was entirely attributable
to treatment with the ICD; the overall mortality rate at 5 years was 24% in patients
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receiving an ICD and 55% in those who did not (adjusted relative risk of overall mortality
0.40, p < 0.001). In fact, patients treated with anti-arrhythmic drugs without an ICD had
a trend toward higher mortality than the control arm of the study, possibly because of a
high use of type I anti-arrhythmic agents in the drug-therapy group (26% at initial hospital
discharge). Thus, although MUSTT had a complex design, which was not primarily
intended to test the efficacy of the ICD, its results supported the apparent benefit of the
ICD for primary prophylaxis demonstrated in MADIT and led to widespread use of the
ICD in high-risk coronary patients for this indication.

In contrast to MADIT and MUSST, the Coronary Artery Bypass Graft (CABG) Patch
trial used a different test (signal-averaged ECG) to identify high-risk CAD patients and
found no benefit to prophylactic epicardial ICD implantation in the population studied
(28). This NIH-sponsored study screened patients less than 80 years old with LVEF of
0.35 or less who were scheduled for CABG surgery at 37 centers in the United States and
Germany between 1990 and 1996. Patients were screened with signal-averaged electro-
cardiography (SAECG), a variation of the standard surface ECG used to analyze QRS
complexes for prolongation or the presence of late potentials, which reflect myocardial
scarring and substrate for VAs. A pilot study had shown that patients with abnormal
SAECG had a mortality rate in the 2 years after CABG surgery twice as high as patients
with normal SAECG, which is in line with previous studies of this technique. Neither
nonsustained VT nor invasive EP study was required for study entry.

After screening, 900 patients were assigned randomly to receive an epicardial ICD
system at the time of CABG surgery (446 patients) or to CABG surgery alone (454
patients). Baseline characteristics were similar to MADIT patients, with a mean age of
64 years, mean LVEF of 0.27, and 73% with NYHA class II or III heart failure symptoms.
Ninety-one percent of patients had two- (36%) or three- (55%) vessel CAD. After an
average follow-up of 32 months, the trial was terminated because of a lack of efficacy,
at which point 101 of 446 (22.6%) patients in the ICD arm had died vs 95 of 454 (20.9%)
patients in the control arm. No subgroups were identified that appeared to benefit from
the ICD.

There are several possible explanations for the difference in outcome between the
CABG-Patch Trial and other trials, which demonstrate efficacy of the ICD for primary
prophylaxis. These include relatively low mortality rate in the control arm, an indepen-
dent anti-arrhythmic effect of complete revascularization, use of epicardial devices, and
potential harmful effect of prolonging operative time with ICD implant and testing.

The Multicenter Automatic Defibrillator Implantation Trial II (MADIT-II) was
recently published and may significantly expand the population eligible for primary
prophylaxis of SCD with the ICD (29). This industry-sponsored trial randomized 1232
patients in 76 US and European centers with prior MI (1 month or more before entry) and
LVEF of 0.30 or less to receive a transvenous ICD or usual medical therapy. Patients were
not required to have any spontaneous or induced arrhythmias for entry. Enrolled patients
had a mean age of 64 years and a mean LVEF of 0.23. In contrast to MADIT, -blocker
use was high (70% in each arm). After a mean follow-up of 20 months, 19.8% of patients
in the usual therapy group had died, and 14.2% of patients in the ICD arm (p = 0.016),
indicating a hazard ratio of 0.69 in favor of the ICD arm, and an absolute risk reduction
of 5.6%. There were no statistically significant interactions with baseline characteristics,
but patients with lower LVEFs and those with wider QRS duration showed trend toward
greater benefit from the ICD. An unexplained trend toward higher rates of hospitalization
for heart failure was also present in the ICD arm.
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ECONOMIC IMPACT OF ICD USE IN CAD
The MADIT-II trial, for the first time, demonstrated efficacy of the ICD in reducing

all-cause mortality in a population defined solely by cardiac substrate (prior MI and
reduced LVEF) and not by presence of any arrhythmia. Other ongoing trials are testing
the ability of the ICD to reduce SCD mortality in other populations, including all patients
with heart failure and reduced EF from any cause, and in other lower risk populations with
CAD. The health care cost implications of such expansion of ICD indications are substan-
tial. The MADIT-II authors estimated that up to 4 million patients in the United States
might qualify for ICD therapy under the new indication, with addition of up to 400,000
new patients annually (29). At a conservative estimate of $25,000 per ICD implant, it
would cost $100 billion to implant all current MADIT-II eligible patients in the United
States, and $10 billion to implant newly eligible cases each year. There would be addi-
tional costs associated with follow-up, generator replacements, and management of late
complications and device/lead malfunction.

Cost-effectiveness analysis of ICD therapy has been performed based on MADIT and
AVID data. Analysis of MADIT results, which had initial ICD implantation cost of
$18,000–$27,000, showed a cost-effectiveness ratio of $27,000 per year of life saved,
based on a survival advantage of 0.8 years in the ICD group (30). Patients in the ICD arm
had higher initial costs, which were later balanced by higher medication costs in the
medically treated group after 4 years. Total net health care costs over follow-up were
about $98,000 in the ICD group and $76,000 in the control group; the difference was
largely because of a longer survival in the ICD group. Corresponding economic analysis
of the AVID study showed estimated 3-year medical costs of $87,000 in the ICD group
and $73,000 in the anti-arrhythmic drug group (31). As in MADIT, initial hospital costs
were higher in the ICD arm and medication costs were higher in the drug arm. Because
the mortality difference was smaller in AVID (about 0.21 years advantage for ICD), the
cost-effectiveness ratio was higher—about $67,000 per year of life saved. These cost-
effectiveness ratios, although high, are comparable to other accepted health care inter-
ventions.

Economic analysis of MADIT-II is currently in progress. Review of currently pub-
lished data suggests that the cost-effectiveness ratio may be higher than in MADIT,
because of a smaller absolute survival advantage, higher costs for heart failure hospital-
izations in the ICD group, and lower costs for anti-arrhythmic drugs in the control arm.
Regardless of the ratio, the absolute cost of expanding ICD indications will have to be
considered by health care payers. Some investigators have expressed hope that market
competition will reduce costs of ICD therapy and that expanding indications for the ICD
will spur manufacturers to design and market a lower cost model for primary prophylaxis
in lower risk patients (32).

DILATED CARDIOMYOPATHY

Although not as common as CAD, several other forms of cardiomyopathy (listed in
Table 2) are associated with an elevated risk of SCD. The most prevalent of these is
dilated cardiomyopathy (DCM). Numerous studies have shown that patients with DCM
have significantly elevated risk of all-cause mortality and SCD, and that degree of risk
correlates with heart failure class (33). Interestingly, although patients with the most
severe heart failure symptoms have the highest mortality rates, the proportion of deaths
classified as because of SCD is lower than in those with lower heart failure class; the
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proportion of deaths because of pump failure rises accordingly. Other important risk
factors for arrhythmic mortality in DCM include degree of LV dilatation, impairment of
LV systolic function, and increased QRS duration, especially with left bundle branch
block. Frequency of nonsustained VT has also been shown to increase risk of mortality
in one study (34), but another failed to show this association (35). Syncope, regardless
of etiology, was shown in one study to increase risk of mortality nearly fourfold (36).
Although recognized as an insensitive marker, inducibility of sustained VAs at invasive
EP study also seems to confer elevated risk of death (37).

Medical Therapy of DCM
Several medications without anti-arrhythmic action have been shown to improve all-

cause mortality in DCM, and also may reduce SCD because of a modification of the
underlying arrhythmic substrate. These medications include ACE inhibitors, hydrala-
zine-isosorbide, metoprolol, carvedilol, and spironolactone. Digoxin use, even though
improving heart failure symptoms and modestly reducing hospitalization, does not appear
to significantly affect survival (38). In contrast, several positive inotropic drugs, including
enoximone, amrinone, and high-dose vesnarinone, have been shown to increase mortality
in heart failure patients, possibly through ventricular proarrhythmic effects. Several stud-
ies of type I (sodium-channel blocking) anti-arrhythmic drugs have shown that these
agents are associated with excess mortality in patients with heart failure and structural
heart disease (13,14,39). Sodium-channel blocking drugs have both negative-inotropic
and proarrhythmic side effects in this population. On the basis of these trials, these drugs
should generally be avoided in patients with DCM.

AMIODARONE FOR DCM
There have been two large trials of amiodarone for primary prophylaxis of SCD in

heart failure patients. The GESICA trial was conducted in 26 hospitals in Argentina
between 1989 and 1993. Patients (N = 516, mean age 59 years) with stable chronic class
II, III, and IV congestive heart failure on appropriate medical treatment with LVEF of
0.35 or less (mean = 0.20) were randomized to receive amiodarone (300 mg/day chroni-
cally) or usual treatment (40). Forty percent of patients had prior MI and 10% had Chagas’
disease. After a mean 13 months of follow-up, 87 of 260 patients (33.5%) treated with
amiodarone died vs 106 of 256 control patients (41.4%), a relative risk reduction of 28%
and an absolute risk reduction of 7.9% (p = 0.024). Subsequent substudies of GESICA
showed particular benefit in patients with baseline heart rate above 90 bpm.

The STAT-CHF trial was a US-based trial conducted in Veteran’s Affairs medical
centers enrolling 674 patients (99% men) with LVEF of 0.40 or less, class II, III, or IV
congestive heart failure symptoms, and 10 or more ventricular premature contractions
per hour on Holter monitor (41). Patients were randomized to amiodarone (300 mg per
day) or placebo and were followed for a mean of 4 years. In contrast to GESICA, this trial
showed no significant difference in outcome between the two groups, either in total
mortality or in sudden death.

The explanation for the discrepancy between the two trials has been attributed to the
difference in populations studied. GESICA included a higher proportion of patients with
nonischemic cardiomyopathy, including Chagas’ disease in 10%. In CHF-STAT, there
was also a trend toward improved survival with amiodarone in the smaller subgroup
without CAD. Additionally, mortality in the placebo group at 2 years was higher in
GESICA (50%) than in CHF-STAT (30%), suggesting that amiodarone may only benefit
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those at very high risk. Alternatively, CHF-STAT included a much longer follow-up
period, and hence GESICA might have shown less benefit for amiodarone if patients had
been followed longer. No clear consensus exists for utility of amiodarone for primary
prevention of SCD in the heart failure population because of the conflicting results of
these two trials. Preliminary results of the Sudden Cardiac Death in Heart Rate Failure
Trial (SCD-HeFT; see below) also suggest that amiodarone does not prolong survival in
heart failure patients.

ICD FOR DCM
Patients with DCM who are resuscitated from sustained VT or VF warrant strong

consideration for ICD therapy based on AVID and the other secondary prevention
studies discussed above. ICDs are also appropriate for patients with symptoms consis-
tent with VA (such as syncope) who have inducible VAs at EP study. Based on natural
history studies, unexplained syncope is considered by some to constitute an indication
for an ICD in patients with DCM. Other indications for ICD implantation in this group
need to be defined.

To date, there have been no completed large-scale randomized trials of the ICD for
primary prevention of SCD in patients with DCM. One small pilot trial conducted in
Germany randomized 104 patients with DCM and LV ejection of 0.30 or less to ICD or
usual therapy (42). After 5 years of follow-up, there was no significant difference in
mortality between the two groups. Lack of efficacy of the ICD was ascribed to lower-
than-expected mortality in this group. The Amiovert trial, recently reported in abstract
form, compared ICD therapy with amiodarone in 178 patients with nonischemic cardi-
omyopathy and nonsustained VT (43). This trial also appeared to be underpowered to
detect a treatment effect of the ICD, and was terminated prematurely having shown no
significant difference in outcome between the two groups.

The SCD-HeFT is a multicenter study that has enrolled approx 2500 patients with
DCM because of any cause with LVEF of 0.35 or less and class II or III heart failure
symptoms (44). Patients were randomly assigned to ICD implantation, amiodarone
therapy, or placebo in a 1:1:1 fashion. Follow-up was completed in 2003 and prelimi-
nary results were presented at the annual Scientific Sessions of the American College
of Cardiology in March 2004 (available at www.sicr.org). After a mean follow-up
period of 45 months, there was a statistically significant 23% relative reduction in all-
cause mortality in the patients assigned to ICD therapy. Patients with ischemic and non-
ischemic etiologies of heart failure appeared to benefit equally. There was no significant
mortality difference in  patients assigned to amiodarone treatment. Assuming these
results are confirmed in the final published report, SCD-HeFT may result in significant
expansion in patients eligible for ICD therapy for primary prevention of SCD.

OTHER FORMS OF CARDIOMYOPATHY

Several forms of cardiomyopathy expose individuals to elevated risk of SCD in the
absence of significant LV systolic dysfunction. These less common diseases include
hypertrophic cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomyopa-
thy, cardiac sarcoidosis, and cardiac amyloidosis.

Hypertrophic Cardiomyopathy
HCM is a group of diseases caused by inherited mutations in genes encoding protein

components of the cardiac sarcomere (45). To date, 11 different HCM-associated genes
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have been identified; others likely remain to be discovered. The disease results in myo-
cyte disorganization, progressive myocardial wall thickening, and diastolic dysfunction.
Increased LV wall thickening develops during childhood and adolescence and is usually
present by young adulthood in affected individuals. Some forms may develop systolic
dysfunction late in the course of disease. The disease was first characterized in patients
that had disproportionate thickening of the interventricular septum with dynamic LV
outflow tract gradient (idiopathic hypertrophic subaortic stenosis [IHSS]). Further stud-
ies have demonstrated that neither septal hypertrophy nor outflow tract gradient is a
requirement for the disease, and numerous different patterns of LV wall thickening have
been identified.

SCD as a result of VAs is believed to be the most common cause of death in HCM, with
annual incidence ranging from 1% per year in all patients and up to 5% per year in high-
risk subgroups. The highest risk is present in patients who have survived a CA or episode
of sustained VT. These patients generally warrant ICD therapy for secondary prophy-
laxis. Other proposed markers of risk include extreme LVH with wall thickness greater
than 30 mm, frequent runs of nonsustained VT on Holter monitoring, history of unex-
plained syncope, hypotensive response to exercise, and malignant family history. Pre-
liminary data suggest that some genotypes, particular certain mutations in -myosin
heavy chain and cardiac troponin T, confer increased risk of SCD. Genotyping, however,
is not widely available and not currently practical for risk stratification. Younger patients
appear to be at higher risk, although a cut-off age indicating low risk has not been defined.

Resulting from the relative rarity of the disease and the overall low mortality rate,
it has been difficult to define effective therapies for prevention of SCD in HCM.
Vigorous physical exertion and participation in competitive sports should be pro-
scribed. -Blockers have been used based on their efficacy in other cardiac substrates;
a retrospective study also suggests effectiveness (46). Amiodarone has been used to
treat nonsustained and sustained VAs, but the potential for extracardiac adverse effects
with lifelong treatment in relatively young patients is substantial (47). There are no
controlled trials of ICD use in patients with HCM. Criteria for secondary prevention
are applied generally as with other AVID-eligible patients. There are no prospectively
defined criteria for ICD implantation for primary prophylaxis in this disease.

A retrospective cohort study of 128 patients with HCM who had ICDs implanted for
perceived high risk of SCD was recently reported (48). This study found that, over a mean
follow-up period of 3 years, 19 of 43 patients (44%) implanted for secondary prophylaxis
had appropriate ICD discharges for VT or VF, and 10 of 85 patients (12%) implanted for
primary prophylaxis did as well. This percentage is lower than that seen in primary
prophylaxis trials in patients with CAD or DCM. Because the ICD cannot distinguish
between truly life-threatening arrhythmias and VT which would terminate spontane-
ously without treatment, it is difficult to draw conclusions regarding mortality reduction
in this study. Moreover, 18 of 128 patients (14%) had device-related complications in the
3-year follow-up period, including 12 ICD lead failures. Thirty-two patients (25%) had
inappropriate ICD discharges for sinus tachycardia, atrial fibrillation, or ICD lead failure;
25 of these patients did not receive an appropriate discharge from the device. These data
underscore the potential complications of ICD therapy, particularly applied to young
people with long life expectancy. Thus, while this study suggests that some HCM patients
may benefit from ICD therapy, definitive data to guide patient selection for primary
prophylaxis are not currently available.
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Arrhythmogenic Right Ventricular Cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a rare entity first

described in 1977, which appears to be more common in Italy (49). The pathologic
hallmark of the disease is progressive replacement of the free wall of RV with fibrofatty
tissue, often with discrete aneurysm formation. The interventricular septum and LV may
be involved later in the disease. Clinically, patients typically present with nonsustained
or sustained VT with a left bundle branch block pattern originating in the right ventricle
and may later develop heart failure symptoms. Resulting from the rarity of the disease and
its diverse clinical presentation and challenging diagnosis, the natural history of ARVC
and risk factors for SCD have not been well-defined. Sotalol was shown in one study to
be the most effective drug in suppressing inducibility of VT (50). AVID-eligible patients
with ARVC are generally treated with an ICD. Primary prevention with an ICD can be
considered for patients with unexplained syncope, a malignant family history, or
nonsustained VT with inducible VT at invasive EP study. Efficacy data for ICD therapy
in this disease are limited. One cohort study of 12 patients found that 8 (66%) had
appropriate ICD discharges in follow-up (51). Another study of nine patients implanted
for sustained VT also showed high rate of appropriate ICD therapies (52).

Cardiac Sarcoidosis and Amyloidosis
Cardiac sarcoidosis (CS) and amyloidosis are infiltrative heart diseases that may cause

conduction disturbances, including complete AV block, and VAs in the absence of LV
dysfunction. CS has a wide clinical spectrum and the natural history regarding risk of
SCD is not well-defined. Anti-arrhythmic drug and ICD therapy is generally prescribed
as with other forms of cardiomyopathy (53). Patients with cardiac amyloidosis and VAs
generally have a very poor prognosis in the absence of organ transplantation and/or high-
dose chemotherapy. One small cohort study of ICD use in this disease found a high
mortality rate and low ICD efficacy because of rapid progression of heart failure, pulseless
electrical activity, and failure of other organ systems (54).

Long QT Syndrome
The long QT syndrome (LQTS) is the most common of the cardiac ion channel dis-

eases that cause SCD. The acquired form is most commonly caused by medications,
which prolong cardiac repolarization. For a complete updated list of medications asso-
ciated with LQTS, the reader is referred to www.torsades.org. Other causes of acquired
LQTS include hypokalemia and hypomagnesemia; severe bradycardia, such as during
complete AV block; and neurological insults, such as subarachnoid hemorrhage and
stroke. The congenital form of the disease is associated with mutations in one of at least
six identified gene loci (LQT 1–6) (55). LQT1, LQT2, LQT5, and LQT6 are all caused
by mutations in different genes encoding for components of cardiac potassium channels,
but LQT3 is caused by mutations in the cardiac sodium channel. All result in prolonged
repolarization of the cardiac action potential with resulting prolongation of the QT inter-
val and predisposition to torsades de pointes, which may in turn degenerate into VF.

Recognition of the ECG pattern in patients presenting with symptoms is an impor-
tant component of sudden death prevention in this disorder (56). The ECG in LQTS is
highly variable in degree of QT prolongation and morphology of the T wave, which
may make recognition difficult. Detection of LQTS is an important reason for careful
review of the ECG in any patient presenting with palpitations or syncope. Occasion-
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ally, the syndrome presents as a seizure disorder in young children. Once an affected
individual has been identified, family members should be screened for the disease.

The most important medical component of treatment for congenital LQTS is -blocker
therapy. This medication has been shown to reduce incidence of syncope and sudden
death in congenital LQTS patients (57). Other treatments that have been shown to reduce
symptoms include left cardiac sympathectomy and permanent atrial pacing. Preliminary
data suggest that sodium channel blockade may be beneficial in the LQT3 subtype.
Criteria for ICD implantation are controversial, and the decision is difficult in young
patients with long life expectancy. Patients resuscitated from CA and those with recurrent
syncope because of torsade de pointes despite -blockade are the most obvious candi-
dates. Patients with syncope of undetermined etiology and patients with malignant family
history are often considered as well.

Brugada Syndrome
The Brugada syndrome is a recently described inherited disease consisting of an

abnormal ECG pattern (incomplete right bundle branch block with coved ST segment
elevation in leads V1–V3) and idiopathic VF (58). In some cases, the ECG pattern is
elicited only after sodium-channel blockade. Patients usually present after resuscitation
from CA or, less commonly, with recurrent syncope. ICD implantation is currently the
only effective therapy for symptomatic individuals. Evaluation and treatment of asymp-
tomatic patients and affected family members is controversial. One report suggests that
VT or VF inducibility at EP study has prognostic value (59). Although another report
reached the opposite conclusion (60).

Commotio Cordis
Commotio cordis has received attention as a cause of SCD in children and young

adults during sporting activities, particularly baseball and hockey (61). The mecha-
nism is believed to be VF induced by a blow to the precordium during the vulnerable
period of the cardiac cycle (just prior to the peak of the T-wave). Most affected indi-
viduals have structurally normal hearts. Although very rare, events have a high mor-
tality rate and wider impact on affected families and communities. Preventive efforts
have focused on use of softer baseballs and improved chest protection equipment.

FUTURE DIRECTIONS

Recent efforts to reduce the public health burden of SCD have focused on expansion
of indications for ICD therapy. These trials have clearly shown efficacy of the ICD in the
high-risk groups in which it has been studied. It has been noted that the majority of victims
of SCD do not have risk factors that would currently make them eligible for an ICD (62).
Although further reduction in implant-related complications may make the ICD effective
in lower risk patients, the cost-effectiveness ratios associated with this approach would
be prohibitively high without a reduction in ICD costs. Additionally, the long-term
economic, psychological, and health effects of chronic ICD therapy in low-risk popula-
tions are not yet well-understood, and it is unclear to what degree low-risk populations
would accept ICD therapy.

The disappointing history of anti-arrhythmic drug trials for prevention of SCD make
these agents unattractive for primary prophylaxis of SCD in lower risk groups. To be
useful for this purpose, an agent should have low cost and side-effect profile and negli-
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gible proarrhythmic risk. Preliminary studies of -3 polyunsaturated fatty acids (“fish
oils”) have shown marked protective effect against VF in animal models of ischemia and
infarction, possibly because of stabilizing effects on the membrane of the cardiomyocyte
(63). Further trials in humans will be required to demonstrate clinical efficacy.

In order to better target preventive therapies, others have worked on identifying novel
markers of high risk of SCD. A recent report has observed that patients with congestive
heart failure and depressed LVEF who had elevated brain natriuretic peptide levels (>130
pg/mL) had more than 10-fold higher risk of sudden death than those with lower values
(64). Other noninvasive electrocardiographic markers of risk include microvolt T-wave
alternans, heart rate variability, and heart rate turbulence. Whether any of these markers
can predict benefit of ICD or other preventive strategies remains to be proven (65).
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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 oxygen (O2) and rids the body of carbon dioxide (CO2)by movement of alveolar gas
from 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 respi-
ratory and cardiac arrest (CA). Since the modern era of cardiopulmonary resuscitation
(CPR) began in the early 1960s, ventilation of the lungs of a victim of CA has been
assumed important for successful resuscitation.
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Recently, this assumption has been questioned and is currently being debated (2).
Several laboratory studies of CPR have shown no clear benefit to ventilation during the
early stages of CA (3–5). Furthermore, exhaled gas contains approx 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). The introduction of the
American Heart Association’s (AHA) Guidelines 2000 for Cardiopulmonary Resuscita-
tion emphasizes a new, evidence-based approach to the science of ventilation during CPR.
New evidence from laboratory and clinical science has led to less emphasis being placed
on the role of ventilation following a dysrhythmic CA (arrest primarily resulting from a
cardiovascular event, such as ventricular fibrillation [VF] or asystole). However, the
classic airway patency, breathing, and circulation CPR sequence remains a fundamental
factor for the immediate survival and neurological outcome of patients after asphyxial
CA (CA primarily resulting from respiratory arrest).

This chapter reviews pulmonary anatomy and physiology, early studies of ventilation
in respiratory and CA, the effect of ventilation on acid–base conditions and oxygenation
during low blood flow states, the effect of ventilation on resuscitation from CA, manual,
mouth-to-mouth, and newer techniques of ventilation, and current recommendations for
ventilation during CPR.

HISTORY OF ARTIFICIAL VENTILATION AND CPR TECHNIQUES

With the onset of CA, effective spontaneous respiration quickly ceases. Attempts to
provide ventilation for victims of respiratory and CA have been described throughout
history. Early descriptions are found in the Bible (7) and in anecdotal reports in the
medical literature 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).  Descriptions of chest com-
pression to provide circulation (12) can be found in the historical literature of more than
100 years ago. Electrical defibrillation has 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 mas-
sage, and electrical defibrillation were combined into a set of practical techniques to
initiate the reversal of death from respiratory or CA. Resuscitation is associated with
hypoperfusion and consequent 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 CO2 from the tissues until spontaneous
circulation is restored. In turn, the purpose of ventilation is to oxygenate and to remove
CO2 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 technique requires skill and can be difficult during CA, other
airway adjuncts have been developed when intubation is contraindicated or impractical
because 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 so on) consisting of the rhyth-
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mic 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 venti-
lation. These manual techniques were 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 tech-
niques is markedly reduced or prevented altogether by such obstruction (14,15). Subse-
quently, 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 evalu-
ation in laboratory models of CA and in actual human CA has been limited.

PULMONARY PHYSIOLOGY
DURING LOW BLOOD FLOW CONDITIONS

Effects of Hypoxemia and Hypercarbia on Pulmonary Airways
During respiratory and CA, hypoxemia and hypercarbia gradually increase over time.

The concentrations of both oxygen and CO2 affect ventilation and gas exchange. Hypox-
emia 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 resis-
tance, although 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 51mmHg, airflow resistance decreased to 29% of the initial mean (17). However,
other studies have shown that hypercapnia causes an increase in airflow resistance through
a central nervous system (CNS) effect mediated by the vagus nerve (18–22). It appears
that hypocapnia causes bronchoconstriction and increased resistance to flow through a
direct local effect on airways, although hypercapnia causes increased airway resistance
through action on the CNS (18–22).

Hypoxic Pulmonary Vasoconstriction

HPV 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 perfusing underventilated alveoli are normally vasoconstricted. This
effect is opposed by increases in the partial pressure of O2. HPV 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 in which
vasoconstriction becomes so intense and widespread that the response becomes patho-
logic and pulmonary hypertension develops (24,25).

HPV is inhibited by respiratory and metabolic alkalosis and potentiated by metabolic
acidosis (26). Additionally, pulmonary vasoconstriction is more pronounced when pul-
monary artery pressure is low and is attenuated by increased pulmonary vascular pressure
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(26). Hence, a consequence of low inspired O2 concentration, as occurs during mouth-
to-mouth ventilation, could be decreased blood flow caused by increased pulmonary
vascular resistance. Whether HPV occurs during CA 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. However, 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 elimi-
nation is diminished, CO2 accumulates in venous blood and in the tissues. Mixed venous
PCO2 thus reflects primarily systemic and pulmonary perfusion and is an indicator of the
tissue acid–base environment. On the other hand, during low-flow conditions arterial
PCO2 and PO2 reflect primarily the adequacy of alveolar ventilation. During low rates of
blood flow, if alveolar ventilation is adequate, blood flowing through the pulmonary
capillary bed is over-ventilated 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):

VA/Q = 8.63 • R • (CaO2 – CvO2)/PACO2

in which VA is alveolar ventilation; Q is the volume of blood flowing through the lungs
each minute; 8.63 is a factor relating measurements made at body temperature, ambient
pressure, and saturated with water vapor to measurements made at standard temperature,
pressure, and dry; R is the respiratory exchange ratio (CO2 minute production/O2 con-
sumption); CaO2 is arterial oxygen content; CvO2 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). The ventilation–perfusion ratio equation predicts that as pul-
monary blood flow decreases (increasing VA/Q ratio), arterial PO2 and mixed venous
PCO2 will increase and arterial PCO2 will decrease. It predicts that as pulmonary perfu-
sion is further reduced (VA/Q ratio approaches infinity), arterial PO2 and PCO2 approach
the composition of inspired gas. In contrast, if blood flow is present, but alveolar venti-
lation is absent (VA/Q ratio is 0), arterial PO2 and PCO2 approach the composition of
mixed venous blood. A study of ventilation 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 gas provides more accurate information regarding flow status
during resuscitation, it can be obtained during CPR only rarely, when and if a pulmonary
artery catheter is already present. Animal laboratory work seems to suggest that the
intraosseous blood gas analysis can be a viable alternative to venous pH and PCO2
measurements during cardiopulmonary resuscitation. In a swine pediatric model of
hypoxic CA, the intraosseous blood gas correlated closely to the mixed venous gas
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within 15 minutes of CPR. 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 principle protein of red blood cells (RBCs) and functions impor-
tantly in the transport of O2 and in the elimination of CO2 through the carbamate and
bicarbonate pathways (30). Although hemoglobin is usually considered 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 dur-
ing passage through the lungs, CO2 is actively driven off. 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 circulation cycle (31,32). The principle mechanism of the Bohr-
Haldane effect is the binding of CO2 as carbamate compounds to the -amino groups of
hemoglobin (33,34). When oxygen is released by hemoglobin in the tissues, a change
takes place in the shape of the hemoglobin 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 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 (5–10% of total CO2) and a much larger
amount (60%) is converted to carbonic acid intracellularly in RBCs through catalytic
hydration. Cellular membranes are extremely permeable to CO2. As RBCs traverse the
tissue capillary bed, CO2 diffuses into RBCs and it is converted by carbonic anhydrase
to carbonic acid, which then dissociates 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. However, a membrane transport system rap-
idly exchanges plasma chloride for intracellular bicarbonate and preserves the
CO2-carbonic acid-bicarbonate gradient (36). Another important aspect of the interac-
tion 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 hemoglobin lowers its
affinity for proton. When hemoglobin is exposed to higher concentrations of CO2 from
respiring tissues, the formation of protons helps unload O2, which becomes available to
tissues. When hemoglobin is oxygenated 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 the
pulmonary excretion of CO2, and CO2 from tissues promotes the release of O2 from
hemoglobin at the tissue level.

In summary, hemoglobin is the principle protein responsible for lung-to-tissue trans-
port of O2 and tissue-to-lung transport of CO2. Hemoglobin transports CO2 as carbamino
compounds and in the form of bicarbonate. It can be appreciated from these mechanisms
of CO2 exchange and O2 transport 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 issues are important
during the treatment of CA.
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VENTILATION DURING LOW BLOOD FLOW CONDITIONS
Effect of Ventilation on Acid–Base Conditions and Oxygenation

Acid–base conditions and oxygenation are important issues in resuscitation from low
blood flow states such as shock (37–42) and CA (43–48). Hypoxemia and hypercarbic
acidosis critically reduce the force of myocardial contractions (49–53), make defibrilla-
tion difficult (54,55), and are associated with poor outcome (54,55). It has been observed
that, during CA, 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 arterial side
(51,52,58).

Arterial and mixed venous metabolic acidosis and mixed venous hypercarbic acidosis
are associated with failure of resuscitation from CA (43,46,48). Studies of both human
and animal CA have shown that during CPR, the pH of blood is largely determined by
the concentration of CO2 (56–71) and that arterial blood is often alkalemic although
mixed venous blood is acidemic because of differences in CO2 levels. A recent Norwe-
gian study measured arterial PCO2 and pH in patients receiving tidal volumes of 500 mL
vs 1000 mL several minutes after intubation during out-of-hospital CA (mean time of
approx 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 respi-
ratory 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 over-ventilation of blood entering the arterial side (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). Additionally, with decreasing blood flow, the
decrease in end-tidal CO2parallels the decrease in arterial PCO2. Thus, both arterial PCO2
and end-tidal CO2 vary directly with blood flow, although mixed venous PCO2 varies
inversely with blood flow.

Mixed venous PCO2 and pH can be improved with proper ventilation and becomes
worse with hypoventilation. Because mixed venous blood gases reflect tissue acid–base
status, intracellular hypercarbia can be altered with ventilation, which emphasizes the
potential importance of ventilation during low blood flow states.

Effect of Ventilation on VF 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 ventricular ectopy. The event is often fatal and is
probably initiated by ventricular tachycardia (VT), or VF. Investigations have shown that
hypoventilation, hypoxemia, hypercarbia, and metabolic acidosis can lower the thresh-
old for VF as well as affect the tendency of the heart to develop ventricular arrhythmias
(VAs). Furthermore, arterial hypoxemia has been shown to cause arrhythmia by excita-
tion of the autonomic nervous system and by affecting vagal tone (76). Both hyperven-
tilation and hypoventilation are associated with severe VA and supraventricular
arrhythmias (77). Hypoxemia and other issues such as hypoglycemia, hyper- and hypo-
kalemia cause VF by shortening the duration of the cardiac action potential (78).



Chapter 4 / Physiology of Ventilation 45

Hypercarbia without hypoxemia lowers the VF threshold and respiratory alkalosis raises
the VF threshold and enhances spontaneous recovery from VF (79). In another study,
ischemia, but not hypoxemia, lowered the VF threshold (80).

The effect of ventilation on the defibrillation threshold, which is the minimum elec-
trical energy required for defibrillation of a fibrillating ventricle, has not been studied
directly. Instead, the defibrillation threshold has been investigated under conditions of
hypoxemia, and metabolic and hypercarbic acidosis, either alone or in combination
(46,48,54,81). The findings of different studies have been somewhat contradictory, but
generally show the defibrillation threshold is unaffected by acid–base conditions existing
either before or during CPR. However, more recent studies using animal models of CA
suggest that hypercarbia is associated with VF refractory to defibrillation (46,52,55).
Coronary perfusion pressure, duration of untreated VF, and duration of CPR are critical
issues known to affect success of defibrillation (82).

A human study of issues that influenced the success of defibrillation found that arterial
hypoxemia and acidemia, and delay in defibrillation attempts were associated with fail-
ure to defibrillate (54), but it was not possible to distinguish the effect of these issues
independently because they tended to occur together. A canine study, in which ischemia,
ventricular hypertrophy, hypoxemia, acidosis, and alkalosis were well-controlled inde-
pendent variables, did not find an adverse effect of these issues 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 VF (83). More recent laboratory CPR studies of
hypercarbic acidosis found a substantial reduction in rate of resuscitation. Although the
defibrillation threshold was not investigated, four of six animals ventilated with 50% CO2
had refractory VF (46). In other studies of acid–base conditions, 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 asso-
ciated 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 well by humans (89) and animals (46,90–93) when there
is normal spontaneous cardiac output. Nevertheless, during CA, hypercarbia substan-
tially 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 VF (55). In this rat model, very high levels of inspired and thus, myocar-
dial PCO2 were produced and may help explain the difference in findings of another study
(81) that used more modest levels of hypercarbia and failed to find an effect on defibril-
lation threshold.

Among issues that can affect the likelihood of defibrillation, the duration of VF is of
great importance (94). In human CPR, the rate of successful defibrillation is approx 80%
if administered immediately after onset of VF, but the chance of success decreases approx
5% for each additional minute of VF (95,96). After 12 minutes of VF with CPR, the rate
of success is only about 20%. A similar effect of duration of VF is seen in laboratory CPR
models (97–99) 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). Additionally, potassium uptake by myocar-
dial cells is increased during VF and is related to hydrogen ion, CO2, and lactate produc-
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tion (101). Earlier work found that the ratio of intracellular to extracellular potassium
concentration affected the defibrillation threshold (102).

In summary, hypoxemia and hypercarbia decrease the threshold for VF. Hypoxemia
and hypercarbia have a negligible effect on the defibrillation threshold when the duration
VF is brief. Recent studies suggest that hypoxemia and hypercarbia make defibrillation
more difficult when VF persists for several minutes or more.

Effect of Ventilation on Myocardial Force and Rate of Contraction

Studies using an isolated heart model demonstrated that hypoxia and hypercarbia
caused a profound decrease in myocardial force of contraction independent of pH
(53,103–106). Studies examining the effect of hypercarbia on isolated spontaneously
contracting myocytes have found that 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 issues, or inflammatory mediators. In contrast, iso-
lated decreased blood or perfusate pH is not associated with reduced ventricular force of
contraction (49–53). The reason for these differences in myocardial response to extracel-
lular CO2 and hydrogen ion is that CO2 is a nonpolar, lipid soluble molecule that is
permeable to cellular membranes and diffuses rapidly into the intracellular space. Once
CO2 enters the cell, it lowers intracellular pH by dissociating to hydrogen ion and bicar-
bonate. 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 intra-
cellular pH affects calcium ion flux, exchange, and binding and ultimately affects exci-
tation–contraction coupling and myocardial contractility (108).

During VF, the heart continues to perform work and very likely has energy utilization
greater than during normal contractions; metabolites in the form of hydrogen ion, lactate,
and CO2 continue to be produced. With the onset of VF, myocardial CO2 tension increases
rapidly from a normal value of approx 50 mmHg to 350 mmHg and there is a parallel
increase in hydrogen ion concentration (74,103). As we have noted above, the removal
of CO2 from tissues is dependent on blood flow; thus, coronary blood flow is an important
cofactor influencing levels of myocardial CO2. A coronary perfusion pressure of less than
10 mmHg was associated with myocardial CO2 tensions 400 mmHg or more and failure
of resuscitation, although a coronary perfusion pressure of greater than 10 mmHg was
associated with myocardial CO2 tensions 400 mmHg or less and successful resuscitation
(109). Decreased intracellular pH is associated with changes to the structure 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 ino-
tropic 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 elimination of tissue CO2. To the extent that ventilation can affect the
elimination of CO2 and enhance tissue oxygenation, it can likely provide some benefit
during CA and CPR. There are promising therapies that perfuse the heart with oxygen-
containing fluorocarbon compounds (SAPO: selective aortic arch perfusion and oxygen-
ation) resulting in higher rates of restoration of spontaneous circulation after prolonged
CA and CPR (111).
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Hypoxemia, Hypercarbia, and the Vasopressor Effect of Catecholamines
The importance of the administration of such catecholamines as epinephrine during

CPR cannot be overstated. Numerous studies and years of experience treating CA have
shown that epinephrine is often a pivotal factor in reversing sudden death by increasing
coronary perfusion pressure and the likelihood of defibrillation (112). The interaction of
ventilation and the vasopressor activity of epinephrine and other catecholamines need to
be examined.

A number of studies have shown that increases in blood PCO2 in animal models and
in humans results in a decrement of the pressor response to epinephrine and norepineph-
rine by more than 50% (113–115). The mechanism for the failure of blood pressure to
increase is primarily decreased peripheral vasoconstriction and vascular resistance (113–
119) with a smaller contribution caused by a cardiac arrhythmia other than tachycardia
(113–115). Metabolic acidosis (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 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
volunteers with normal cardiac function (118).

Hypoxemia also has been found to decrease the pressor response to epinephrine (51).
Hypoventilation, through simultaneous hypoxemia and retention of CO2, causes greater
peripheral vasodilation and loss of the pressor effect of epinephrine than isolated
hypercarbia or hypoxemia alone (51). There are few studies specifically examining the
effect of ventilation on the pressor response to catecholamines during CA and CPR.
Successful resuscitation is associated with epinephrine-induced increases in coronary
perfusion pressure, and there are data suggesting that hypoxemia and hypercarbia may
modulate the increase (120,121).

Hemodynamic Effects of Ventilation

Mean intrathoracic pressure is higher during positive pressure ventilation (PPV)
than during spontaneous breathing. During normal heart function, increased intratho-
racic pressure decreases right and left ventricular filling. If sufficient airway pressure
is applied, pulmonary vascular resistance increases. The effect of lung inflation on
pulmonary vessels is complex. At abnormally low lung volumes, vessels are collapsed
and pulmonary vascular resistance is increased (27). When the lung is inflated, col-
lapsed vessels open and resistance decreases. Alveolar capillaries are compressed and
resistance increases at high inflation volumes. Underventilation and ventilation perfu-
sion mismatch at low lung volumes results in a progressive decrease in lung compliance
and an increase in alveolar-arterial oxygen tension difference. Because blood flow is
related inversely to pulmonary vascular resistance, if the lungs are poorly inflated
during CPR, pulmonary blood flow may possibly decrease further. The -adrenergic
effect of epinephrine during CA specifically depresses PaO2 absorption and CO2 elimi-
nation of low V/Q lung units. Interestingly, vasopressin has significantly less adverse
effect on pulmonary gas exchange, after CPR. It has been speculated that vasopressin
could rehabilitate the pulmonary circulation through the agonist effect of the V2
vasopressinergic receptor (122). However, there are little data available in this area.

A number of studies have shown that PPV can impair cardiac output in normally
functioning hearts, and that positive end-expiratory pressure can impair cardiac output
further because of increased intrathoracic pressure, which reduces venous return (123–
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125). In fact, positive end-expiratory pressure has been used to create a model of func-
tional hypovolemia to study the effect of conventional and high frequency jet ventilation
on cardiac output and blood pressure (126). In this study, conventional ventilation during
conditions of functional hypovolemia resulted in decreased cardiac output and arterial
blood pressure, although high frequency jet ventilation did not affect hemodynamics,
probably because of lower airway pressure, lower intrathoracic pressure, and improved
venous return.

In contrast to the physiology of ventilation and blood flow during spontaneous cardiac
circulation, the physiology of blood flow is somewhat different during CPR with external
chest compression. Chandra et al. have shown convincingly that blood enters the lungs
from the right heart during periods of low intrathoracic pressure corresponding to the
release of pressure on the chest, although forward flow of blood from lungs to the left
heart and then out to the systemic circulation takes place during chest compression and
is associated with increased intrathoracic pressure (127). Furthermore, intrathoracic
pressure can be increased even more with high airway pressure (70–80 mmHg) ventila-
tion simultaneous with chest compression, which is associated with increases in carotid
blood flow and cerebral perfusion (128–130). The application of negative airway pres-
sure during the release phase further enhances carotid blood flow by increasing venous
return to the chest. Another study showed that arterial pressure and blood flow during
chest compressions is related directly to peak intrathoracic pressure up to pressures as
high as 50 mmHg, beyond which no further increases in blood flow occur (131). Continu-
ous positive airway pressure ventilation (CPAP or postive end-expiratory pressure
[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 (132). PEEP can also be the inadvertent result of
excessive tidal volume, increased respiratory rate and reduced inspiratory time (auto-
PEEP) and is associated with an increased incidence of pulseless electrical activity during
resuscitation (133).

An impedance threshold device that causes negative intrathoracic pressure during
CPR and hemorrhagic shock has been shown to increase venous return, right myocardial
preload, blood pressure, and blood flow to the heart and brain (134–137). It also has been
shown to improve survival from CA and hemorrhagic shock. The device is based on the
physiologic principle that negative intrathoracic pressure enhances venous blood return
to the chest and heart thus making increased cardiac output possible.

Another very important study was performed in the setting of hemorrhagic shock using
PPV. This study showed that blood pressure decreased progressively as ventilation rate
increased from 12 breaths to 30 breaths per minute (bpm; 138). More importantly, sys-
tolic blood pressure improved from 66 to 84 mmHg when ventilation rate was decreased
from 12 breaths to 6 bpm and the lower rate was associated with a significantly improved
survival. The study emphasizes the principle that the duration of increased intrathoracic
pressure is proportional to the ventilation rate when PPV is used. Another principle is that
blood pressure is inversely proportional to ventilation rate.

Application of CPAP without active ventilation has been recently studied in CPR. In
a pig model of CA, CPAP titrated to achieve 75% of a baseline end-tidal CO2 was
compared with intermittent PPV (139). A significant difference in both airway pressure
and diastolic blood pressure could be detected between the two techniques (27 ± 58 mmHg
in CPR vs 13 ± 11 mmHg in CPRCPAP), and there was an improvement in arterial and mixed
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venous pH, O2 saturation, and CO2 in the CPRCPAP animals. Cardiac output did not
change significantly between the two methods. This technique has the potential advan-
tage of simplifying CPR, decreasing pulmonary atelectasis, and improving both oxygen-
ation and ventilation. However, it can also have a negative effect on diastolic blood
pressure 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 pressure may decrease intrapulmonary shunting, pulmonary vascular
collapse, and atelectasis without adverse hemodynamic effects. In fact, recent use of a
multislice CT scanner to allow dynamic imaging of tridimensional volume of the lung
during CPR suggested that CPAP was superior to simple volume controlled ventila-
tions or no ventilations CPR in maintaining better lung distension and preventing
atelectasis (140).

In conclusion, movement of venous blood into the lungs takes place during the release
phase of external chest compression 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 systemic circulation. Negative airway pressure enhances blood flow and venous
return to the chest, although CPAP ventilation inhibits venous return and blood flow but
decreases lung atelectasis. These studies emphasize the crucial relationship between
ventilation mechanics and circulation.

The Effect of Ventilation on Outcome From Resuscitation
For more than 30 years, emergency ventilation has been considered an essential com-

ponent of CPR. There are few studies and little direct evidence that ventilation affects
outcome from CA, although it has been assumed crucial for resuscitation. Recommen-
dations 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 ventila-
tion. However, substantially less ventilation may be sufficient for gas exchange during
CPR because cardiac output and pulmonary blood flow are only 10%–15% of normal
during manual chest compression (130). As a consequence, 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 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.

The time when ventilation must be initiated during CPR to achieve satisfactory results
and the ventilatory requirements during CPR is unclear. In a canine model of CA, arterial
pH, PCO2, and PO2 had no significant change after 5 minutes of untreated VF (141),
although arterial PO2 decreased from 81 to 69 mmHg under similar conditions in a swine
model (142). In the canine study, there was no significant 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 per minute and will maintain O2 saturation at 90% or more 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 (5,143). The animals were intubated in all of these studies. It is
likely that ventilation induced by chest compression would be less in nonintubated models,
but the way this would affect blood gases is unknown.
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Other studies have shown that ventilation has an important role in resuscitation. An
early study showed that well oxygenated dogs had better carotid artery blood flow than
asphyxiated dogs. This was attributed to loss of peripheral vascular tone (144). Weil and
colleagues showed that spontaneous gasping during CA in a swine model favored suc-
cessful resuscitation and also showed that both the frequency and duration of gasps
correlated with coronary perfusion pressure and predicted outcome (145).

More recent studies were designed specifically to test the effect of ventilation on
outcome in swine models of CPR. One study compared a group receiving mechanical
ventilation during CPR with a group receiving chest compression alone and a group
without chest compression or ventilation. The duration of untreated VF was 30 seconds
followed by 12 minutes of CPR in the treatment groups. All animals were successfully
defibrillated and entered a 2-hour intensive care period. However, after 24 hours, only
two of eight animals that had no CPR survived, although 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
compression following 6 minutes of untreated VF. Nine of twelve ventilated animals and
only 1 of 12 nonventilated animals had return of spontaneous circulation. The
nonventilated animals died with significantly greater arterial and mixed venous hypox-
emia and hypercarbia (146). A follow-up study was done to test whether hypoxemia or
hypercarbia independently affects survival from CA. Using a swine model of isolated
arterial and mixed venous hypoxemia without hypercarbia in one group and isolated
hypercarbia without hypoxemia in another group, there was only one of ten animals with
return of spontaneous circulation in each group (121).

Other experimental work in large animal survival and neurological outcome up to
48 hours were not different when ventilation was withheld during resuscitation. 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 (ETT) allowing
exchange of ventilations from gasping and chest compressions/decompressions
(147,148).

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 (149). It is important to note that 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 CA
was not fundamental and suggested the need to test the no-ventilation hypothesis in
humans (150).

There are important differences between all these studies including duration of untreated
VF, the use of 100% O2 before CA, and whether or not agonal respirations were prevented
with a paralytic agent. However, taken together, these studies provide some evidence that
ventilation may possibly be withheld when chest compression is initiated promptly after
CA, but that ventilation is important for survival when chest compression is delayed.

There are even fewer human studies of the role of ventilation during CA. Because
ventilation is such a well-accepted intervention, the ethical considerations of doing a
controlled study by withholding ventilation in one group has been difficult to overcome.



Chapter 4 / Physiology of Ventilation 51

Indirect evidence pointing to a less important role of ventilation immediately after CA
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 CA had a higher rate of successful resuscitation (151). Another study
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
oxygenation saturation is associated with prognosis for survival from CA; mixed venous
pH, PO2, and PCO2 measured during hemorrhagic shock and CA were significantly better
in those with return of spontaneous circulation (44,152). 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. Using “CAB,”
CPR survival data from the Netherlands is comparable to that reported in the United
States (153). Human data also suggest that prompt chest compression following CA
improves brain and heart perfusion and the success of defibrillation (154).

Related to this, more human studies became available in the last few years. In a
prospective, observational study of CPR and ventilation, chest compression-only CPR,
and no CPR, survival from CPR (i.e., return of spontaneous circulation) was found to
be 16%, 15%, and 6% respectively (155). 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 compression-
only CPR vs ventilation CPR was 14% vs 10%, respectively, with a slight trend of
survival favoring chest compression-only CPR (156). 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 assessed by emer-
gency medicine dispatcher only and not by the investigator at the scene; the patency of
the airway was unclear in some patients, and primary respiratory arrests were excluded.
Additionally, if the bystander knew how to perform CPR, then the patient was excluded
from the study. Nevertheless, the study suggested a need to reconsider BLS with a goal
of minimizing the time to onset of CPR in the CA 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 approximately
doubled (157).

Despite the overall enthusiasm for the relatively positive results of dispatcher-assisted
CPR instructions without ventilation as described by the providers (158,159), it has been
emphasized by independent observers that the concept of no-ventilation CPR could be
a misnomer, because, provided that the airway is open, patients undergoing VF often
exchange a significant amount of air through gasping (160). 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 CA,
a recent Swedish report of 14,000 patients showed increased survival to one month for
“complete CPR” (both chest compressions and ventilation) vs “incomplete CPR” (com-
pression only; survival, 9.7% vs 5.1%; p < 0.001; 161).

In this study, ventilation, and duration of less than 2 minutes between patient collapse
and the beginning of lay bystander CPR, were both powerful modifying issues 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
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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 if these clinical findings could be used in a human prospective randomized
study during CPR to evaluate the level of influence of ventilation on neurological out-
come (162).

In summary, the standards for ventilation during CPR are based on studies that are
somewhat contradictory and inconclusive. The amount of ventilation required during
CPR is still unclear. It is likely that the number of bpm needed during conventional CPR
is less than currently recommended. It is logical that ventilation should be matched with
perfusion of blood through the lungs and the systemic circulation. Thus, when blood
flow is 0, ventilation is unnecessary because it would not affect tissue oxygenation and
CO2 removal. However, with CPR techniques that improve blood flow, such as use of
device adjuncts for chest compression, more ventilation may be necessary.

The duration of VF before the start of chest compression is likely to be of signifi-
cance regarding the need for ventilation, although the importance of ventilation in CPR
has been de-emphasized in favor of the need for more effective chest compression and
early defibrillation. In fact, it is likely that time of defibrillation is an important factor
in determining whether ventilation is necessary for successful resuscitation. The etiol-
ogy of CA is another very important factor related to the role of ventilation in CPR.
Ventilation has primary importance when CA occurs from asphyxia, such as in drown-
ing, and is the most frequent cause of pediatric CA.

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 artificial respiration were inves-
tigated additionally to mouth-to-mouth ventilation. A number of studies showed that the
application of external pressure to the chest during manual maneuvers in normal volun-
teers caused substantial respiratory tidal volumes that ranged from 50 to 1114 mL (10,14–
16,163–168). The rate of manual ventilation was 10–12 compressions per minute and
total minute ventilation (the product of tidal volume and respiratory rate per minute)
provided by these techniques was 0.5–11.1 L per minute. When these techniques were
applied to patients with pre-existing pulmonary disease, tidal volumes were considerably
less (50–540 mL) than in healthy subjects (168). These studies also noted that tidal
volumes generated by actively expanding the chest with arm-lift or hip-lift techniques
were 20–40% greater when compared with passive chest expansion (166). Techniques
that relied exclusively on passive chest expansion were ineffective for adequate ventila-
tion and resulted in mean arterial oxygen saturations of 67% in normal volunteer subjects
(163). 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 PPV (163). 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).



Chapter 4 / Physiology of Ventilation 53

However, with the head extended to prevent airway obstruction, 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 techniques, mouth-to-mouth venti-
lation was also studied extensively. Several research projects were funded by the Depart-
ment of the Army because of the urgency of problems 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 (169). The arterial oxygen satura-
tion of the volunteers receiving artificial ventilation was never below 85% and the mean
oxygen saturation was 94%. Alveolar CO2 tensions, measured in 21 patients, were main-
tained at or below 50 mmHg. The mean alveolar CO2 concentration was 5.6% before
resuscitation and 3.9% during resuscitation. Expired gas resuscitation produced a fall in
alveolar CO2 concentration in all 12 patients. The authors concluded 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 CA
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 ventilation
on resuscitation during CPR using an animal model showed that both hypoxemia and
hypercarbia independently have an adverse effect on outcome from CA. Swine were
ventilated with experimental gas mixtures 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 1 of 10 (10%) animals could be resuscitated in
each of the hypercarbic and hypoxic groups, although 9 of 12 (75%) animals were resus-
citated in the control group (121).

A study of the isolated effect of CO2 on spontaneously contracting chick myocytes
showed that myocytes perfused with 4.6% or 9.6% CO2 had inhibition of both rate and
force of contraction with both concentrations. The model demonstrated a rapid and
profound effect of CO2 independent of pH, PO2, vascular tone, neuroendocrine issues, or
inflammatory mediators (107).

A study of the composition of gas given by mouth-to-mouth ventilation during simu-
lated one- and two-rescuer CPR showed that the rescuers exhaled a mean concentration
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 ventilation
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
hemodynamic instability (170). This instability and 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 features 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, an arterial partial pressure of CO2 of about 20 mmHg (10). These
differences highlight the need for more controlled human studies before recommending
withholding mouth-to-mouth ventilation during CA.
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However an important factor might affect the feasibility of such studies: a widespread
fear of acquiring contagious diseases from victims of CA 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 (171–174).
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 ventilation 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
(175,176). 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 (174). Effective barri-
ers against contamination increase efficacy and effectiveness of CPR, helping the
rescuer to overcome fear of contamination and to start resuscitation immediately.
However, the overall willingness to perform bystander CPR is disappointingly low in
the United States, Europe, and Japan, both for lay bystanders and health care 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 does
not seem to be the case in Japan, where unwillingness to perform mouth-to-mouth
ventilation is mostly a result of lack of confidence in one’s ability to properly perform
CPR (177). The difference may be related to the 200-fold lower incidence of HIV in
Japan, as compared with the United States (178).

Education and increased retention of proper mouth-to-mouth ventilation technique
is fundamental but difficult to apply to all populations. The use of television spots as
a means of teaching basic skills of CPR in at-risk populations 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 are dependent 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 scenarios in
entertaining and motivating television spots (179).

Although recent evidence-based literature acknowledges the importance and effi-
cacy of CPR without ventilation, the need for assisted ventilation in CA with asphyxia
(CA primarily resulting from respiratory arrest) or in pediatric populations (generally
younger than 8 years of age) cannot be overemphasized (180). CA with asphyxia was
originally illustrated in the first case of external chest compressions (181). The ratio-
nale of ventilation during CPR for CA is based on the assumption that CPR delays
brain death in no-flow situations, and that hypoxia and respiratory acidosis can aggra-
vate 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 normothermic dog
(182).

In general, arterial partial pressure of oxygen is maintained within the normal range
for approx 1 minute in a dog model of chest compressions without ventilation (183).
Furthermore, when asphyxia is the cause of CA, oxygen consumption has proceeded
to near complete exhaustion, and CO2 and lactate have significantly accumulated just
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before CA. This is in contrast with VF, in which hypoxemia and acidemia become
significant only several minutes after the onset of CA. In a model of resuscitation after
asphyxia (clamping of the ETT in an anesthetized pig), the animal subjects were ran-
domly 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 (184). 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 impor-
tant, cause of CA with asphyxia, with an incidence of 0.65 to 0.9 per 100,000 CAs
(185). A recent study seems to support the original investigation of Ruben and
MacNaughton (186), in that abdominal thrust is not necessary in foreign body choking,
and that chest compressions can achieve higher airway pressure than the Heimlich
maneuver (187). In fact, when CPR was performed and compared with an abdominal
thrust in the cadaver, median and peak airway pressure (PAP) reached a value of 30 cm
H2O vs 18 cm H2O and 41 cm H2O vs 26 cm H2O, respectively. The mean airway
pressure produced by the Heimlich maneuver was higher than that produced with chest
compression only in a moderately obese cadaver. The European Resuscitation Council
(ERC) has recently addressed acute asphyxia from airway obstruction (188).

Despite recent knowledge that occurrence of VF in children may be more frequent
than previously thought (189), asphyxia is still the most common cause of CA in the
pediatric population. The Pediatric Resuscitation Subcommittee of the Emergency
Cardiovascular Care Committee of the 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 (190). The
approach to the recommendations has been the same as that described in the AHA
Guidelines 2000 for adults, which uses five classes of recommendations centered on
evidence-based medical data. Up to 10% of newborn infants require resuscitation at
birth. The majority, because of meconium airway obstruction/aspiration, require imme-
diate intervention and assisted ventilation. Because of their unique physiology, the
importance of ventilation/oxygenation in newborns cannot be overemphasized. Fluid-
filled lungs and intracardiac as well as extracardiac shunts at birth are physiologically
reversed in the first few minutes of extrauterine life with either spontaneous or assisted
vigorous chest expansion. Failure to normalize this function may result in persistence
of right-to-left, intracardiac and extracardiac shunt, pulmonary hypertension, and sys-
temic cyanosis. Bradycardia usually follows, with severe hemodynamic instability and
rapid deterioration to CA. 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 imme-
diate ventilation and the presence of skilled personnel at the bedside to perform proper
basic steps of resuscitation. Clearance of meconium fluid should be the immediate
maneuver performed on birth and providing PPV should be considered within 30 sec-
onds when bradycardia or apnea is present. Tracheal intubation remains the gold stan-
dard for providing immediate ventilation/oxygenation to the newborn. European and
American guidelines have essentially the same sequence of resuscitative events in neo-
nates, recommending a chest compression-to-ventilation ratio of 3:1, with about 90



56 Cardiopulmonary Resuscitation

compressions and 30 bpm with emphasis on quality of ventilation and compressions
(191). In young patients up to 8 years of age, the airway patency, breathing, and circu-
lation approach to CPR sequencing was not modified, reflecting a 5:2 compression-to-
ventilation ratio. Moreover, the importance of immediate, aggressive management of
the airway and ventilation in this group of patients has been reaffirmed (“go fast 911”
instead of “call first 911”).

In summary, at the time of this writing ventilation remains essential in CA with
asphyxia in both adult and pediatric patients. However, the need for immediate venti-
lation in dysrhythmic CA in adults is less clear. Although it is clear that future studies are
needed to address whether mouth-to-mouth ventilation during CA is any better than chest
compression without ventilation and the best “exhaled” volume to be provided to the
victim, such large-scale studies in out-of-hospital CA appear unfeasible. Nevertheless,
at the end of 2001, a panel of resuscitation experts summarized current recommendations
for the Action Sequence for the Layperson during Cardiopulmonary Resuscitation con-
cluding that the current status of knowledge in CPR de-emphasizes the need for ventila-
tion in the immediate period after adult CA (192).

Positive Pressure Ventilation in an Unprotected Airway:
The Problem of Gastric Insufflation and Pulmonary Aspiration

Manual techniques of ventilation used for rescue breathing 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 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 principle 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 technique. Also, because the provider is imme-
diately 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. 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 oropharyn-
geal airway opens the airway completely in 88%–98% of subjects (193–195). The back-
pressure-arm-lift method produces a mean tidal volume of only 126 mL when the head
is allowed to remain in a natural position. Tidal volume increases to 520 mL with exten-
sion of the head and only one of six subjects studied (17%) had a tidal volume that was
less than dead space (195).

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 complication of mouth-to-mouth ventilation is gastric insufflation. Peak infla-
tion pressure is directly related to the product of inspiratory flow rate and airway resis-
tance. Delivering a 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 unprotected (not intubated) airway. Delivered volume to the lungs can be
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increased by using a longer duration of inspiration and a lower inspiratory flow rate
(196). 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 neces-
sary to prevent decreased compliance is approx 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 CA and compliance
decreases with each minute of chest compression (197). 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 CA 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 CA and there is less resistance for air to enter the
stomach (198).

Work done in anesthetized patients found that the pressure 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 (199). Regurgitation
of gastric contents and pulmonary aspiration does not occur with chest compressions
alone, but requires inflation of the stomach (200,201). Mouth-to-mouth ventilation was
shown to cause regurgitation in 48% of patients, probably because of gastric insufflation
(201). In a study of nonsurvivors of CA, 46% were found to have full stomachs and at least
29% had evidence of pulmonary aspiration of gastric contents (202). Similar complica-
tions occur with the use of a bag-mask ventilation device in patients with unprotected
airways (203). Aside from pulmonary aspiration of gastric contents, gastric insufflation,
if sufficient, causes elevation and splinting of the diaphragm with consequent loss of lung
volume, decreased compliance, hypoventilation, and greater risk of further gastric insuf-
flation. Gastric insufflation can be prevented in many patients by applying pressure over
the cricoid to seal off the esophagus (203). Additionally, spontaneous techniques of
ventilation would not be expected to produce gastric insufflation because inspiratory
airflow is caused by negative airway pressure and airflow during expiration is associated
with very low airway pressures of approx 0–1 cm H2O.

Effectiveness and safety of ventilation of the unprotected airway have been studied
extensively 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 applying a smaller tidal
volume (approx 500 mL) with a mechanical ventilator compared with a tidal volume of
approx 1000 mL (206). For the same reason, the use of a smaller, pediatric, 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 (170,207). All of these studies suggest
that when the PAP exceeds lower esophageal sphincter pressure during ventilation 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 (approx 500 mL) and an inspiratory time of 1.2–2 seconds was
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recommended by the ERC in 1998 and, later, by the International Guidelines 2000 for
CPR and Emergency Cardiovascular Care, as long as oxygen supplementation is avail-
able (185,208).

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 training mannequin connected to an
artificial lung in which compliance and resistance were set at normal have been evaluated
regarding the tidal volume provided (209). Interestingly, standard ventilations with one
hand averaged a tidal volume between 450 to 600 mL in both genders despite significant
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 the
5 mL/kg and 12 mL/kg volume ventilation, as recommended by the new BLS guidelines,
with and without available oxygen in a reliable manner. However, this study was per-
formed on a mannequin with normal compliance and resistance, and gastric inflation was
not measured.

When ventilation is provided to a victim of CA, proper tidal volume cannot be easily
assessed. Excitement and over enthusiasm of the professional rescuer at the scene of
CA can increase the chance of unnecessary gastric inflation (210). In a recent, intrigu-
ing 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 vs when profes-
sional paramedics ventilated the victim with a BVM device (211). There are many
possible explanations for these results, which are related partially to the limitation of
the chest radiograph as a test to assess gastric inflation and the lack of autopsy reports
from the nonsurviving victims. However, it is also possible that “extreme efficiency”
of ventilation by the paramedics as compared with the bystander’s mouth-to-mouth
ventilation determined the difference. This finding, combined with the observation that
professional rescuers tend to squeeze the bag very rapidly during the excitement of
CPR (generally in <0.5 seconds and with power), suggests the need for better teaching
of basic manual resuscitation skills (207).

Limiting the size of the ventilating bag to a pediatric volume could theoretically
decrease the danger of delivering an exaggerated tidal volume during CPR. However,
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. A recent study was
done of 80 patients who were randomly allocated to receive ventilation with either an
adult (maximum volume = 1500 mL) or pediatric (maximum volume = 700 mL) self-
inflatable bag for 5 minutes although apneic after induction of general anesthesia and
before intubation. The study used ventilation with 40% O2 and showed no significant
difference in mean arterial O2 saturation (98% vs 97%) or ETCO2 (26 vs 33 mm Hg)
with the adult or pediatric bag, respectively (212). 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 (213). When using an adult (N = 20) vs pediatric (N = 20) self-
inflatable bag, tidal volumes and tidal volumes per kilogram (mean ± standard error)
were significantly larger (719 ± 22 mL/kg vs 455 ± 23 mL/kg and 10.5 ± 0.4 mL/kg vs
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6.2 ± 0.4 mL/kg, respectively; p < 0.0001). Compared with an adult self-inflatable bag,
BVM ventilation with room air using 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 significant), indicating that smaller tidal
volumes of about 6 mL/kg (approx 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 when oxygen is not available, larger tidal
volumes of about 10–12 mL/kg should be used to maintain both sufficient oxygenation
and CO2 elimination (170).

Both the ERC and the AHA recommend using a smaller tidal volume during BVM
ventilation to minimize stomach inflation when the airway is unprotected, provided that
supplemental oxygen is available (185,208).

Proper mask ventilation is a fundamental skill of resuscitation and should receive a
high priority in training of both adult and pediatric providers (214,215). Using recom-
mended 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 totally prevented only when the airway is protected with
endotracheal intubation, always regarded as the “gold standard” of providing ventila-
tion 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 atmospheric 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 passively creating negative intrathoracic pressure. Although the tidal
volume caused by chest compression usually is less than dead space, effective gas exchange
can take place under certain conditions, particularly if the frequency 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 in which gas exchange
takes place. The conducting airways (the nose, mouth, pharynx, larynx, trachea, bronchi,
and bronchioles) do not participate in gas exchange and have a volume, termed anatomic
dead space, of about 150–180 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, approx 2.2 mL/kg of lean body weight. Physiologic dead space increases
during conditions of ventilation–perfusion inequality. During conventional ventilation,
tidal volume must exceed physiologic dead space for effective delivery of O2 and elimi-
nation of CO2. During high-frequency ventilation, gas exchange can take place when
tidal volume is less than physiologic dead space presumably because of enhanced diffu-
sion and mixing of gases.

Ventilation caused by chest compression is a form of high-frequency ventilation
(HFV), 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 (216).
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Gas exchange depends on several mechanisms, including bulk flow of gases, molecular
diffusion, asymmetric velocity profiles in which the profile is direction dependent, car-
diogenic mixing, mixing caused by turbulent airflow, and interregional “pendelluft” as
a result of time-constant inequalities, which results in gas from fast-filling lung units
redistributing into slow-filling units (216,217).

HFV has been produced by applying external pressure to the chest by means of a
pressure cuff around the thorax. In a canine experiment, HFV using chest compression
with tidal volumes of approx 50 mL and frequencies of 3–5 Hz (180–300 compressions
per minute) produced better arterial oxygenation and elimination of CO2 than conven-
tional ventilation at standard tidal volumes and rate (218). The effectiveness of HFV
depends on where compression is applied to the body. One study found that it is more
effective when applied to the abdomen (219). HFV was found to have equally efficient
gas exchange when applied at the trachea or the chest (220) and provided enhanced
ventilation in a model of airway obstruction (221–223). Adequate gas exchange can take
place with tidal volumes as low as 12% of dead space (224).

There is a striking similarity between HFV with chest compression and chest compres-
sion during CA. The recommended frequency of chest compression during CPR is approx
2 Hz (100 compressions per minute). If obstruction of the upper airway can be prevented,
then tidal volume can be produced during sternal compression. In an intubated swine CA
model, a study showed that sternal compression with a mechanical device-produced
ventilation with a mean tidal volume of 45 mL during the first minute of resuscitation and
decreased to 16 mL during the tenth minute. Because chest compressions were given at
a rate of 100 per minute, minute ventilation was 4.5 L during the first minute of resus-
citation and 1.6 L during the tenth minute. However, when compared with conventional
ventilation, CO2 elimination was less with chest compression ventilation resulting in
significantly greater hypercarbic acidosis (204).

Active compression–decompression CPR is a recently developed technique of chest
compression in which force is applied to the chest during both downward compression
and upward lifting by means of a suction cup applied to the chest. Thus, the chest is
re-expanded actively with this technique instead of passively recoiling as in conven-
tional CPR. It has been shown that during CPR thorax and lung compliance gradually
decrease over time and would explain, in part, why ventilation produced by conventional
chest compression decreases over a 10-minute period. Active compression–decompres-
sion 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 (205). The tidal volume and minute
ventilation caused by active compression–decompression were twice that of standard
chest compression, did not decrease during 10 minutes of CPR, and produced signifi-
cantly 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
CA CPAP-PSV showed a significantly higher PaO2 and lower A-aDO2, maintaining
moderate hypercarbia when compared with the control animals. Remarkably, an unex-
plained increase of VO2 was observed in all the animals with applied CPAP–PSV (225).
Further studies are necessary to determine if ventilation with active compression–decom-
pression CPR is as effective as preliminary results suggest and as effective as conven-
tional ventilation in terms of survival from CA.
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Current Standards for Ventilation During CPR
and Adjunct Devices for Ventilation

The AHA, in cooperation with the NRC, has developed and set training standards and
guidelines for CPR and emergency cardiac care (226). Control of the airway during CPR
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, deter-
mination of breathlessness, and provision of ventilation and 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 mechani-
cal ventilation.

BASIC AIRWAY MANAGEMENT

Basic airway management is indicated for patients who suffer respiratory and/or CA.
Primary respiratory arrest may occur during drowning, foreign body obstruction, smoke
inhalation, drug overdose or anaphylactic reaction, cerebrovascular accident, thermal or
electrical injury, trauma, acute myocardial infarction, epiglottitis, sepsis, and coma of
whatever cause. Early initiation of rescue breathing may improve survival and prevent CA.

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
(226). Rescue breathing brings oxygen into the lungs although chest compression pro-
motes oxygen transport from the lungs to vital tissues. Immediate initiation of resusci-
tation is necessary because the highest rate and quality of survival are achieved when BLS
is started within 4 minutes from the time of arrest and when advanced cardiac life support
is initiated within 8 minutes (227).

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 upper airway obstruction. Airway
obstruction is aggravated in a comatose patient by a semiflexed 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, spontaneously breathing anesthetized patients, some airway
obstruction occurs in 90% when the head is in neutral position and the airway is unsup-
ported (193).

Unless contraindicated, the victim should be positioned properly, before resuscitation
is initiated: a firm, flat surface, and 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.
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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 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 (228). This maneuver is also referred to as the “sniffing 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 semiliquid 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. However, if dentures obstruct the air-
way, they must be removed. One hand is placed on the patient’s forehead and the head
is tilted backward with a 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 simplicity, safety, effectiveness, and
ease of learning. The maneuver was found to be superior in opening the airway during
mouth-to-mouth resuscitation of apneic patients, achieving airway patency in 91% of
cases vs 78% with the jaw thrust and 39% with simple neck lift (229). 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. However, direct pressure on the trachea or hyperextension of the head
should be avoided. The pediatric trachea is not yet fully developed and does not have a
well-formed rigid cartilaginous ring. Any direct or indirect pressure on this structure
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. The elbows of the CPR provider should rest on the surface where 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 observed to avoid moving the head from
side to side. If this maneuver is unsuccessful in opening the airway, careful slight tilting
of the head may be done. 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.



Chapter 4 / Physiology of Ventilation 63

TRIPLE AIRWAY MANEUVER

This is a modification of the head tilt–chin 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 put the fingers underneath the chin to pull
the lower jaw upward. 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 on the rescuer’s thumb.

Determination of Breathlessness
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
should be noted. One must listen for breath sounds and feel for expired air. The absence
of these signs is indicative of apnea. Occasionally, a gasping sound or agonal respiration
may be observed during CA. This is not sustained and should not be mistaken for spon-
taneous 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 aspi-
ration 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. However, if trauma is suspected, the patient should
not be moved unless absolutely necessary. There are several options on how the depen-
dent arm may be placed in the recovery position: (a) it may be bent at the elbow and placed
alongside the victim and 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 their side so that aspiration and accidental airway obstruction is
prevented.

Initiation of Respiration (Rescue Breathing)
Delivery of an adequate tidal volume is required during rescue breathing. Usually,

700–1000 mL of tidal volume is considered adequate for an adult. Of course, 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 enough tidal volume with
each breath to make the chest rise visibly.

The oxygen concentration of expired air is approx 16%–17%. With this oxygen con-
centration, 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 2 seconds. Sufficient time should be allowed for exhalation between
breaths. Using this longer inspiratory time (2 seconds), and therefore a lower inspiratory
flow rate, reduces the chances of exceeding esophageal sphincter opening pressure,
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thereby decreasing the chance of gastric distention, the most common major problem
associated with rescue breathing. Gastric distention elevates the diaphragm, reduces lung
volume, and promotes regurgitation 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 of water. However, this technique requires an
assistant and is only recommended to 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. Addition-
ally, excessive PAPs may be generated during exhaled oxygenation (rescue breathing),
increasing the risk of barotrauma.

BLS-CPR can be performed either by one or two rescuers. During both one- and two-
rescuer CPR, two slow breaths are given during a pause after every 15 chest compres-
sions. 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 forehead.
The rescuer breathes deeply and puts his or her lips around the patient’s mouth, creating
an airtight seal. Two slow breaths are delivered at a chest compression to ventilation ratio
of 15:2 with one- or two-rescuer CPR; the ratio is changed to 5:1 in the pediatric victim
(less than 8 years old). 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, evaluation of the airway for foreign bodies
should be performed. These maneuvers will be discussed later in this chapter. Also, it
should be emphasized that pauses for ventilation pertain only to subjects with an unpro-
tected airway (i.e., unintubated). Once the airway is intubated, ventilation and chest
compressions are given asynchronously without interruption of chest compressions.
Chest compression is given at a rate of 100 per minute with about 10–15 bpm. Recent
studies suggest that fewer breaths may improve blood flow during shock or CA and
provide a better ventilation to perfusion match. This is an important area of active inves-
tigation 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 performed. It is indicated in patients with mouth trauma, trismus, or in
those in which 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
deeply, puts his or her mouth in a tight seal around the victim’s nose, and breathes out into
it. 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 permanent opening connecting the
trachea to the front base of the neck, ventilation during CPR can be performed by deliv-
ering the breath through the stomal opening. In a similar fashion to mouth-to-mouth or
mouth-to-nose breathing, the rescuer’s mouth puts a tight seal around the stoma and two
deep breaths are delivered. When the rescuer stops breathing into the stoma, air passively
escapes from the opening.
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The presence of vomitus and fear of infectious contamination may affect the willing-
ness 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 do mouth-to-mask ventilation (230). Spe-
cialized masks with a one-way valve are currently utilized 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 contami-
nation of the rescuer. Also, some resuscitation masks are capable of delivering as much
as 50% oxygen (230). 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 delivered in a manner similar to mouth-to-
mouth ventilation.

CPR occurring in the hospital setting is often managed initially with BVM ventilation.
There are studies reporting this device incapable of delivering adequate tidal volume
when only one person is doing pulmonary resuscitation (231–234). The basic problem
arises from the need to provide an adequate seal between the face and the mask although
controlling the airway by head extension at the same time. Additionally, familiarity with
the use of the equipment requires special training and additional manpower. It has been
shown that this technique is more effective in delivering adequate ventilation when two
rescuers are supporting the airway (234,235). One rescuer effectively seals the mask to
the mouth and maintains head extension and the other squeezes the bag with both hands
to deliver adequate tidal volume. However, the central issue is that the individual provid-
ing 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, delivering 40%–
60% O2 without and with an oxygen reservoir, respectively (236). Complications asso-
ciated with the use of a BVM are primarily as a result of excessively high ventilating
pressures including pneumothorax, pneumomediastinum, pneumocephalus, and gastric
rupture (237). 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
1–2 seconds; 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 (Mallinckrodt, St. Louis, MO) are not self-inflating and require a
continuous oxygen source (238). Some resuscitator bags have a pressure relief valve, a
safety feature designed to limit the maximum pressure that can be delivered thereby
preventing gastric insufflation and hyperinflation of the lungs and subsequent pulmo-
nary barotrauma. However, these valves may malfunction, and one must recognize that
improper venting can cause inadequate ventilation. A functioning relief valve may be
recognized by the sound of air escaping through the valve while squeezing the bag.
Adjusting or partially occluding the valve may be lifesaving.

The basic principles governing rescue breathing of pediatric patients are the same as
those of the adults. However, 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,
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mouth-to-nose ventilation may be necessary during CPR. Smaller breaths must be used to
avoid abdominal distention, regurgitation, and pulmonary barotrauma. Ventilation in the
newborn needs special consideration. In fact, appropriate ventilation is essential for the
survival of the newborn infant.

Although hypoxia before delivery can influence the time of successful resuscitation
of a newborn, it is recommended that assessment of adequate ventilation should be done
immediately and endotracheal intubation should be carried out within 30–60 seconds of
birth (239). This time should be reduced to 30 seconds or less in preterm babies, although
no clear literature exists (240). Trauma should be avoided by maintaining inflation vol-
ume at about 6 mL/kg (241). Physiologic considerations in the newborn seem to confirm
that this volume for resuscitation is probably adequate. It is known that a first breath using
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) (242). Furthermore, it is possible that a small tidal volume would stimulate the
newborn to spontaneously breathe through a reverse Hering-Breuer reflex (called head
paradoxical reflex) (243). This level of tidal volume and a real mask inflation pressure
to less than 20 cm H20 can usually limit gastric inflation (244,245).

ADVANCED AIRWAY SUPPORT

Even if ventilation is provided during BLS, some degree of hypoxemia and hypercarbia
will occur. Advanced airway management such as endotracheal intubation, provision of
supplemental oxygen, and the use of adjunctive airway equipment should be instituted
as soon as possible. The use of advanced airway support is designed to assure complete
control of the airway, allow augmented ventilation, provide higher fraction of inspired
oxygen, and isolate the trachea from the gastrointestinal tract.

Endotracheal Intubation
Endotracheal intubation is considered the gold standard against which all other means

of airway control must be measured. However, the procedure requires training, familiar-
ity, and skill to perform. Its use is limited to medical personnel who are highly trained and
who either perform intubation frequently or are retrained frequently (246). It is the preferred
method of airway control because it isolates and maintains patency of the airway, allows
optimal adjustment of tidal volume and respiratory rate, permits reliable addition of
supplemental oxygen to the inspired gas, and protects the lungs from inhalation of gastric
contents when the cuff is inflated with air to provide a seal around the trachea. Further-
more, it facilitates intermittent PPV, provides an alternative route for drug administra-
tion, and allows tracheal suctioning.

Intubation can either be performed by the orotracheal or nasotracheal route. Ventila-
tion should not be interrupted more than 30 seconds during attempted intubation and
adequate ventilation and oxygenation should be provided between attempts (226). This
procedure is indicated when the unconscious victim can not be ventilated with the initial
maneuvers to control the airway, when the patient can no longer protect the airway either
because of cardiopulmonary arrest, coma or areflexia, or when a conscious patient can
not ventilate adequately.

OROTRACHEAL INTUBATION

Orotracheal intubation is the most commonly employed method of intubation. It can
be performed easily and rapidly. Ideally, the procedure is best performed with the head
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of the patient at the level of the rescuer’s xiphoid. The rescuer must hold the laryngoscope
with the left hand. The victim’s head is tilted back with the right hand. This maneuver
automatically opens the victim’s mouth. In some instances, the right hand may be placed
inside the mouth to open the jaw using the cross finger technique. The thumb is used to
depress the lower teeth and the index finger raises the upper teeth.

Once the mouth is opened, the laryngoscope blade is inserted at the right side along
the groove between the tongue and the alveolar ridge. The tongue is pushed to the left side
by the flange of the blade as it is gently and deliberately advanced. A curved blade is
inserted up to the base of the tongue, with the tip of the blade resting on the vallecula.
Gentle pressure on this structure opens the epiglottis and exposes the vocal cords. If a
straight blade is used, the tip is used to lift the epiglottis. Once the particular blade is in
position, the handle is pulled forward (toward the patient’s feet), avoiding flexion of the
wrist. This maneuver elevates the tongue, avoids teeth injury, maintains the larynx within
sight, and allows for visualization of the vocal cords.

The ETT is inserted in the right side of the mouth just lateral to the laryngoscope. The
tube is then advanced gently between the vocal cords. Direct visualization of the vocal
cords and observing ETT passage through them is the best confirmation of proper tube
placement. A stylet may be utilized to direct the tube into the larynx but should be
removed as soon as the tube tip passes the cords. The tube is advanced several centimeters
into the trachea beyond the disappearance of the cuff from view in the adult, and 2–
4 centimeters in children. The laryngoscope blade is withdrawn and the ETT is
attached to a resuscitator bag or a breathing circuit. The cuff is inflated with sufficient
air to prevent an air leak. Chest movement should be observed during the delivery of the
first manual breath. Observing the tube for “misting” during exhalation, bilateral auscul-
tation for breath sounds over the axillary areas and over the epigastrium helps to confirm
correct tube position. A CO2 detection device may be of help if circulation is present. If
“tube misting” is not noted, no breath sounds are heard, the chest does not move, and
gurgling sounds are heard over the epigastrium, one must assume that the esophagus has
been intubated and the ETT must be immediately pulled out. The victim should be
adequately ventilated and oxygenated before a second attempt is made. If multiple
attempts by the same operator are unsuccessful, a second, more experienced operator
must take over, ensuring that the victim receives appropriate ventilation and oxygenation
between attempts. Once proper tube placement has been confirmed, the tube is secured
with tape to prevent accidental extubation. An oropharyngeal airway is placed in the
mouth to prevent the patient from biting down on the tube. A chest x-ray should be done
to confirm placement of the tube as soon as feasible and rule out any complication that
may arise, such as mainstem intubation or pneumothorax (247).

Preferably, Sellick’s maneuver (cricoid pressure) should be applied by an assistant
during emergency intubation. Application of pressure on the anterolateral aspect of the
cricoid cartilage with the thumb and the index finger provides protection against gastric
regurgitation and aspiration of gastric contents. Excessive application of pressure should
be avoided because it may distort the anatomy of the airway and may hinder endotracheal
intubation. Pressure should be maintained until the tracheal cuff is inflated and the res-
cuer performing the intubation indicates that it is acceptable to release pressure.

NASOTRACHEAL INTUBATION

Nasotracheal intubation is indicated in instances when oral intubation fails or is tech-
nically difficult to perform. It is also used in those with suspected cervical injury in which
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movement of the head may cause or aggravate spinal cord injury. The technique is more
difficult to perform, takes longer, and is more traumatic. It can be performed blindly or
with direct visualization in the field. It should be avoided in patients with basal skull
fractures, bleeding diathesis, in anticoagulated patients, and those with nasal injuries.

If not contraindicated, the head and neck position of the victim during nasotracheal
intubation by direct visualization are the same as for oral intubation. The rescuer stands
immediately behind the victim’s head. Preferably, the ETT should be lubricated during
insertion to minimize trauma. The tube is inserted into the nostril with the bevel pointing
toward the septum and then directed downward until it reaches the oropharynx. The
mouth is then opened by extending the head or using the crossed-finger maneuver. A
laryngoscope blade is inserted in the mouth in the same manner as described during
orotracheal intubation. The ETT may be directed into the larynx and vocal cords by
manipulating it from the top. Alternatively, a Magill forceps may be used to direct the
tube toward the glottic opening. The forceps should be held in the right hand and the tube
tip is gripped at a point just above the attachment of the cuff, so as not to damage the cuff.
The tube is then gently advanced by an assistant although the operator directs the tube
pass through the vocal cords. The laryngoscope blade and Magill forceps are then with-
drawn. Once the tube is in place and secured, proper placement should be confirmed in
the same way as with orotracheal intubation.

Blind nasotracheal intubation is utilized when direct visualization of the airway is
technically difficult or impossible because the patient is unable to open the mouth, or
when instrumentation of the oral cavity may result in damage to the teeth and surrounding
tissues. To minimize epistaxis, the nose may be sprayed with a vasoconstrictor agent like
phenylephrine or 4% cocaine, if available. With the patient in the supine position, the
nose well prepared, and the tube well lubricated, the tube is placed in the nostril, gently
advancing it to the oropharynx. The cervical spine may be flexed, the head extended and
the mandible pulled upward with the left hand to facilitate tube insertion. If the victim has
spontaneous breathing, the operator can lower his or her left ear over the ETT and listen
for air movement as the ETT tip enters the upper airway as the tube is gently advanced
into the trachea with the right hand. Often times, when the tube enters the airway, a
breathing victim coughs and a tubular sound can be heard. This method of intubation does
not always result in successful intubation during the first try and may require several
attempts. The tube may be accidentally placed in the esophagus, vallecula, or either side
of the piriform sinus. If the tube is not in place, it should be withdrawn back into the
oropharynx and another attempt should be made. Palpation of the neck may help deter-
mine the direction of tube insertion. Evidence and confirmation of proper tube insertion
should be done in the same manner as described during orotracheal intubation.

Once the trachea is successfully intubated by whatever route, the patient should be
ventilated and supplemental oxygen should be provided. During CPR, it is ideal to pro-
vide a tidal volume of 10–15 mL/kg body weight, a respiratory rate of 10–12 bpm (one
breath every 5–6 seconds) and 100% oxygen. A device for detecting CO2 is often attached
to the proximal part of the ETT to assure proper positioning of the tube. Absence of CO2
indicates esophageal intubation. However, if the blood flow to the lungs is very low (as
in CA), or when the alveolar dead space is great (as in massive pulmonary embolism),
CO2 may not be detectable.

It is also very important to know the appropriate tube size to use. Too large of a tube may
result in a failed intubation or tracheal trauma; too small a tube may cause excessive gas
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leakage resulting in hypoventilation when an uncuffed tube is used, or excessive inflation
pressure in a cuffed tube. Additionally, the work of breathing and airway resistance
become markedly elevated if the tube size is inappropriate (248). Tubes for pediatric
patients are generally uncuffed and are based on age and size. Several easy formulas are
used to calculate uncuffed tubes for children 6 years and younger. A tracheal tube one size
above and below the calculated size should be immediately available to allow proper
selection after the vocal cords are visualized. The following formula may be used:

Tube Size (ID in mm) = (18 + age/4)

The proper depth to which the tube should be inserted can also be calculated by several
equations:

1. For oral intubation (the length of the tube from the alveolar ridge to the tip positioned in
the midtrachea):

Tube Length (cm) = 12 + (age/2)

2. For nasal intubation (the length of the tube from the nostril to the tip positioned in the
midtrachea):

Tube Length (cm) = 15 + (age/2)

The correct position of the tracheal tube tip should be approx 5 cm above the adult
carina. Movement of the head may change the position of the tip. If the neck is extended
from neutral position, the tube tip usually moves an average of 1.9 cm toward the pharynx.
Flexion of the neck moves the tube a similar distance toward the carina. Lateral rotation
moves the tube 0.7 cm away from the carina (249). In pediatric patients, the length of the
tracheal tube varies with age. ETT cuffs should be of the low-pressure high-volume type
to prevent excessive application of pressure on the tracheal mucosa once the cuff is
inflated.

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 are familiar with their use and potential prob-
lems. They should be regarded as a “bridge to” rather than “alternate to” endotracheal
intubation.

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 a pulse oximeter is available, it 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 service (EMS) personnel carry the smaller E cylinder. This is
pressurized to 1800 to 2400 psig at 70º F and 14.7 psig absolute pressure. The cylinder
holds 659 liters of oxygen and lasts approx 1 hour when the flow rate is set at 10 liters
per minute. Oxygen is considered a “drug,” hence its use is regulated by health agencies
in most states.
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FACE MASKS

A pocket face mask is the simplest adjunct beyond mouth-to-mouth resuscitation. An
ideal face mask 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 supportive ventilation. The mask should provide
an oxygen inlet with a standard 15 mm to 22 mm coupling size. Various sizes should be
available for adults and children. A reservoir bag with a one-way valve may be attached
to the mask for manual ventilation of the lungs.

Face-mask placement 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 although simulta-
neously 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 positioned 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 uncomfortable and can lift the
base of the tongue and can cause upper airway obstruction.

Mouth-to-mask ventilation can be achieved by the rescuer sealing his or 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 operated bag with a nonrebreathing 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, ETT, or other invasive airway device.

The standard parts include a delivery port with a 15 mm to 22 mm adapter coupling
size that can be connected to the mask or tracheal tube. It is provided with a one-way,
nonjam valve that allows a minimum of 15 liters per minute oxygen flow rate for spon-
taneous and controlled ventilation. It should also have a system for delivering high
oxygen concentration through an auxiliary oxygen inlet at the back of the bag or by an
oxygen reservoir. A PEEP valve can also be 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 25–30 cm H2O
pop-off valve to avoid excessive CPAP. This device is expected to perform satisfactorily
under all common environmental conditions and extremes of temperature.

To properly operate this equipment, the operator must be positioned at the top of the
victim’s head. After proper head positioning as previously described, appropriate tidal
volume should be delivered (10–12 mL/kg in the intubated patient, 400–600 mL in the
nonintubated patient) if oxygen is available over 1.5–2 seconds. An oropharyngeal air-
way may be used to open the mouth. A single rescuer may have difficulty maintaining
head position and delivering adequate tidal volume at the same time. It is therefore
recommended that two rescuers operate this device. One to hold an airtight seal over the
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face, the other to manually squeezes the bag. The proper use of this device requires
training, practice and familiarity with the equipment.

ORAL AND NASAL AIRWAYS

The most common cause of airway obstruction in an unconscious victim is the falling
back of the tongue into the back of the pharynx. If head positioning fails to correct the
obstruction, the use of an oral or nasal airway may be indicated. These devices provide an
artificial passage to airflow by separating the posterior pharyngeal wall from the tongue.
An oral airway is preferred to a nasal airway in an unconscious person because it is easy
to insert and less likely to cause trauma and bleeding. If the victim is conscious, it is
preferable to use a nasal airway to prevent the patient from gagging vomiting or going
into laryngospasm.

Oral airways are available as metallic, black rubber or plastic devices in the shape of
an “S” or semicircular curve. There are various sizes suitable for pediatric and adult
patients. An appropriate sized airway is one that holds the tongue in the normal anatomic
position and follows its natural curvature. Its insertion is enhanced by the use of a tongue
blade that depresses the tongue and moves it laterally. Improper placement may aggra-
vate airway obstruction by pushing the tongue against the pharynx. It can also cause
trauma to the teeth and surrounding structures.

Nasal airways are made of soft rubber or pliable plastic. They are uncuffed tubes
approx 15 cm in length. This device is inserted via the naris into the posterior pharynx.
It is tolerated better by conscious patients or when the oral route is inaccessible because
of oral or lower facial fractures. Several age-appropriate sizes are available.

Insertion of a nasal airway requires a patent naris. The tube should be adequately
lubricated to facilitate insertion. The use of a local vasoconstrictor is recommended to
reduce the incidence of bleeding. The length of the nasal tube to be inserted can be
approximated by measuring the distance from the nasal tip to the external auditory meatus.
During insertion, the tip should be directed perpendicularly to the face and not upward
toward the cribriform plate. The tube should be placed smoothly and deliberately; any
resistance requires the tube to be gently rotated until no obstruction is felt. The ideal tip
position should be at a point just above the epiglottis. The use of the nasal airway should
be avoided in the presence of a coagulopathy, basal skull fracture, nasopharyngeal infec-
tion, or distorted nasopharyngeal anatomy. Problems associated with its use include
epistaxis and nasopharyngeal trauma.

Two soft nasopharyngeal airways may be connected to a suitable 15-mm adapter to
form a binasal-pharyngeal airway. It is inserted in both nares in a similar fashion as a
single nasal airway. It should not be used in patients with a full stomach and should be
used only by skilled medical personnel during difficult intubations or when more sophis-
ticated devices are unavailable.

OXYGEN-POWERED MANUALLY TRIGGERED DEVICES

Oxygen-powered breathing devices have also been used by EMS personnel during
CPR. These machines are expensive, and require high oxygen flow rates to overcome air
leak (230). Although they may be able to deliver adequate tidal volumes, oxygen-pow-
ered 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, ETT, esophageal airway, or tracheo-
stomy tube.
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Parts of an oxygen-powered manually triggered device include a standard 15 mm/22
mm adapter coupling, a compact, rugged, break-resistant mechanical design that is easy to
hold, and a trigger positioned so that both hands of the rescuer can remain on the face mask
to hold it in position. It should also have the following characteristics: a constant flow rate
of 100% oxygen at lesss than 40 liters per minute, and an inspiratory pressure relief valve
that opens at approx 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 exceeded indicating that the patient requires high infla-
tionary pressure and may not be receiving adequate tidal volume. It should be able to
operate satisfactorily under common environmental conditions and extremes of tempera-
ture. It should be provided with a demand flow system that does not impose additional work
(226). These devices are contraindicated 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 hospital,
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 oxygenate the victim. In addition to a suction apparatus, a flexible catheter
or a rigid tonsillar suction tip should be attached to large bore, nonkinking 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 cath-
eters are available in various sizes for children and adults and are used to decompress the
stomach, suction the esophagus, pharynx, and ETT.

The wall suction units should provide airflow of more than 30 L per 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 children. It must be designed for easy cleaning and subsequent
decontamination. Suctioning may damage the teeth and surrounding structures. Pro-
longed airway suctioning can cause deoxygenation. It is recommended that the procedure
be limited to less than10 seconds at a time and the patient be on 100% O2 in the intervals
between suctioning.

SPECIALIZED AIRWAY DEVICES IN CPR

Specialized airway devices in CPR include the laryngeal mask airway (LMA; Laryngeal
Mask Co., San Diego, CA), the esophageal tracheal airway (Combitube; Kendall-Sheridan
Catheter Corp., Argyle, NY), the pharyngotracheal lumen airway (PTL), the cuffed oropha-
ryngeal airway (COPA; Mallinckrodt, St. Louis, MO), emergency tracheostomy and
cricothyroidotomy, and endotracheal intubation. Although many of these devices have
been extensively or anecdotally tested in the field during CA, only a few of them have been
included in the new AHA advanced cardiac life support guidelines for ventilation.

LARYNGEAL MASK AIRWAY

Although recently introduced, the LMA already has a solid track record of “saves” in the
established difficult airway and in specific unpredictable situations of the American Soci-
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ety of Anesthesiologists’ difficult airway algorithm, such as emergency cesarean sec-
tions, airway trauma, and the newborn infant. Once placed, the LMA may be left in place
to provide ventilation and oxygenation or may be exchanged for a more definitive airway.
Based on the widespread experience of anesthesiologists using this device, the LMA
should be considered first among the alternative airways to be used during CPR. The main
limitations of the LMA are that it offers little protection against passive pulmonary
aspiration of gastric contents, and its cuff limits efficacy in PPV.

The incidence of regurgitation during insertion of the LMA is controversial, and the
only experience available is in patients with a difficult airway who are not in CA. A recent
observation in this setting shows that the LMA can be associated with risk of aspiration
through relaxation of the lower esophageal sphincter, distention of the hypopharyngeal
muscles, and prevention of ejection of regurgitated food (250). Experienced practitioners
consider the LMA in selected difficult airway conditions only when laryngeal obstruc-
tion, tumor, tonsillar bleeding, epiglottitis, or laryngeal abscesses are absent. Although
most of the literature on the LMA is available from anesthesiologists, the evidence in
favor of this airway in prehospital difficult airway management and CA is rapidly accu-
mulating.

In the United States, specially trained paramedic and/or registered nurse flight crews
perform airway management in the field. Although there is controversy regarding what
constitutes appropriate field airway management in the patient in CA, most paramedics
would ventilate using the BVM technique or by placing an ETT (251). A prospective
comparison between LMA and ETT management by paramedic students showed that
LMA placement was successful on the first attempt 94% of the time compared with 69%
in the ETT group (p < 0.01) (252). The insertion of the LMA was also statistically faster
to detection of end-tidal CO2. The same observation was confirmed when respiratory
therapists or medical students manipulated the airway (253,254).

The usual PAP limitation of the LMA is about 15–20 cm H2O. As demonstrated in
patients under an anesthetic that included neuromuscular blockade and mechanical
ventilation, PPV with peak inflation pressures ranging between 15 cm H2O and 30 cm
H2O may result in a progressive decrease in tidal volume from 13% to 27%, and an
increase in gastric esophageal inflation from 2% to 35% (255). In this situation, the risk
of gastric insufflation is aggravated by the fact that cricoid pressure cannot be applied
without further displacing the LMA (256). A modification of the LMA, the LMA-
ProSeal (Laryngeal Mask Co.) has been recently designed with an extra cuff and a
channel that can accommodate a small nasogastric tube (257). Unique advantages of
this modified airway are the potential limitation of regurgitation of gastric contents in
the pharynx and subsequent pulmonary aspiration and the ability to provide PPV up to
a PAP of 30–35 cm H2O, which are both desirable when attempting to ventilate a CA
victim (258). However, there are currently no available clinical reports of the use of this
device during CPR.

COMBITUBE

The Combitube (Kendall-Sheridan Catheter Corp., Argyle, NY), an evolutionary step
in the design of the esophageal obturator airway, provides a complete seal of the upper
airway and, therefore, can be used in patients with a high risk of regurgitation and
aspiration of gastric contents (259). The main indication for the Combitube has been in
the rapid establishment of an airway during CPR (260,261).
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The Combitube is essentially a double-lumen tube that is inserted blindly through the
mouth and is more likely to pass into the esophagus (80% of the time) than into the trachea
(20% of the time). Both lumens are color-coded: blue for the esophagus and clear for the
trachea. A proximal latex esophageal balloon (inflated first after placement) is filled with
100 mL of air, and a distal plastic cuff is filled with 10–15 mL of air. These cuffs provide
a good seal of the hypopharynx and stability in the trachea or esophagus. The esophageal
lumen is closed distally and perforated at the hypopharyngeal level with several small
openings. The trachea lumen is open distally. The Combitube has the same limitations as
the LMA and, thus, may not be suitable in patients with hypopharyngeal pathology or
preexisting esophageal pathology, such as a malignancy or esophageal varices (262).

The Combitube is available in standard adult and small adult sizes. The most common
reason for failure to ventilate with this device is placement of the device too deeply, so
that the perforated pharyngeal section has entirely entered the esophagus. Pulling the
Combitube back 3–4 cm usually resolves the problem. To minimize this problem, use of
the smaller version for patients less than 5 feet tall is recommended by the manufacturer.
Although our experience with this device is limited in both difficult airway and CPR
scenarios, that of others seems to suggest that the smaller version has a higher chance of
success and a lower risk of damaging the hypopharynx and the esophagus (263). The
Combitube can be inserted safely in patients with cervical spine injuries, because flexion
of the neck is not required. However, it is not well-tolerated in patients with a persistent,
strong gag reflex after resuscitation and should be exchanged with an alternative airway
as soon as possible.

PHARYNGOTRACHEAL LUMEN AIRWAY

The PTL airway is essentially an improvement on the design of the esophageal obtu-
rator airway and the esophageal gastric tube airway (264). Both devices are double-lumen
airways that are inserted blindly, preferably into the esophagus. The PTL has an oral
balloon that provides a seal for the airway. An inflatable distal cuff prevents aspiration
of gastric contents. Just like the Combitube, the attendant should evaluate carefully if the
device is in the esophagus or the trachea and, based on this evaluation, ventilate through
the appropriate lumen.

Laryngeal Mask Airway, Combitube, Pharyngotracheal Lumen Airway,
and Cuffed Oropharyngeal Airway

An in vitro and in vivo comparison of the LMA and Combitube with BVM ventilation
is available. In a bench model simulating CA in which the compliance was set at approxi-
mately half of normal and resistance was doubled to simulate CA conditions, both the
LMA and Combitube proved to be superior to a face mask in providing effective venti-
lation (265). Several issues make this study remarkable: (a) EMS training for the LMA
and Combitube was brief but very successful; (b) the achievement of appropriate venti-
lation with BVM ventilation was the fastest, whereas the Combitube was the slowest; and
(c) there was significantly greater gastric inflation with BVM ventilation than with the
LMA and Combitube (PAPs, 27 ± 2 cm H2O vs 17 ± 2 cm H2O vs 21 ± 2 cm H2O,
respectively). EMS personnel’s objective assessment during the study clearly favored
both Combitube and LMA over BVM. Although short-term retention of skills was present
in both LMA and Combitube placement, poor performance with the Combitube was usually
noted 6 months after the initial training.
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Recently, the performance of the PTL, Combitube, and the LMA were compared in
470 cases of cardiorespiratory arrest (261). No significant difference was found in
objective measurement of ventilatory effectiveness, as measured by arterial blood gas
analysis and spirometry, between the three devices. This was a true prospective, ran-
domized study with the patient blinded to oral airway and BVM ventilation vs alterna-
tive airway. The crossover mechanism allowed emergency medical services personnel
to use BVM ventilation and to switch to an alternative airway if ventilation was unsat-
isfactory.

Several interesting points can be drawn from this study. Overall, there was no statis-
tically significant difference between any of the airways used, although a slight increased
trend in hospital discharges was found in the patients in whom the LMA was used.
Furthermore, there was a significant increase in successful LMA insertion among EMS
personnel trained in the operating room vs on mannequins. The incidence of aspiration was
not statistically different for any of the devices, including BVM ventilation. Although the
study was unable to demonstrate a statistically different outcome between different air-
ways and BVM ventilation, it should be noted that in 91% of the cases the cause of arrest
was cardiac, a situation in which ventilation is believed not to be fundamental to survival
for the first few minutes after the arrest. Furthermore, the observation of adequacy of
ventilation was performed by the EMS personnel and physicians who witnessed the arrest
and not by the investigators.

The Combitube and LMA seem to have a good track record in trauma. In a randomized
crossover design, 12 Navy SEALs participated in a 2-week advanced battlefield trauma
course based on an instructional video and mannequin training (266). In these highly
specialized paramedical personnel, placement of an ETT averaged about 36.5 seconds vs
40 seconds for the Combitube. LMA insertion time was significantly shorter (22 seconds)
in simulated active combat trauma during which the battlefield was covered with smoke.
This scenario can be extrapolated to paramedical personnel involved with scenes in
which the victim cannot be immediately extricated and/or the airway cannot be accessed
for BVM ventilation or tracheal intubation. Such scenarios have been described in case
reports (267).

A remarkable advantage of the LMA is its rapid learning curve. Several recent studies
show that minimally experienced staff on a ward can successfully use the LMA during
CPR (268–270). Ventilation efficiency with the LMA was also compared with BVM in
personnel with no previous resuscitation experience (271). The results were striking.
The effectiveness of ventilation with the LMA by inexperienced paramedics was supe-
rior to the ability of anesthetists to use a face mask. Rapid insertion time is another
advantage of the LMA. A number of studies seem to demonstrate that skilled and
unskilled personnel can achieve control of the airway more rapidly with LMA compared
with endotracheal intubation and more effectively compared with BVM ventilation
(252–254,272).

A relative advantage of the Combitube over the LMA in a trauma and CA situation
is the decreased incidence of gastric regurgitation and pulmonary aspiration. However,
a recent meta-analysis showed a very low incidence of aspiration when the LMA was
used in fasting patients scheduled for elective surgery. The relevance of these findings
in nonfasted trauma patients is questionable (273). Several studies have described the
use of the Combitube in the prehospital setting (274–276). The Combitube was evalu-
ated as a backup airway in case of failed endotracheal intubation. In a study of 52
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patients in a rural prehospital system, successful ventilation was achieved in 69% (277).
Although the percentage of success was limited, this study highlights the importance
of alternative ventilatory devices in both rural and suburban systems in which the
response to CA and the availability of highly skilled paramedical personnel trained in
cardiopulmonary arrest is limited. The rate of successful attempts for the Combitube
increases to 100% in an urban environment where trauma patients receive care (278).

Close attention has been paid to the use of the alternative airway during CPR in
patients with suspected cervical spine injuries. The LMA has the theoretical advantage
of achieving control of the airway without manipulations of the neck (279,280). How-
ever, recent studies in cadavers have shown a potential for increased posterior disloca-
tions of the cervical spine with LMA use (281). The Combitube has the potential
advantage of being placed into the esophagus with the neck in an absolutely neutral and
immobilized position. This allows for rapid airway control without removing a stiff
cervical spine immobilization collar that is already in place. A preliminary study in
healthy, anesthetized patients showed a high rate of success in ventilating patients with
a cervical spine immobilization collar when the collar was positioned after placement
of the Combitube (282). However, when Combitube intubation was attempted in Ameri-
can Society of Anesthesiologists physical status class I and II patients with a cervical
collar already in place, the rate of success decreased to only 33%. The use of gentle
laryngoscopy, although not recommended by the manufacturer, improved the rate of
successful insertion to 75% (282).

TRACHEOSTOMY AND CRICOTHYROIDOTOMY

When the airway is compromised by trauma or when massive oropharyngeal or
hypopharyngeal pathology is present, emergency access to the airway can be obtained
only through an emergency surgical airway (tracheostomy or cricothyroidotomy) or a
percutaneous cricothyroidotomy. Emergency tracheostomy is usually performed via a
vertical incision from the cricoid cartilage down, for approx 1 cm, in the direction of
the sternal notch. A no. 11 surgical blade is preferably used. A skilled, surgically
trained operator can rapidly approach the trachea via this route and insert a small,
cuffed ETT. Emergency cricothyroidotomy is a valid alternative to the emergency
tracheostomy for an operator who is not skilled or trained in the surgical approach to
the airway. This technique requires identification of the cricothyroid membrane. The
cricothyroid membrane (ligament) is directly under the skin and is composed primarily
of yellow, elastic tissue (283). It covers the cricothyroid space, which averages 9 mm
in height and 3 cm in width. The membrane is located in the anterior neck between the
thyroid cartilage superiorly and the cricoid cartilage inferiorly and consists of a central
triangular portion (conus elasticus) and two lateral portions. It is often crossed horizon-
tally in its upper third by the superior cricothyroid arteries (109). Because the vocal
cords are located a centimeter or more above the cricothyroid space, they are usually
not injured, even during emergency cricothyroidotomy. The anterior jugular vein runs
vertically in the lateral aspect of the neck and is usually spared injury during the
procedure. There is, however, considerable variation in both the arterial and venous
vessel patterns. Although the arteries are always located deep to the pretracheal fascia
and are easily avoided during a skin incision, veins may be found in both the pretracheal
fascia and between the pretracheal and superficial cervical fascias. To minimize the
possibility of bleeding, the cricothyroid membrane should be incised at its inferior
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third. This technique has the relative advantage of achieving access to the airway
through a relatively avascular part of the neck, especially in lean individuals. However,
the cricothyroid membrane is not always easy to appreciate in obese patients or in those
with a short neck. Melker and Florete have described percutaneous cricothyroidotomy
using the Seldinger technique (284). The main advantage of this technique is the blunt
dissection of the subcutaneous tissues all the way to the cricothyroid membrane. An
airway catheter is then introduced over a dilator threaded over the guide-wire. This
technique allows the ultimate insertion of an airway that is considerably larger than the
initial needle or catheter and often of sufficient internal diameter to allow ventilation
with conventional ventilation devices, suctioning, and spontaneous ventilation.

Needle cricothyroidotomy is an alternative to the use of the more invasive cricothy-
roidotomy or tracheostomy, regardless of whether it is surgical or percutaneous. This can
be achieved with a large-caliber angiocatheter, usually no. 12 or no. 14 gauge, or a spe-
cialized armored no. 12 gauge angiocatheter. Needle cricothyroidotomy always requires
the use of a jet device to provide ventilation, and it is associated with a high incidence of
complications, such as massive subcutaneous emphysema, barotrauma with pneumotho-
rax or tension pneumothorax, and air trapping with severe hemodynamic instability.
Experience with needle cricothyroidotomy in CPR is limited.

ALTERNATIVE METHODS OF VENTILATION
AFTER SUCCESSFUL ENDOTRACHEAL INTUBATION

The relation between airway pressure, intrathoracic pressure, and circulation during
CPR has been recently studied (285). 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 pressure, and blood flow during resuscitation has been
studied recently in animals and humans. A remarkable improvement in all of the physi-
ological 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 unprotected ventilation (286,287). Remarkably, when the effect
of PEEP was combined with negative inspiratory pressure produced with the inspira-
tory threshold valve (CPAP level up to 10 cm H2O), the increase in oxygenation was
still appreciated with improved respiratory system compliance but without the detri-
mental effect on hemodynamics expected with the use of CPAP (288). Negative pres-
sure pulmonary edema is one possible complication can occur during airway obstruction
or an exaggerated Mueller maneuver (289).

TRANSPORT VENTILATORS

Although the introduction of transport ventilators for prehospital and hospital care was
typically aimed at providing mechanical ventilation in patients with an ETT 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- or flow-cycled,
durable, pneumatically or electronically powered, easy to operate, and low maintenance.
An excellent review is available in the literature (290).
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During transport of artificially ventilated patients, automatic transport ventilators
(ATVs) are found to be superior at maintaining constant minute ventilation and adequate
arterial blood gases when compared with BVM devices (291). Advantages of ATVs
include allowing the rescuer to do other tasks when the patient is intubated, and it allows
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 although the other hand holds the mask.
ATVs can provide a specific tidal volume, respiratory rate, and minute ventilation.

The Emergency Cardiac Care Committee and Subcommittee of the AHA recommends
that ATVs should function as constant inspiratory flow rate generators and should have
the following features:

1. a lightweight connector with a standard 15 mm\22 mm adapter coupling for a mask, ETT,
or other airway adjunct;

2. a lightweight (2–5 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 generated 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 2 seconds in adults and 1 second in children, and maximal inspira-

tory flow rates of approx 30 L per minute in adults and 15 L per minute in children;
10. at least two rates, 10 bpm for adults and 20 bpm 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 (225). Additional desirable features include a pressure gauge, provi-
sion for CPAP, controls for rate and tidal volume, and low pressure alarms to indicate low
oxygen pressure either from disconnection or depletion of the gas source. Theoretically,
both time or flow cycle transport ventilators can replace BVM ventilation during CPR.
However, one particular model, the Ohmeda HARV or pneuPAC 2-R (Ohmeda Emer-
gency Care, Orchard Park, NY), is commercially 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 to tidal volume combinations (290).

Mechanically operated mask ventilation undoubtedly presents advantages during CPR,
because it frees the resuscitator’s hand that typically is involved in squeezing the bag.
However, the use of this pressure-powered machine that operates from an external pneu-
matic source (wall-pressured oxygen or portable oxygen tank) presents the hidden danger
of providing exaggerated tidal volume and/or excessive flow rate with short inspiratory
time. Nevertheless, such a device could be helpful as an addition to the CPR health
provider airway armamentarium, provided that the provider has the skill and knowledge
necessary to operate it safely.
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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 CA (47,292–294) and provides a useful indicator of the efficacy of resuscitation
efforts (295–303). The presence of end-tidal CO2 has been investigated as a guide to
correct placement of endotracheal intubation (304–307). 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 (308–311).

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 measured
as end-tidal CO2 (312,313). Under normal conditions, end-tidal CO2 is 2–5 mmHg less
than the PaCO2. Systemic metabolism changes little during CPR, which is usually rela-
tively brief, although ischemic hypoxia can alter the 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 con-
stant minute ventilation, end-tidal CO2 is linearly related to cardiac output, even during
extremely low blood flow rates (315). The decrease in end-tidal CO2 parallels closely the
decrease in PaCO2 that occurs when blood flow decreases, and is therefore useful clini-
cally as a monitor of perfusion during shock and CPR. End-tidal CO2 changes rapidly
with changes in flow, changing one breath after a change in perfusion and almost reaching
a new steady state within 30 seconds. However, following the administration of epineph-
rine, the prior relationships of end-tidal CO2 may be altered as a result of the changes in
pulmonary and peripheral vascular resistance and preferential redirection of blood flow
(302). In some instances, epinephrine may cause decreased pulmonary blood flow and
end-tidal CO2, although at the same time coronary perfusion pressure increases because
of increased peripheral vascular resistance (316).

During the past two decades, there has been great interest 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 CA.
Because it is much easier to measure, end-tidal CO2 has been used as an indicator of
pulmonary blood flow that serves as a proxy or substitute for the direct measurement of
cardiac output.

In animal models of CA and resuscitation, end-tidal CO2 has been shown to vary
directly with cardiac output (47,292,293). Coronary artery perfusion pressure, one of the
best prognostic indicators of survival in CA (317), correlates closely with end-tidal CO2
(299,300). For example, end-tidal CO2 was higher during CPR in 17 animals that sur-
vived when compared to five animals that failed resuscitation (294). Thus, end-tidal CO2
is correlated with blood flow and successful resuscitation from CA.

Investigators have used end-tidal CO2 as a substitute for the measurement of blood
flow in studies of CPR techniques (308–311). End-tidal CO2 levels were found to in-
crease when greater force was applied during external chest compression force in hu-
mans (308), although changes in compression rate had little effect on end-tidal CO2
(309). Because end-tidal CO2 is related directly to cardiac output when minute ventila-
tion is held constant, it is a useful tool in CPR research as a substitute for the direct
measurement of cardiac output. However, because lack of end tidal CO2 may simply
represent inefficient chest compression during CPR, new devices have been introduced
to confirm endotracheal intubation in a setting of CA. A suction bulb and a large syringe,
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both with standard fitting for an ETT adaptor have been used to recognize the tracheal
vs a “virtual and collapsible lumen” represented by the esophagus. At the time of this
writing, the sensitivity and specificity of these devices during CPR has not been well
established (318).

Several studies of end-tidal CO2during low blood flow states found that levels changed
significantly with changes in minute ventilation (28,319). When minute ventilation
doubled, end-tidal CO2decreased 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 conditions. If both perfusion and venti-
lation 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 (226). Although PaCO2 and PaO2 are useful for monitoring pul-
monary ventilation, there is mounting evidence that arterial blood may not reliably 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 VF, arterial and mixed venous
blood gases remained nearly unchanged from baseline pre-arrest values (142). Only the
PaO2 decreased by 10 mmHg, but it was still within the normal range. This demonstrates
an important relationship between blood flow, tissue perfusion, and acid–base condi-
tions. 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 ventilation 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 CA (28,56,320,321). 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. However,
changes must be interpreted differently compared to conventional practice: when perfu-
sion 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 (28,66,320).

Additionally, the timing of blood sampling is another variable that must be considered.
If arterial blood gases are measured during CPR within 8 minutes of CA, pH is usually
normal or alkaline because significant MA 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 approx 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
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ventilation is held constant, or to assess minute ventilation when perfusion is held con-
stant. When both perfusion and minute ventilation 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 (13,46,55,56,62,64,70,322). One study of hemorrhagic shock
showed that mixed venous oxygen saturation averaged 46% in survivors and only 25%
in nonsurvivors (152); others have found a similar relationship (323,324). A study of
human CA found that mixed venous oxygen saturation was associated with prognosis for
survival and mixed venous pH, PO2, and PCO2 measured during CA was substantially
better in those that ultimately had return of spontaneous circulation (44). Additionally,
mixed venous blood gases are more useful than arterial blood gases for assessing perfu-
sion 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 to
each other even during prolonged CA and CPR (325–327).

Both hyperventilation and hypoventilation change pHa, PaCO2, and PaO2. Addition-
ally, mixed venous PCO2 and pH can be improved with hyperventilation and become
worse with hypoventilation. Because mixed venous blood gases reflect tissue acid-base
conditions, intracellular hypercarbia can be altered with ventilation.

In summary, PaCO2, mixed venous pH and PO2, and end-tidal CO2 vary directly with
blood flow, although mixed venous PCO2 varies inversely with blood flow. Arterial PO2
and pH vary directly with minute ventilation, although arterial and 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, although 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 one to recommend how frequently arterial or venous gases
should be monitored during resuscitation.

CONCLUSION

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 CA has been
somewhat de-emphasized in favor of more effective chest compression. Manual tech-
niques of ventilation have a number of advantages over mouth-to-mouth ventilation
including safety from transmission of infectious 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. Additionally, chest compression alone can
provide some ventilation, and tidal volume and minute ventilation are enhanced by active
compression–decompression CPR. The relationship between ventilation mechanics and
circulation has been studied recently in CA and hemorrhagic shock. Studies have found
that PPV may decrease blood flow by decreasing venous return to the heart. Additional
studies are necessary to confirm that fewer breaths per minute are better than current
recommendations.



82 Cardiopulmonary Resuscitation

Chest compression alone may be effective for the first few minutes of CA. 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 to provide
bystander chest compression without mouth-to-mouth ventilation. Although the few
studies of ventilation and its effect on outcome from CA in humans are inconclusive, legal
restrictions are increasingly limiting the opportunities for research in this unique study
population, always unable to give informed consent. The issues surrounding ventilation
in resuscitation are critical and involve more than 500,000 patients per year in United
States. The scientific community must respond to this challenge with a targeted,
multidisciplinary research effort involving animal and human research.
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INTRODUCTION

The decision to control a patient’s airway during cardiopulmonary resuscitation (CPR)
is straightforward. Patients in cardiopulmonary arrest generally are totally unresponsive,
and airway techniques can be used without the need for pharmacological adjuncts. Much
of the decision making relates to timing and the type of ventilation method to use. These
decisions are influenced by the patient’s oxygenation status, duration of arrest, expected
difficulties with airway control, and operator experience and training.

VENTILATION

Establishing a secure patent airway is one of the primary tasks of the emergency care
provider during resuscitation. Adequate ventilation can reduce hypoxia and hypercapnea.
The airway should be obtained as soon as possible during resuscitation. Failure to control
the airway can have ominous consequences.

Endotracheal intubation is considered the optimal method for securing the airway
currently because it allows adequate ventilation, oxygenation, and airway protection.
The Combitube (Kendall Healthcare Products, Mansfield, MA) and laryngeal mask air-
way (LMA North America, San Diego, CA) are acceptable and possibly helpful alterna-
tive airway devices.

The main advantages of alternative airway devices is that they (a) are generally easier
to insert than an endotracheal tube (ETT); (b) may provide ventilation results similar to
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that provided by endotracheal intubation and superior to bag-valve-mask ventilation; and
(c) have similar complication rates to endotracheal intubation. Additionally, alternative
airway devices can sometimes be used when tracheal intubation is not possible (1).

The amount of ventilation required during resuscitation is not well established. Although
the minute ventilation requirements may be decreased by a low cardiac output, the excess
load of carbon dioxide returning from ischemic tissue beds must be cleared by ventila-
tion. Chest compressions alone do not generate adequate or consistent ventilation in
humans, even after intubation (2). In the resuscitation patient, 100% oxygen should be
started immediately using a bag-valve-mask. This should be followed rapidly by endot-
racheal intubation once skilled individuals arrive on scene. If intubation is unsuccessful,
then an alternative airway should be employed.

When a nonintubated patient is ventilated, the distribution of gas between the lungs
and stomach depends on the patient’s lower esophageal sphincter pressure, respiratory
mechanics (the respiratory system compliance and degree of airway obstruction), and the
technique of the rescuer performing basic life support (BLS; inspiratory flow rate, peak
airway pressure, and tidal volume). Accidental stomach inflation during CPR can elevate
intragastric pressure and lead to the cascade of regurgitation, aspiration, pneumonia, and
death even in the successfully resuscitated patient (3).

Ventilation has an impact on blood gases even at very low cardiac output states (4).
Hypoxia and hypercarbia have an independent adverse effect on resuscitation, and can
be corrected with appropriate ventilation. Adequate ventilation is important for return of
spontaneous circulation (5). Successful ventilation with rapid and uninterrupted chest
compressions significantly improves coronary perfusion during CPR (6) and this makes
successful defibrillation more likely (7).

In cardiac arrest (CA) there is generally sufficient oxygenation in the blood that a
reasonable oxygen saturation persists for approx 5 minutes when there is adequate chest
compression (8). Bystander CPR for the first 5 minutes has equivalent outcomes with or
without mouth-to-mouth ventilation (9). This suggests that airway control is most useful
when achieved in the first 5–6 minutes of CA.

INDICATIONS FOR ASSISTED VENTILATION

Rapid assessment of the patient allows for appropriate decision on airway manage-
ment. Important considerations include adequacy of ventilation, airway patency, need for
neuromuscular blockade, cervical spine stability, safety of the technique, and the skill of
the operator (10).

Some patients are intubated for airway protection and others are intubated specifically
for failure of ventilation or oxygenation. Objective indicators of ventilatory status include
arterial blood gas, pulse oximetry, capnography, chest radiography, and spirometry. Meth-
ods to maintain an open airway range from BLS measures (e.g., head tilt–chin lift) to
advanced airway techniques (e.g., endotracheal intubation). Medical providers should be
proficient in several techniques at each level of airway control. This allows the operator
to be flexible in the management of the airway as the situation demands.

Once a patient has been found to be unresponsive, and the emergency response system
has been activated, the airway needs to be assessed. First, the patient should be placed in
the supine position. If trauma is suspected, the cervical spine must be protected, and the
patient should be log rolled. The rescuer should open the airway and assess breathing by
looking for a chest rise, listening for exhaled breath, and feeling for air exchange at the
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nose and mouth. If the airway and breathing are inadequate, the airway should be opened.
In the unresponsive patient, the tongue and epiglottis may be obstructing the pharynx.

There are two techniques for opening an airway manually: the head tilt–chin lift and
the jaw thrust maneuver. In some patients, spontaneous breathing returns after the airway
becomes patent. These patients should then be placed in a recovery position to reduce the
risk of aspiration. The American Heart Association (AHA) Guidelines released in 2000
for the recovery position include the following (11):

• Use a lateral position, with the head dependent to allow free fluid drainage.
• Make sure position is stable.
• Avoid pressure on the chest that impairs breathing.
• Good observation and access to the airway should be possible.
• The position should not give rise to injury to the patient.
• It should be possible to return the patient to the supine position quickly and easily, and

maintain cervical stability.
• Repositioning should occur to prevent prolonged time in one position.
• Patient should be monitored until airway is definitively secured.

Head Tilt–Chin Lift
Placing one hand on the patient’s forehead and the index and middle finger of the other

hand on the bony part of the chin performs the head tilt–chin lift. The patient’s head is
rotated as the chin is lifted. This lifts the jaw and elevates the tongue off the back of the
pharynx, opening the airway.

Jaw Thrust

Grasping the angles of the jaw with the index and middle fingers and lifting with both
hands performs the jaw thrust. The head is maintained in the neutral position without any
flexion or extension. As the jaw is lifted, the patient’s mouth is opened with the thumbs.
This is the preferred method when there is a possibility of cervical spine injury.

Basic Life Support Techniques

The first step is to open the airway, then look, listen, and feel for breathing. If the
patient is not breathing adequately, rescue breathing must be performed. The AHA rec-
ommends that lay rescuers check for “signs of circulation” (e.g., normal breathing, cough-
ing, or normal movement in response to stimulation) rather than perform a pulse check
to determine if chest compression’s should be administered. Trained health care provid-
ers are encouraged to check for a pulse. Rescue breathing for both single rescuer CPR and
multiple rescuer CPR with an unprotected airway is at a 15:2 ratio of chest compression
to breathing with a rate of 100 compressions per minute (11).

Mouth-to-Mouth Ventilation and Variants

Rescue breathing through mouth-to-mouth ventilation has been an important part of
CPR for more than 30 years. Concern about transmission of infectious disease has made
both professional medical providers and lay people reluctant to provide mouth-to-mouth
ventilation to adult strangers (12). This has led to consideration of removing mouth-to-
mouth ventilation guidelines from CPR (9). Current guidelines still recommend mouth-
to-mouth ventilation in out-of-hospital arrest, but recognize that basic CPR with chest



98 Cardiopulmonary Resuscitation

compression alone is still better than no CPR (13). All out of hospital pediatric arrest
victims should receive mouth-to-mouth ventilation, since most pediatric CA have a large
respiratory component (14).

TECHNIQUE

Mouth-to-mouth ventilation is the most basic form of positive pressure ventilation.
The rescuer positions him or herself at the patient’s side. After opening the airway, the
rescuer takes a deep breath, pinches the patient’s nose, and seals his or her mouth around
the patient’s mouth. Slow deep breaths are delivered, and after each breath the mouth is
removed to allow passive exhalation. Using slow breaths helps prevent gastric inflation
and aspiration from reflux and regurgitation.

Mouth-to-Nose Rescue Breathing

Mouth-to-nose rescue breathing can be used when there are contraindications to mouth-
to-mouth breathing. Conditions such as anatomic abnormalities, trismus, or severe trauma
could prevent formation of an appropriate seal. The rescuer positions the patient’s head
in extension. One hand is placed on the forehead and the other lifts the mandible and
closes the mouth. The rescuer’s mouth is placed over the patient’s nose and a seal is
formed with the lips. The appropriate breaths are delivered, and the mouth is removed
from the patient’s nose to allow passive exhalation. It may be necessary to open the mouth
intermittently to allow complete exhalation.

Mouth-to-Shield Ventilation

Face shields are small, disposable, plastic barrier devices that can be used during
mouth-to-mouth ventilation. This removes any concern over infectious disease transmis-
sion. Shields may have enhancements such as one-way valves. The rescuer positions the
shield on the patient, pinches the nose and seals his or her mouth around the center
opening of the face shield. After the appropriate breaths are delivered, the rescuer lifts his
or her mouth from the shield and allows the patient to exhale. Figure 1 shows an example
of a pocket shield device. There are numerous other examples available on the market
with similar function.

Mouth-to-Mask Method

Another technique designed to isolate the rescuer from the patient is the mouth-to-
mask method. A standard face mask is used and fitted over the mouth using the same
position as used for the bag-valve-mask (Fig. 2). The rescuer can provide rescue breaths
either into the mask directly or indirectly using a one-way valve adapter. When the
adapter is used the face mask must be released to allow exhalation.

VENTILATION VOLUME

Mouth-to-mouth ventilation with a tidal volume of 1000 mL contains about 17%
oxygen and about 4% carbon dioxide (15). The gas composition can be improved to about
19% oxygen and 2–3% carbon dioxide by taking a deep breath and exhaling only about
500 mL (16). With normal cardiac output, tidal volumes of 800–1000 mL are required
to maintain adequate oxygenation (17,18). Some authors have suggested that because
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Fig. 1. Example of a pocket shield device.

\

Fig. 2. Ventilation masks.

cardiac output is reduced to at best 20–30% of normal during CPR there is a reduced
requirement for ventilation (19,20). It appears that a tidal volume of 500 mL may be
adequate during CPR when supplemental oxygen is added (21). Current guidelines rec-
ommend a tidal volume of 10 mL/kg or 700 to 1000 mL over 2 seconds (13).
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INTERMEDIATE AIRWAY TECHNIQUES AND DEVICES

Bag-Valve-Mask Device
The bag-valve-mask is a common device for delivering positive pressure ventilation

in the initial stages of resuscitation (Fig. 3). The key to proper use of the bag-valve-mask
is to maintain a tight seal. There are different techniques depending on whether there is
a single operator or two operators.

Techniques
SINGLE OPERATOR

The rescuer stands at the head of the patient. The mask is applied to the patient’s face
with one hand. The thumb and index fingers secure the mask, and the remaining fingers
are placed over the bony portion of the mandible. As the rescuer ventilates the patient,
the fingers on the mandible maintain the head tilt and jaw thrust to keep the airway patent
and the mask snug against the face.

DUAL OPERATORS

The first rescuer stands at the head of the patient. The mask is applied to the patient’s
face, and the thumb and index fingers of both hands secure the mask and maintain a good
seal. The remaining fingers are used on the bony portion of the mandible to maintain the
head tilt and jaw thrust. The second rescuer stands to the right of the patient, and provides
two-handed compression of the bag to ventilate the patient (Fig. 4).

Oropharyngeal Airway Device
An oropharyngeal airway is a plastic or rubber device that can be inserted into a victim’s

mouth to elevate the tongue and create a path between the tongue and palate (Fig. 5). This
device should not be used on a patient who has an intact gag reflex. It is indicated in the
unresponsive or obtunded patient and can be used in conjunction with a bag-valve-mask
device.

To size an oropharyngeal airway, choose one that fits from the middle of the mouth to
the angle of the jaw. The airway is inserted by turning it 90° and inserting it halfway into
the mouth. Then rotate back 90° so that the bottom wraps around the back of the tongue.

Fig. 3. Example of a typical bag-valve-mask assembly.
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Fig. 4. Two-person bag-valve-mask technique. Note the set of hands on the bottom left maintain-
ing in-line cervical stabilization.

Fig. 5. Oropharyngeal airways.

The distal portion of the airway should remain outside of the mouth to ensure that it does
not become an airway obstruction.

If the patient begins to gag, the oropharyngeal airway should be pulled out. The
oropharyngeal airway may be contraindicated in facial or mandibular trauma patients.
This airway will not maintain a patent airway if the patient has incorrect head placement.
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Nasopharyngeal Airway Device
A flexible tube designed to be inserted into the nares and extend to the base of the

tongue (Fig. 6). A nasopharyngeal airway can help maintain airway patency in an uncon-
scious or obtunded patient but does not ensure patency without good head positioning.
This airway adjunct can be used in conjunction with a bag-valve-mask to facilitate ven-
tilation. Nasopharyngeal airways can be used with patients that still have an intact gag
reflex.

To size a nasopharyngeal airway, choose a tube that extends from the tip of the nose
to the angle of the patient’s mandible. The diameter of the tube should approximate the
diameter of the nares. The tube is lubricated and inserted into the nares so that the beveled
tip is midline, and the curve of the tube follows the curvature of the patient’s airway.

ADVANCED AIRWAYS
Orotracheal Intubation

The most common technique of advanced airway control is orotracheal intubation
with direct visualization laryngoscopy. Laryngoscopes are used to provide a direct view
of the vocal cords and facilitate placement of the ETT. Most intubations during CPR
are “crash” airways and do not require pharmacologic adjuncts such as rapid sequence
induction.

Fig. 6. Nasopharyngeal airways.
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The laryngoscope is an apparatus designed to permit direct visualization of the larynx
and facilitate endotracheal intubation through direct laryngoscopy (Figs. 7 and 8). There
are two basic blade designs. The first is the curved blade, typified by the MacIntosh blade.
The second type is the straight blade such as the Miller or Wisconsin blades (Welch Allyn,
Skaneateles Falls, NY). Various sizes are available for adult and pediatric use. The main

Fig. 7. Examples of laryngoscope handles and blades.

Fig. 8. Miller and MacIntosh laryngoscope blades.
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difference in the usage of the blades regards the epiglottis. A straight blade lifts the
epiglottis directly, but the curved blade tip fits in the vallecula and indirectly lifts the
epiglottis.

The choice of which blade to use should be based on the patient’s clinical history.
Straight blades are better for pediatric patients, patients with an anterior larynx,
patients with a long floppy epiglottis, or patients with a scarred epiglottis. Straight
blades allow for more control of the airway in trauma patients, and may offer some
advantages when there is debris in the airway. There are several disadvantages with
straight blades. They are hard to use with large teeth, and may be more likely to break
teeth than their curved counterparts. Straight blades can stimulate the superior laryn-
geal nerve and lead to laryngospasm. These blades can be inserted inadvertently into
the esophagus and lead to esophageal intubation. Curved blades offer better control of
the tongue can allow more room in the hypopharynx to pass the endotracheal tube.
Curved blades possibly require less forearm strength to use. Medical providers with
less experience frequently prefer curved blades as they can provide a superior view
with less provider effort.

Endotracheal Tubes
The standard endotracheal tube is plastic and about 30 cm in length (Fig. 9). The tube

size is measured based on the internal diameter in millimeters. An adult male usually
requires a 7.5–9.0 mm ETT, however women can usually be intubated with a 7.0–8.0 mm
tube. The best time to intubate a patient during resuscitation is often described as “as soon
as physically possible.” Animal models of out-of-hospital arrest suggest that the defini-

Fig. 9. Endotracheal tubes.
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tive airway can be delayed for 5–6 minutes without decreasing the likelihood of sponta-
neous return of circulation (5).

Technique
PREPARE EQUIPMENT

1. Check suctioning equipment.
2. Inflate and deflate the endotracheal tube balloon to check for leaks.
3. Connect laryngoscope blade to the handle to check bulb function.

POSITION

1. Place the patient’s head in the sniffing position if no evidence of trauma.
2. If trauma is suspected, maintain in-line cervical stabilization in the neutral position.
3. Preoxygenate.
4. Maximize oxygen saturation by administering 100% O2 preferably by face mask or bag-

valve-mask.
5. Pass the tube.
6. Holding the laryngoscope in the left hand, insert the laryngoscope into the right side

of the mouth and sweep the tongue to the left. Advance the blade and visualize the
epiglottis and vocal cords. Insert the endotracheal tube through the vocal cords. Inflate
the balloon.

PLACEMENT

Check for tube placement by auscultating over the chest and abdomen. If capnometry
or capnography is available, it can be used to confirm placement. Capnometry (colori-
metric, analog, or digital) can yield false negative results during low-flow states such as
during resuscitation. Capnography remains accurate in determining endotracheal tube
placement even in the presence of a low-flow state. An alternate method to confirm ETT
placement is to use an esophageal detector suction device. When time allows, obtain a
chest x-ray to confirm endotracheal tube location.

DEVICES FOR CONFIRMATION OF ENDOTRACHEAL TUBE PLACEMENT

There are numerous devices that can be utilized to confirm the proper placement of an
ETT. A detailed examination of placement confirmation devices is beyond the scope of
this chapter.

Capnography uses a chemical paper to rapidly determine the presence of carbon diox-
ide in exhaled air. This is a qualitative, not quantitative device. A change in color suggests
tracheal intubation (Fig. 10).

To use the bulb suction device, first deflate the bulb with the thumb and then place the
device securely on the ETT connector (Fig. 11). The bulb is released, and if the endot-
racheal tube is inserted in the esophagus the suction of the bulb collapses the flexible
tissue of the esophagus and the bulb does not inflate. With proper placement the rigid
structures of the trachea do not collapse and the bulb rapidly inflates. Rapid bulb inflation
confirms tracheal intubation.

A similar technique is used with the syringe aspiration test (Fig. 12). Instead of bulb
inflation, the syringe is attached and the plunger rapidly drawn back by the provider.
Increased resistance suggests esophageal intubation.

These confirmation techniques have the advantage that they can be utilized in high
noise environments or in situations in which stethoscopes are unavailable or unusable,
such as during a disaster.
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Fig. 10. Example of a capnograph.

Fig. 11. Bulb esophageal detector.

Endotrol Endotracheal Tube
Nasotracheal intubation is an alternative technique in which the ETT or Endotrol tube

(Mallinckrodt Critical Care Inc., St. Louis, MO) is inserted through the nares down into
the trachea. The Endotrol tube is an ETT with a loop attached that increases the curvature
of the tip when pulled. The Endotrol is used during nasogastric intubation. Usually the
tube size chosen is slightly smaller (by 0.5–1.0 mm) than would be used for endotracheal
intubation. As nasotracheal intubation requires that the patient be spontaneously breath-
ing, it will not be considered further in this chapter.
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Combitube
The Combitube is a double lumen tube with two balloons (Fig. 13). It is designed for

blind insertion during emergency situations and difficult airways. The esophageal obtu-
rator tube is sealed at the distal end, and has perforations at the pharyngeal level. The
tracheal tube has a clear distal opening. The large upper oropharyngeal balloon serves to
seal off the mouth and nose. The distal cuff balloon seals off either the trachea or the
esophagus.

One advantage of the Combitube is that insertion requires less skill than direct laryn-
goscopy. Because it can be inserted blindly, it can be used under difficult lighting and
space restrictions. It is very useful when visualization of the vocal cords is impossible.

Fig. 12. Syringe aspirator.

Fig. 13. Combitubes.
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Contraindications include patients with intact gag reflexes, patient height less than 4 feet,
a history of known esophageal pathology, a recent history of ingestion of caustic sub-
stances, or central airway obstruction.

TECHNIQUE

To insert a Combitube, grasp the back of the tongue and jaw between the thumb and
index finger and lift. Insert the Combitube in a curved downward motion. Insertion
should not require any force by the operator. Inflate the oropharyngeal balloon first with
between 85 and 100 cc of air (depending on the size of the Combitube) then inflate the
distal balloon with 5–15 cc of air.

The most likely result of a blind intubation is esophageal intubation. Attempt venti-
lation through the longer blue tube. If breath sounds are present then the tip of the
Combitube is in the esophagus. If breath sounds are absent, then the tip of the tube is in
the trachea. If the tube has entered the trachea, ventilation is performed using the distal
lumen just like a standard endotracheal tube. Tracheal intubation can be achieved by
using a laryngoscope in conjunction with a Combitube.

Laryngeal Mask Airway
The LMA was introduced into clinical practice in 1988. The LMA is a triangular

shaped inflatable pink silicon laryngeal mask (Fig. 14). The mask has an opening in the
middle that prevents accidental obstruction of the tube by the tip of the epiglottis. Gastric
distention is minimized because excess pressure is vented upward around the LMA
instead of into the esophagus.

The LMA can be used when the patient is unresponsive or the protective reflexes have
been sufficiently depressed. The mask is deflated to form a flat wedge that will pass
behind the tongue and behind the epiglottis. The LMA is blindly inserted into the pharynx
with the point of the triangle in the esophagus and the mask over the laryngeal inlet. The
mask is then inflated and seals off the laryngeal inlet. The LMA is not a definitive airway,
and provides almost no prevention of aspiration of stomach contents from below or blood
and secretions from above. The LMA is best for providers not trained in endotracheal
intubation. It can be used as an adjunct in the difficult airway when primary endotracheal
intubation has been attempted unsuccessfully.

TECHNIQUE

Completely deflate the LMA until the cuff forms a smooth spoon shape without any
wrinkles. Hold the LMA like a pen, with the mask facing forward and the black line on
the tube oriented toward the upper lip. Insert the mask with the tip of the cuff up toward
the hard palate. The index finger can be used to assist in guiding the LMA behind the
tongue. Advance the LMA into the hypopharynx until resistance is felt. Inflate the cuff
with enough air to obtain a seal. Normal intracuff pressures are around 60 cm H2O.

CONCLUSION

Providers should be familiar with BLS techniques in addition to advanced airway tech-
niques. The patient’s airway should be secured definitively within the first 5–6 minutes of
CPR. This allows for adequate ventilation, and increases the possibility of return of spon-
taneous circulation. Endotracheal intubation is the method most commonly used to secure
the airway. Alternative methods include the Combitube and LMA. The position of an
advanced airway should be confirmed with capnography or an esophageal detector device.
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INTRODUCTION

Death by acute airway obstruction has been recognized for centuries. George Wash-
ington is thought to have died in 1799 from upper airway obstruction caused by acute
bacterial epiglottitis (1). Although letting of more than 2 L of blood out of their patient,
President Washington’s physicians apparently discussed performing a tracheotomy, a
procedure that had been described in detail only the year before. However, they did not
have the courage to carry out the new procedure on the retired president of the United
States. Dr. R. K. Haugen wrote a now-classic description of the problem of choking in
1963 (2). He described what he termed the café coronary:

A middle-aged or elderly person, at a fashionable restaurant, is partaking of filet
mignon, or perhaps broiled lobster or prime rib of beef. At the same time, he is convers-
ing with companions at dinner. Suddenly, he ceases to eat and talk. The dinner compan-
ions are perplexed but not alarmed for there is no indication of distress. Then, the
person suddenly collapses at the table.

Dr. Haugen then described an unsuccessful attempt at resuscitation. In his article, he
detailed nine similar cases. The food found in the airway was steak in four cases, beef in
two, ham fat in one, kippered herring in one, and broiled lobster in the last (2). In his
conclusion, he noted “the only effective means of treatment is an emergency, on the
scene, tracheotomy.” Acute airway obstruction is an uncommon cause of sudden cardiac
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arrest (CA). However, it is frequently treatable, if recognized in time. Accidental choking
killed 3468 persons in the United States in 1999. The problem primarily affects the young
and the elderly. There were about 1.2 deaths per 100,000 infants from acute airway
obstruction recorded annually in the United States; but after dropping in childhood and
young adulthood, the rate rises dramatically in old age reaching 27.7 per 100,000 adults
aged greater than 85 (see Table 1 [3]). Despite widespread education on the use of the
Heimlich maneuver and other techniques for treatment of acute airway obstruction, the
death rate remains stable.

ETIOLOGY

Acute airway obstruction can be caused by either an intrinsic or extrinsic blockage to
airflow. A wide variety of objects, both living and inanimate, have been identified as the
cause acute airway obstruction. Intrinsic blockage can be caused by the tongue, the
epiglottis, blood, tumors, or stomach contents. The most common extrinsic object is
improperly chewed food, usually meat in adults. Adults with pre-existing dysphagia are
at an increased risk of death by choking.

Adults often choke during a meal that includes the consumption of alcohol. They do
not chew the food into pieces small enough to prevent obstruction of the glottic opening.
They often talk and chew during the process of swallowing or inhaling; the food becomes
lodged in the glottis completely obstructing airflow. If the blockage is not removed in a
few minutes, the reservoir of oxygen present in the lungs from the last good breath will
be depleted. Once the individual becomes hypoxic, loss of consciousness will ensue, and

Table 1
Deaths From Choking in the United States: 1999

Age range (years) Deaths Death rate per 100,000

Under 1 46 1.2
1–4 76 0.5
5–9 23 0.1
10–14 16 0.1
15–19 12 0.1
20–24 23 0.1
25–34 61 0.2
35–44 123 0.3
45–54 202 0.6
55–64 239 1.0
65–74 506 2.8
75–84 984 8.1
Over 85 1157 27.7

All ages 3468 1.2

From the CDC and Prevention WONDER search tool of deaths in
1999 from ICD-10 code W79 (inhalation and ingestion of food causing
obstruction of respiratory tract) and W80 (inhalation and ingestion of
other objects causing obstruction of respiratory tract [3]).
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death will soon follow. Children also choke on pieces of food and on small objects found
in their immediate environment such as coins, small balls, balloons, and small pieces of
larger toys.

In 1994, Drs. Andazola and Sapien conducted an epidemiological survey of pediatric
choking episodes in Albuquerque, New Mexico. There were 103 emergency medical
services (EMS) calls for obstructed airway in children less than 15 years of age (5). Forty
percent occurred in children less than 1 year old, 50% in children between 1 and 5 years
of age, and 10% in children older than 5. Seventy-eight percent of the children under the
age of 1 self-cleared their airway or had their airway cleared prior to EMS arrival,
compared with 89% of those between 1 and 5, and 100% of those older than 5. Because
52% of the patients whose obstructions resolved were not transported to the hospital, the
incidence of choking may be underestimated as frequently only patients who present at
the emergency department are included in choking estimates.

PREVENTION

Prevention of choking begins at home. Children should be taught to chew food thor-
oughly so that the habit becomes ingrained by adulthood. Chewing food with the mouth
closed is not only polite but also inhibits inhalation through the mouth thereby preventing
food from being pulled into and obstructing the glottis. Consumption of alcohol in excess
during meals also increases the chances of choking and should be avoided. Improperly
fitted dentures inhibit effective chewing and may also detach and obstruct the glottis.

PEDIATRIC ISSUES

More than 17,000 children 15 years of age or younger were treated for choking epi-
sodes in emergency departments in the United States during the year 2000. This translates
to a rate of 29 per 100,000 people (4). Less than 1% died. More than half were choking
on food, including hard candy and gum, and about 13% were choking on coins. The
Centers for Disease Control (CDC) maintains a web site devoted to choking prevention
at www.cdc.gov/ncipc/duip/spotlite/choking.htm.

Toddlers should not be fed peanuts, grapes, raw carrots, whole or large sections of hot
dogs, meat sticks, or hard candies (5). Additionally, young children should not be permit-
ted to run with food in their mouths. Rather, they should be seated with an adult present
during meals.

Although anyone who has supervised a toddler knows the challenges involved with
monitoring their activities, adults need to work to keep the environment around the small
child clear of objects such as coins, small balls, and rubber balloons that can cause
choking (6). In general, toys that can fit through a toilet paper tube should be kept away
from young children (7). The US Consumer Product Safety Commission has estab-
lished standards for labeling toys to prevent choking episodes. Toys with parts smaller
than 1.75 inches in diameter must be labeled with the phrase “WARNING: CHOKING
HAZARD—Small parts. Not for children under 3 yrs.”

Toy rubber balloons and similar conforming objects represent a significant risk for
choking in older children (6,8). The caps and other parts of inexpensive ballpoint pens
are also a well-recognized choking hazard in older children who may walk about school
and home with the pens in their mouths (9).



114 Cardiopulmonary Resuscitation

RECOGNITION

At times, choking is easy to recognize. However, at other times it can be confused with
simple fainting, sudden CA, stroke, seizure, or drug overdose. Educating the public in
using the universal sign of choking should be encouraged. The universal choking sign is
displayed by clutching the neck with both thumbs and fingers.

During choking, obstruction to airflow may be partial or complete. Partial airflow
obstruction can be subdivided further into having good air exchange or poor air exchange.
Partial obstruction with good air exchange can be recognized by the presence of a vig-
orous cough and sometimes wheezing. Patients with good air exchange should initially
be left alone and allowed to cough out the offending object. Partial obstruction with poor
air exchange is present when he or she has only a weak cough, stridor, or cyanosis. Partial
obstruction with poor air exchange is a medical emergency demanding immediate action
and should be treated as a complete obstruction.

When obstruction to airflow is complete, he or she is unable to cough or breathe. There
is no air movement. The diagnosis can be confirmed by asking if he or she is choking. If
choking is present, then he or she should be asked to speak. A lack of speech indicates
that a complete airway obstruction is present and requires immediate action.

EVIDENCE-BASED TREATMENT OF CHOKING

Unfortunately, the level of evidence guiding therapy for acute airway obstruction is
weak. There are no randomized clinical trials, but this lack of evidence may be consistent
with the relative rarity of the problem.

Controversy About Treatment

One of the more interesting aspects of the medical treatment of choking has been the
approach to changing treatment recommendations by those who favor abdomenominal
thrusts as the primary method of treatment for choking. Traditionally, new medical
therapy is introduced by providing convincing evidence of its efficacy and then using a
variety of educational methods to promote the new treatment. This process takes years
to implement and sometimes does not produce the desired change in physician behavior
(10).

Henry Heimlich published his description of the abdominal thrust for the treatment of
choking in the magazine Emergency Medicine in 1974 (11). In the article, he described
the use of subdiaphragmatic pressure to relieve foreign body airway obstruction in four
dogs. He had not tried the procedure on humans, but asked that those who did send him
information about the results of their use of the technique. In 1975, Heimlich published
the results of this request for information in the Journal of the American Medical Asso-
ciation (JAMA [12]). The JAMA article described 162 cases in which abdominal thrusts
reportedly dislodged foreign objects obstructing the airway. The author encouraged
others to use abdominal thrusts on choking victims.

Rather than publish additional research in peer-reviewed medical journals to convince
other physicians to teach the procedure, Dr. Heimlich used the data from his case series
to appeal directly to the public, discounting previous recommendations by the American
Heart Association (AHA), the American Red Cross (ARC), and the American Academy
of Pediatrics (13). In December 1978, Dr. Heimlich submitted a letter to the New England
Journal of Medicine in which he defended the use of abdominal thrusts as the primary
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technique for the treatment of choking (14). In 1979, Dr. Heimlich appealed directly to
EMS professionals with an editorial entitled Back Blows are Death Blows. In the article
he castigated professional organizations for not adopting abdominal thrusts as the pri-
mary treatment for choking (15).

Today, there is some physiological evidence to guide decision making. It is clear that
abdominal thrusts have saved many lives among victims of choking. Questions remain
about whether other techniques, such as chest compression, are as effective or possibly
more effective.

One of the principal obstacles of determining effective treatment for acute airway
obstruction is the anecdotal nature of the case reports. There is surely a positive reporting
bias in which authors attribute success to the procedure used although unsuccessful
attempts are ascribed to issues other than the technique such as the type and location of
the foreign material or the inexperience of the rescuer. Additionally, the last technique
tried before revival of the victim is likely to be given full credit for success, although
perhaps a combination of different techniques was in fact responsible for removing the
offending object.

Certainly, there is no shortage of medical interventions advocated as useful and desir-
able based on anecdotal evidence. One of the most famous of these was the practice of
bleeding ill patients in an attempt to restore appropriate balance among the “four body
humors.” One of the major medical journals, Lancet, is named for one of the tools of this
practice, widespread at the time of the journal’s founding. Because of the lack of rigorous
scientific support for any individual technique, it is important to keep an open mind about
the subject of the effectiveness of all different techniques.

CASE REPORTS

Most of the available evidence regarding treatment for choking is in the form of case
reports. In 1975, Heimlich described 162 communications he received reporting success-
ful application of the abdominal thrust technique to resolve choking (12). A wide variety
of objects were expelled from victims including food, pills, and candy. Five of the reports
described the use of the method on drowning victims, a use Heimlich did not anticipate.
Two rib fractures were the only complications reported.

Others have reported on the results of different techniques for treatment of choking.
In 1979, Dr. Ingalls, a survivor of a café coronary in 1973 (16), described how a well-
timed slap on the back removed a piece of food from a physician attending a Board of
Directors meeting of the Philadelphia County Medical Society (17). Dr. Richard Westfal
reported on two patients who were found by paramedics to be cyanotic with complete
airway obstructions as a result of food impaction that had not responded to repeated
Heimlich maneuvers. In both cases, paramedics were successfully able to retrieve the
offending food using Magill forceps with laryngoscopy (18). In 2002, Brown et al.
reported on the use of 60% oxygen and 40% helium gas (Heliox) administration to tem-
porarily ease the work of breathing in a 22-month-old child with partial airway obstruc-
tion as a result of the aspiration of a sunflower seed into the right mainstem bronchus (19).
This technique might also be useful with partial obstruction of the trachea or pharynx.

CADAVER STUDIES

The recently dead human body provides an excellent model of the unresponsive person
with choking, although it may not be a good model of choking in the responsive person
because the muscle tone in the pharynx, chest, and abdomen probably influence the
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effectiveness of various methods to remove foreign material from the trachea and glottis.
Twelve unsuccessfully resuscitated victims of out-of-hospital CA were studied in Oslo
to determine whether chest compression or abdominal thrusts generated higher peak
airway pressure (20). The investigators found that chest compression generated a peak
airway pressure of 40.8 ± 16.4, which was significantly higher than the 26.4 ± 19.8 cm
H2O pressure generated with abdominal thrusts. In 2 of the 12 patients, no tracheal air
pressure whatsoever was generated by abdominal thrusts. Dr. Heimlich responded with
a letter to the editor of Resuscitation in which he promoted the use of the Heimlich
maneuver over chest compression based on the duration and amount of airflow and not
just the peak pressure generated (21). Additionally, Dr. Heimlich suggested that the term
subdiaphragmatic pressure was a more accurate description than abdominal thrust of the
method used. Dr. Steen and his colleagues (22) responded to Dr. Heimlich’s analysis by
pointing out that their study of chest compression was congruent with results obtained by
Ruben and MacNaughton that chest compression was more effective than subdiaphrag-
matic pressure (23).

MECHANICAL MODELS

Dr. Day and colleagues performed a series of experiments to measure the forces
induced by back blows applied to young adult volunteers (24). Two adults had acceler-
ometers taped to the anterior neck at the level of the thyroid cartilage. Vigorous blows,
insufficient to cause pain or bruising, applied on the backs of the subjects developed
acceleration forces ranging from 0.8 to 1.8 g. The accelerometer was moved to measure
the upward force the range was 1.5 to 3.3 g. The authors pointed out that these forces
might tend to propel an object above the vocal cords down into the trachea. Day et al. also
performed experiments in which airflow was measured when the Heimlich maneuver
was applied and compared those measurements with those taken when back blows were
applied. Day et al. consistently found much higher airflow with the Heimlich maneuver.
Others have found deficiencies in the design of the experiment and note that the accel-
erometer measurements were not conducted with the Heimlich maneuver (13). Better
models need to be developed.

LIVING MODELS

In his 1975 account of the abdominal thrust, Heimlich described an experiment involv-
ing four dogs (12). After receiving general anesthesia, the animals had raw hamburger
inserted into the larynx until the airway was occluded totally. In each case, after one or
two firm thrusts were made on the abdomen a short distance inferior to the rib cage, the
bolus was expelled.

Heimlich briefly described the use of the abdominal thrust method on 10 healthy human
volunteers and noted a peak expiratory flow rate of 205 L per minute with 940 mL of air
expelled in one-fourth of a second (25). There are no other published human experiments.

TECHNIQUE
ABDOMINAL THRUSTS

Abdominal thrusts are performed using the following procedure. The rescuer stands
behind the choking person and wraps his or her arms around the victim’s waist. Making
a fist with one hand, the rescuer places the thumb side of fist against the abdomen
in the midline just above the umbilicus and well below the xiphoid process. The fist
is grasped with the other hand and the rescuer quickly pulls inward and upward.



Chapter 6 / Management of Airway Obstruction 117

The procedure can be repeated several times until the object is expelled (26). Abdomi-
nal thrusts can be self-administered using ones hands or by forcefully bending over an
object such as back of a chair or porch railing (27).

Abdominal thrusts may be performed on unresponsive choking victims by placing the
victim supine on the floor. Then the rescuer straddles the victim and places one hand on
the abdomen in the midline just above the umbilicus. The other hand is placed on top of
the first, and firm inward and upward thrusts are applied.

CHEST THRUSTS

Chest thrusts are performed when a female victim is pregnant or the victim is too large
for the rescuer to get his or her arms around the abdomen. Again, the rescuer should stand
behind the responsive victim and wrap his or her arms around the victim’s chest just
below the axillae. After making a fist, the rescuer places the thumb side of the fist against
lower sternum while avoiding the xiphoid process and lower costal margin so as not to
injure the abdominal organs. Then the fist is grasped with the other hand. Finally, the
rescuer should pull hard in a repeated thrusting motion until the obstruction is relieved
or consciousness is lost (26).

If the rescuer’s arms are too short to encircle the chest or if the victim is unresponsive,
the victim is placed supine on the floor; and the rescuer kneels close to the victim’s side.
Using a hand position similar to that used for chest compressions during CPR, the rescuer
pushes hard on the chest to relieve the obstruction.

ADVANCED METHODS

Properly trained rescuers can use more advanced techniques to remove or bypass the
obstruction. Unfortunately, these will often not be helpful because most victims cannot
be brought together with a well-trained rescuer within the short window of time before
hypoxia causes irreversible brain injury or death. Both the Magill forceps and the Kelly
clamp have been used to retrieve foreign bodies from the pharynx using direct vision (18).
The object can be visualized using a laryngoscope or, in some cases, a tongue blade and
a flashlight.

Emergency cricothyrotomy or tracheotomy can also be lifesaving. These surgical
techniques require more skill than the use of the Magill forceps. Many paramedics are
taught techniques for transtracheal administration of oxygen using a small catheter attached
to a high-pressure jet ventilation valve. Use of high-pressure oxygen in the setting of a
complete tracheal obstruction might result in expelling the object from the trachea. It
might also lead to pneumothorax or pneumomediastinum. However, when the patient is
in a high-risk situation in which all other techniques such as repeated abdominal thrusts
and attempted removal of the foreign body using the direct visualization technique have
failed to open the airway, doing nothing will certainly result in death. In such cases, the
benefits of using high-pressure jet ventilation outweigh the risk and are justified.

MANAGEMENT RECOMMENDATIONS

The AHA, in conjunction with international organizations, issued revised manage-
ment guidelines for foreign body airway obstruction in 2000 (26). However, unlike most
other domains of emergency management of resuscitation, there is not international
agreement on the best methods for clearing a foreign body airway obstruction. For example,
the AHA recommends the use of abdominal thrusts as the initial maneuver in responsive
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adults although the European Resuscitation Council recommends five back blows or
slaps initially (28). The back blows are given with the heel of the rescuer’s hand between
the victim’s shoulder blades. In Australia, back blows with the patient in a lateral recum-
bent position are the first treatment followed by lateral chest thrusts. The Australian
resuscitation organization recommends that abdominal thrusts be avoided as too danger-
ous and likely to injure internal organs.

ADULT (AGE 8 OR OLDER)

Responsive. If the victim is responsive, then the AHA guidelines recommend that
abdominal thrusts be used until the airway is cleared as judged by the individual’s ability
to cough or speak or consciousness is lost (26).

Unresponsive. In the 2000 AHA guidelines, the lay-rescuer is not taught the complete
skills for treatment of foreign body airway obstruction (26). Because the likelihood of
encountering an unresponsive person whose problem is airway obstruction is small and
the amount of time to teach skills is limited, the instruction time should be spent on more
commonly used procedures such as reinforcing chest compression skills for unconscious
victims of ventricular fibrillation. Should the victim become unresponsive, the lay res-
cuer is urged to activate EMS or send someone else to do it; and then begin standard CPR.
The guidelines point out that the chest compressions of CPR may themselves dislodge the
foreign body.

The 2000 guidelines recommend that health care providers who treat an unresponsive
victim be taught additional skills (26). If the health care provider witnesses the victim’s
collapse and knows that the problem is foreign body airway obstruction, then the rescuer
should activate the emergency response system and begin a systematic approach to
restoring airflow. First, the rescuer is to perform a tongue–jaw lift, followed by a finger
sweep to remove the offending object if present. Next, ventilation is attempted. If effec-
tive breaths cannot be given (determined by observing chest rise), then the Heimlich
maneuver with the victim supine is recommended and may be repeated up to five times
as needed. The cycle of jaw lift, finger sweep, attempt ventilation, and Heimlich maneu-
ver is repeated until the airway is cleared or advanced equipment is available. When
Magill forceps, Kelly clamp, or cricothyrotomy kit is available and the airway remains
obstructed, then they should be used by persons properly trained in the techniques of
removal of foreign bodies using direct visualization or surgical cricothyrotomy.

If the individual is found to be unresponsive, then the rescuer has to determine whether
foreign body airway obstruction or primary CA or some other reason for the apparent
unresponsiveness is present. Foreign body airway obstruction may be diagnosed when
the rescuer follows the CPR sequence and attempts to ventilate an unresponsive person
who is not breathing spontaneously and finds that the chest does not rise. The most likely
cause is obstruction as a result of soft tissues in the pharynx. So the first treatment is to
reposition the head and attempt ventilation again. If that does not work, then the Heimlich
maneuver is tried up to five times with the individual supine. The same sequence of steps
is followed as described in the section on the witnessed collapse of the choking victim.

PREGNANT WOMEN OR VERY OBESE INDIVIDUALS

The 2000 AHA guidelines recommend the use of chest thrusts on lieu of abdominal
thrusts for pregnant women or the extremely obese when the rescuer’s arms cannot
encircle the individual’s abdomen.



Chapter 6 / Management of Airway Obstruction 119

CHILD (AGE 1–8)
Responsive. The 2000 AHA guidelines recommend repeated abdominal thrusts in the

child 1 year of age or older until the airway is successfully opened, as judged by the ability
of the child to cough or speak, or until consciousness is lost.

Unresponsive. When an unresponsive child with a suspected foreign body airway
obstruction is found, the lay-rescuer is advised to perform standard CPR with one addi-
tion. The added step is to look for the obstructing object in the back of the pharynx each
time the airway is opened. If the object is visible, the rescuer should remove it. This
sequence of steps is intended to simplify the teaching of CPR, and the chest compressions
provided during CPR may dislodge the foreign body.

When a health care provider encounters an unresponsive child between 1 and 8 years
old with suspected foreign body airway obstruction, the 2000 AHA guidelines suggest
first opening the airway and looking for the object (29). If the object is visible, it should
be removed. Blind finger sweeps are not recommended. Then the airway is opened and
rescue breathing attempted. If air does not make the chest rise, then the airway is repo-
sitioned and rescue breathing attempted a second time. If the chest still does not rise, then
up to five abdominal thrusts are performed with the child in a supine position. The steps
are repeated until the foreign object is removed, rescue breathing is effective, or signs of
circulation are lost. If signs of circulation are lost, then standard CPR is begun.

Once advanced equipment is available, the removal of the foreign object using Magill
forceps under direct vision provided by a laryngoscope can be attempted. As a last resort,
an effort to perform an emergency tracheotomy can be made provided that the rescuer has
been trained in the technique.

INFANT

The 2000 AHA Guidelines recommend using a combination of back blows and chest
thrusts to treat complete foreign body airway obstruction in a responsive infant less than
1 year old (29). The Heimlich maneuver is not recommended in this age group because
of the relatively large and unprotected liver in the infant. The infant is held with the head
lower than the trunk and the rescuer strikes the infant’s back between the scapulae with
the heel of the hand.

If the infant becomes unconscious, the lay-rescuer is advised to perform 1 minute of
standard CPR in the hope that the chest compressions will dislodge the offending object.
If the problem is not resolved after 1 minute in a single-rescuer situation, the rescuer
should suspend efforts to resuscitate and contact the emergency response system. Then
CPR is resumed.

If the rescuer is a health care provider who is treating an unresponsive infant with
suspected foreign body airway obstruction, then the first step is to open the airway and
attempt rescue breathing. If air is not moving, then the head is repositioned; and rescue
breathing attempted again. If that does not work, then five back blows followed by five
chest thrusts are administered. The airway is reopened and rescue breathing is attempted
again. This sequence is repeated until the object is removed or up to about 1 minute. Then
in the single-rescuer situation, the rescuer stops resuscitation and activates EMS. Follow-
ing EMS activation, the rescuer should check for signs of circulation and begin chest
compressions if necessary. If circulation is present, then the sequence of opening the
airway, attempting breathing, administering back blows, administering chest thrusts, and
rechecking the airway is continued until the foreign body is removed or signs of circu-
lation are lost.
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COMPLICATIONS

All of the procedures used to treat acute airway obstruction may lead to complications.
Perhaps the most important complication is delay in the use of effective treatment when
hypoxia is present. However, because the most effective treatment is not known, it is
challenging to measure incidence of this adverse event.

Back blows may lodge the foreign body more tightly in the trachea. As a result, Dr.
Heimlich renamed back blows “death blows” (15). Dr. Heimlich wrote about a case in
which a teenager who was choking on a sandwich and had a partial airway obstruction
developed a complete obstruction after administration of back blows. In many cases in
which back blows seemed harmful, it appears that the back blows were applied to victims
with only partial airway obstruction (30). This serves to emphasize that there is no reason
to apply any technique of artificial cough when victims can move air and cough, as a
natural cough is many times more forceful than an artificial cough whether induced by
back blow, Heimlich maneuver, or chest compression.

The use of the Heimlich maneuver has been associated with rupture of internal organs
and laceration of viscera (31–34). Chest compressions are well known to cause rib and
sternal fractures. Although usually benign, these fractures can lead to additional morbid-
ity such as pneumonia or even death from respiratory insufficiency. Nonetheless, given
the large number of people worldwide who have multiple chest compressions during
CPR, it would appear that the incidence of serious complications following only a few
chest compressions is very small and may in fact be less than that associated with the
Heimlich maneuver (21).

In the past, rescue organizations such as the ARC and the AHA recommended the use
of blind finger sweeps to attempt to remove foreign bodies. Given evidence that this
technique may result in the further impaction of the object against the larynx as well as
injury to the pharynx, the use of blind finger probing of the pharynx is to be avoided (35).
It is probably reasonable to have victims undergo a medical evaluation to exclude com-
plications after use of any abdominal thrust or chest compression to relieve choking.

SUMMARY

There is little evidence with which to guide the best treatment of choking. A strong
body of anecdotal evidence favors the use of subdiaphragmatic pressure, the Heimlich
maneuver, as the first treatment in complete airway obstruction for most victims. Chest
thrusts and back blows are helpful in some victims. A combination of procedures may be
better than continued use of one procedure that has failed. Thus, the current AHA recom-
mendations seem to be a reasonable guide to the practicing physician and the public,
although not a guide based on strong evidence. Addition information is needed, and good
epidemiological studies are desirable to identify ways to reduce the more than 3000
deaths that occur annually from choking in the United States.
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INTRODUCTION

Definition
Bradyasystole is a term encompassing many different types of rhythms meeting the

following definition: any electrical rhythm that has a ventricular rate below 60 beats per
minute (bpm) in adults and/or periods of absent heart rhythm (asystole). A bradyasystolic
state is a clinical condition in which the predominant cardiac rhythm can be classified as
bradyasystole. Bradyasystolic rhythms other than asystole may be accompanied by a
pulse. A bradyasystolic rhythm even with a pulse is frequently a precursor to cardiac
arrest (CA) and requires prompt intervention. Some of the causes of bradyasystole are the
same whether or not a pulse is present. More commonly bradyasystole occurs without a
pulse. Bradycardic rhythms without a pulse are one group of many different types of
rhythms described as pulseless electrical activity (PEA).

Incidence
As with any pre-arrest or initial arrest rhythm, the incidence is difficult to determine.

Many CAs are unwitnessed by medical personnel and immediate rhythm monitoring is
not available. The initial rhythm identified may or may not represent the actual rhythm
antecedent to or present at the time of collapse. Many studies have been performed to
determine the incidence of particular rhythms at the time of CA (1–20).

There are four basic ways the incidence of rhythms at the time of CA have been
estimated: (a) ambulatory electrocardiogram (ECG) monitor recordings at the time of
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cardiac arrest, (b) telemetry recordings on inpatients at the time of CA, (c) initial rhythms
recorded on emergency medical services (EMS) arrival, and (d) rhythms recorded at the
time of arrests witnessed by EMS providers. All of these methods have limitations.

It was once thought that more than 90% of children who suffer CA have an initial
bradyasystolic rhythm (20,21). Now more episodes of ventricular tachycardia (VT)
and ventricular fibrillation (VF) are being recognized in the pediatric population (up
to an incidence of 15% [1,10]). VF was once thought to be the initial rhythm in as many
as 83% of adult CA victims (3,6–9,14–17,22,23). These data, however, only reflect
patients on ambulatory ECG monitors or those admitted to cardiac care units who are
more likely to have a VT thus leading to their monitoring. It does not accurately reflect
the thousands of unselected sudden cardiac death victims without a prior history or
complaint.

Bradyasystole has been reported as the initial rhythm in 25 to 56% of adult out-of-
hospital CAs (11,24,25). Because these arrests are frequently not witnessed, it is uncer-
tain if bradyasystole represents the arresting rhythm, or represents rhythmic deterioration
from prolonged arrest. Survival to hospital discharge in bradyasystolic patients ranges
from 0 to 4% (11,24,25). It is unclear whether this dismal survival rate is related directly
to the rhythm, or indirectly to prolonged arrest time. Iseri et al. (26) found that
bradyasystole was the initial rhythm in 46% of EMS-witnessed arrests.

Thus, the collective data suggests that bradyasystole may account for CA in up to 50%
of sudden cardiac death patients.

ETIOLOGY (TABLE 1)

Primary
In primary bradyasystole, the cardiac conduction system fails intrinsically. It can

either fail to initiate or propagate an adequate rhythm leading to inadequate ventricular
contraction or cardiac output. Sick sinus syndrome is one example (27,28).

This syndrome encompasses a variety of disorders that affect the heart’s pacemaker.
Some of the presentations include persistent or intermittent unexplained sinus bradycar-
dia, sinus arrest without any escape pacemaker functioning, atrial fibrillation with a slow
ventricular response, predominant bradycardia with episodes of atrial tachycardia, rela-
tive bradycardia (inability to mount a physiologic tachycardic response), and an inability
to resume normal sinus rhythm after cardioversion. Although seen most frequently in the
elderly, people of all ages can have a sick sinus syndrome.

Histologic degeneration of the cells of the sinoatrial (SA) node and conduction tissue
between the SA and atrioventricular (AV) nodes has been associated with sick sinus
syndrome (27,28). Lenegre’s disease (29) is an idiopathic sclerodegeneration of the AV
node and the bundle branches. Lev’s disease (30,31) involves invasion of the conduction
system by fibrosis or calcification from adjacent cardiac structures.

Direct ischemic injury to the pacemaker and conduction cells can also cause primary
bradyasystole. This occurs with occlusion of the right coronary artery, which frequently
supplies the SA and AV nodes.

Secondary

In secondary bradyasystole, the cardiac conduction system fails as a result of the
effects of other pathologic processes.
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HYPOXIA

Hypoxia, resulting in pacemaker and conduction system ischemia, frequently causes
secondary bradyasystole. Hypoxia has a direct depressant effect on pacemaker cells.
Hypoxia also causes an increase in parasympathetic discharge resulting in vagal stimu-
lation of the heart. Examples of common clinical conditions that often cause bradyasystole
by hypoxia include suffocation, near drowning, stroke, and heroin overdose. Pulmonary
embolus (PE) can cause bradyasystole as a result of hypoxia and an acute increase in
pulmonary vascular pressure. Tension pneumothorax and asthma can lead to brady-
asystole through increased intrathoracic pressures causing decreased venous return and
inadequate cardiac output.

DRUGS

Many drugs affect the cardiac conduction system. Digoxin acts by inhibiting the
sodium/potassium pump causing an influx of calcium, which results in its therapeutic
action of increasing myocardial contractility. This same mechanism may also contribute
to slowing electrical conduction in the atria and AV node. Digoxin also has some direct
parasympathetic effect.

-Adrenergic blockers are competitive inhibitors of catecholamines at the -receptor.
The cardiac effects are related to binding of the -1 receptors, which are responsible for
increasing cardiac contractility, electrical conduction, and heart rate. With -blocker
toxicity, there is slowing of the heart rate either through depression of the SA node and/
or AV nodal conduction. Some -blockers have direct central nervous system (CNS)
effects at toxic levels, which may cause respiratory depression and hypoxia.

Calcium-channel blockers antagonize the slow calcium channels causing a decrease
in cardiac contractility, depression of SA node activity, and slowing of conduction through
the AV node. At toxic levels, this can lead to AV blocks, junctional rhythms, sinus arrest,
and asystole.

Anti-arrhythmics may cause bradyasystole. Class IA agents (e.g., procainamide,
quinidine) slow atrial automaticity, AV conduction, and conduction through the His-
Purkinje system. Class IB agents (e.g., lidocaine, phenytoin) also slow cardiac conduc-
tion. Intravenous phenytoin is of particular concern because its carrier, propylene
glycol, can cause myocardial depression and sudden asystole if it is infused too quickly
(>40 mg per minute [32]). The class III agents (bretylium, ibutilide, sotalol, and
amiodarone) also slow automaticity and AV nodal conduction. These effects are more
prominent than in the class IB agents. The most common side effects or toxicity of
intravenous amiodarone are hypotension and bradycardia.

Methyldopa and clonidine, both -2 receptor agonists, can cause bradycardia and AV
block (33). Nitroglycerin has been implicated in bradyasystole by triggering the Bezold-
Jarisch reflex through venodilation and its resultant hypotension (34,35). Severe chloro-
quine overdoses may cause quinidine like cardiotoxicity leading to sinus arrest,
bradycardia, AV blocks, and asystole (36). Lithium can cause heart block and sinus
arrest. Sinus node dysfunction can occur with therapeutic and toxic levels (37,38).

Physostigmine increases the levels of acetylcholine causing increased vagal stimu-
lation. This can lead to bradycardia, but may progress to complete heart block and
asystole. Tricyclic antidepressants cause conduction abnormalities that may lead to
bradyasystole (39).
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Table 1
Causes of Bradyasystole

Primary
Intrinsic failure

Sick sinus syndrome
Direct ischemic injury

Secondary
Hypoxia
Drugs/medications

Digoxin
-adrenergic blockers

Calcium-channel blockers
Anti-arrhythmics

Procainamide
Quinidine
Lidocaine
Flecainide
Encainide
Bretyllium
Ibutilide
Sotalol
Amiodarone

Methyldopa
Clonidine
Nitrates
Chloroquine
Lithium
Physostigmine
Tricyclic antidepressants
Toxins

Antimony
Lead
Diphtheria toxin
Carbon monoxide
Snake venom
Plants

Christmas rose
Be-still tree
Dogbane
Foxglove
Lily of the valley
Oleander
Pheasant’s eye
Squill
Star of Bethlehem
Rhododendrons
Azaleas
Mountain laurel
Labrador tea
Rusty leaf
Ivy bush (sheepkill)
Black snakeroot
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Table 1 (Continued)

False hellebore
Skunk cabbage

Andromedotoxin contaminated honey
Neurologic and neuromuscular

Spinal cord injury
Reflexes

Oculocardiac
Maxillofacial
Hypersensitive carotid sinus syndrome
Deglutition reflex
Prostatic massage reflex

Cerebral vascular accident
Thrombotic stroke
Hemorrhagic stroke
Subarachnoid hemorrhage

Traumatic and spontaneous
Guillain-barre syndrome
Becker’s dystrophy
Limb-girdle dystrophy of Erb
Landouzy-dejerine dystrophy
Emery-Dreifuss disease
Myotonic dystrophy
Kearns-Sayre syndrome
Nemaline myopathy
McArdle syndrome
Poliomyelitis

Hormonal and Metabolic
Hyperkalemia
Hypothyroidism
Acromegaly
Adrenal insufficiency
Hyperbilirubinemia
Hyperparathyroidism

Hypothermia
Infectious disease

Influenza
Mumps
Mononucleosis
Viral hepatitis
Rubella
Rubeola
RSV
Tuberculosis
Streptococcal infections
Meningococcal infections
Syphilis
Leptospirosis
Relapsing fever
Lyme disease

Chagas’ disease

continued
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Table 1
Causes of Bradyasystole (Continued)

Myocardial and pericardial disorders
Myocardial contusion
Pericarditis
Pericardial tamponade
Infiltrative disease

Malignancies and tumor
Amyloid
Hemochromatosis

Rheumatic diseases
Rheumatic fever
Ankylosing spondylitis
Reiter’s syndrome
Rheumatoid arthritis
Systemic lupus erythematosis
Wegener’s granulomatosis
Polymyositis
Dermatomyositis

Iatrogenic
Surgical removal of tumors
Valve replacement
Congenital defect repair
Transplant
Ablation

TOXINS

Antimony, which has a variety of industrial uses, can cause AV block and bradycardia
(40). Lead, which is one of the most common environmental toxins, typically presents
with GI, nervous system, hematologic, and constitutional symptoms, but it has also been
implicated in AV nodal conduction disturbances (41). Diphtheria toxin can lead to myo-
carditis. Often this results in tachycardia and congestive heart failure, but conduction
disturbances and heart blocks are not uncommon (42).

Carbon monoxide poisoning can lead to bradyasystole through its anoxic effects.
Venomous snake bites are a very uncommon cause of bradyasystole, although direct

cardiotoxic effects resulting in CA have occurred (43). Cardiotoxic plants contain sub-
stances similar to digoxin. Cardiac glycosides are found in Christmas rose, be-still tree,
dogbane, foxglove, lily of the valley, oleander, pheasant’s eye, squill, and star of
Bethlehem.

Andromedotoxin, also known as acetylandromedol or grayanotoxin, is a glycoside
typically found in rhododendrons and azaleas, which causes bradyasystole. It is also
found in mountain laurel, lily of the valley shrub, Labrador tea, rusty leaf, and ivy bush
(44,45). Veratramine is another toxin that causes direct SA node suppression leading to
periodic rhythm (normal sinus rhythm interposed between episodes of asystole [46]).
Veratramine and related substances are found in black snakeroot, false hellebore, and
skunk cabbage. Bees can ingest andromedotoxin as they feed on flowers and then they
incorporate this toxin into their honey. Ingestion of affected honey may cause symptom-
atic bradycardia (47,48).
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SPINAL CORD INJURY

Patients with spinal cord injuries often have significant fluctuations in heart rate with
cardiovascular instability. Cervical and upper thoracic spinal cord injuries cause pro-
found bradycardia (49). The sympathetic nerves are disrupted as they exit the spinal
cord at the low cervical and upper thoracic levels, although the parasympathetic system
(mediated by the uninvolved vagus nerve, which runs outside of the spinal column)
remains unopposed. The risk of hemodynamically significant bradycardia usually peaks
at 3–5 days after the acute injury, and then stabilizes in 2–8 weeks. Ten percent of
quadriplegics have significant bradycardia, which can be resistant to atropine (50). Any
mild visceral stimulus such as suctioning or urinary retention can initiate severe symp-
toms.

REFLEXES

There are several reflexes that can cause bradycardia.

Oculocardiac Reflex

This is the reflex that occurs when applying ocular pressure to terminate supraven-
tricular tachycardia. The short ciliary nerve and the ophthalmic division of the trigemi-
nal nerve carry afferent stimulus as they terminate at the fourth ventricle in the
trigeminal nucleus. The efferent portion of the reflex is carried by the vagus nerve. This
reflex can occur with a retrobulbar block, eye trauma, orbital hematomas, traction on
the extraocular muscles, or pressure on the globe from any other source and cause
bradyasystole (51).

Maxillofacial Reflex/Diving Reflex

The maxillofacial reflex occurs with stimulation of the afferent parasympathetic
fibers of the maxillary and mandibular divisions of the trigeminal nerve during max-
illofacial trauma or surgery (52,53). The efferent limb of this reflex is carried through
the vagus nerve. Similarly, the diving reflex causes bradycardia as sensory branches of
the trigeminal nerve are stimulated by immersion of the face in cold water (employed
to terminate SVT VF [54–57]). This reflex is most pronounced in children and young
adults. Its basis relates to its benefit in aquatic mammals, which allow them to remain
under water for prolonged periods of time as it slows cardiac oxygen consumption and
creates a low metabolic state.

Other Reflexes

Hypersensitive carotid sinus syndrome (58) is caused by increased and sensitized
afferent nerve stimulation leading to profound bradycardia and sudden but transient
episodes of syncope or presyncope. Many other causes of reflex mediated bradycardia
have been described. Bradycardia with hemodynamic compromise can occur with
severe pain, particularly in the ear, nasal and oropharynx, and larynx. Thoracentesis
and paracentesis have also been shown to cause bradycardic syncope. Deglutition
syncope (59) occurs through stimulation of afferents in the esophagus during swallow-
ing. Prostatic massage has caused bradycardia and syncope. Micturation syncope is a
reflex-mediated phenomenon in men that occurs during or just after urination (60–63).

SYSTEMIC NEUROLOGIC AND NEUROMUSCULAR DISEASES

Thrombotic stroke, hemorrhagic stroke, and subarachnoid hemorrhage can be accom-
panied by bradyasystole. Traumatic intracranial hemorrhage, cerebral edema, or seizures
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can cause bradycardia and/or asystole (64–69). These intracranial pathologies interfere
with the normal balance of parasympathetic and sympathetic tone as directed by the
normally functioning brain.

Guillain-Barre syndrome (ascending spinal cord paralysis) can cause bradycardia,
through unopposed parasympathetic activity similar to that seen in cervical spine injuries
(70). Degenerative neuromuscular diseases often directly affect the heart interfering with
cell-to-cell electrical conduction. These include Becker’s dystrophy, limb-girdle dystro-
phy of Erb, fascioscapulohumeral dystrophy (Landouzy-Dejerine), Emery-Dreifuss dis-
ease, myotonic dystrophy, Kearns-Sayre syndrome, Nemaline myopathy, McArdle
syndrome, and adult poliomyelitis (71–78).

HORMONAL AND METABOLIC ABNORMALITIES

Hyperkalemia causes slowing of the electrical conduction system, resulting in tented
and peaked T waves, increased P-R interval, widened QRS complex, then absent P-
waves on the electrocardiogram. Further progression of hyperkalemia can lead to
bradyasystole (79). Severe hypothyroidism frequently causes bradycardia. Myxedema
patients frequently have atrioventricular and intraventricular blocks leading to
bradyasystole (80). Acromegaly patients, with an excess of growth hormone produc-
tion, have an increased risk of sudden death secondary to intraventricular conduction
defects related to degenerative disease of the SA node and AV node (81). Adrenal
insufficiency, often marked by orthostatic hypotension, can cause sinus bradycardia,
atrioventricular conduction delays, and prolonged QT intervals (82,83). Hyperparathy-
roidism causes increased calcium levels, decreased QT interval, and complete heart
block (84).

Hyperbilirubinemia has been associated with bradyasystole. Bradycardia and asystole
has occurred in patients with obstructive jaundice as bilirubin levels rise above 15% (85).
It is unclear whether the bilirubin itself causes the bradycardia, or perhaps more plausibly
there is an increase in parasympathetic tone as bile ducts are distended and obstructed.

HYPOTHERMIA

Mild hypothermia (30–35°C) increases heart rate and cardiac output. Severe hypoth-
ermia (<30°C) can cause bradycardia, asystole, and VF (86). These rhythms are resistant
to standard therapy and treatment should be initially directed at rewarming.

INFECTIOUS DISEASE

Many infections can cause subclinical myocarditis, resulting in cardiac conduction
disorders and bradycardia. Influenza, mumps, mononucleosis, viral hepatitis, rubeola,
arboviruses, and respiratory syncytial virus have been associated with symptomatic
bradycardia and complete heart block (87–93). Tuberculosis can invade the heart and
cause complete heart block and sudden death (94). Streptococcal and meningococcal
disease has also been reported to cause conduction disturbances leading to bradycardia
and sudden death (95,96). Congenital rubella can cause malformations such as patent
ductus arteriosis, pulmonary artery anomalies, and abnormalities of the conduction sys-
tem (97).

Spirochete disease including syphilis, leptospirosis, and relapsing fever also can affect
the conduction system (98–100). Lyme disease can cause both transient and permanent
AV blocks (101,102). Chagas’ disease, one of the most frequent causes of heart failure
in the world, causes bradyarrhythmias. Often the bradycardia is caused by autonomic
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dysfunction. Although right bundle branch blocks and left anterior fascicular blocks are
most common, AV block also occurs. Even in the absence of symptoms, most people with
Chagas’ disease have an AV conduction abnormality (103).

Systemic candidiasis frequently causes endocarditis, and microabscesses can invade
the conduction system causing bradyasystole (104).

MYOCARDIAL AND PERICARDIAL DISORDERS

Because the interventricular septum and right bundle branch are located beneath the
sternum, myocardial contusion following blunt trauma can result in bundle branch blocks
and bradyarrhythmias (105). Pericarditis can also cause bradycardias. Inflamed pericar-
dium induces vagal stimulation. Rapidly accumulated pericardial effusions can result in
cardiac tamponade, characterized by vagally mediated bradycardia and rapid cardiovas-
cular collapse (106,107).

INFILTRATIVE DISEASE

Metastatic malignancies can affect the heart (108,109). Most common are breast,
colon, bronchogenic, esophageal, prostatic, ovarian, and gastric carcinomas, melanoma,
sarcoma, Hodgkin’s disease, and leukemia as they invade the myocardium and interfere
with propagation of electrical impulses. Primary tumors, originating within the myocar-
dium and also interfering with propagation of electrical impulses, include: myxoma,
rhabdomyoma, fibroma, lipoma, hemangioma, hamartoma, and papillary fibroelastoma.
Mesotheliomas and angiomas have a predilection for the AV node and lead to conduction
disturbances (110). Amyloid (amyloidosis [111,112]) and iron (hemochromatosis) infil-
tration of the cardiac conduction system causes heart block (113,114).

RHEUMATIC DISEASES

Rheumatic diseases have been implicated in conduction disturbances leading to
bradyasystole. These diseases include: rheumatic fever, ankylosing spondylitis, Reiter’s
syndrome, rheumatoid arthritis, systemic lupus erythematosis, Wegener’s granulomato-
sis, polymyositis, and dermatomyositis (115–118).

IATROGENIC CAUSES

Surgical removal of tumors can damage the conduction system of the heart. Other
surgeries such as valve replacement or congenital defect repairs can also lead to conduc-
tion abnormalities predisposing to bradycardia, asystole, and sudden death. Radiation
treatment can cause endocardial fibrosis resulting in conduction defects. Radio-frequency
ablation can result in anything from mild intraventricular conduction delays to complete
heart block.

ELECTROPHYSIOLOGY

The heart contains specialized structures that initiate and/or propagate electrical activ-
ity efficiently. These structures are the SA node, specialized atrial fibers, the AV node,
bundle of His, and Purkinje fibers. Cells that make up these structures have the ability to
spontaneously generate an electrical impulse called automaticity. This is accomplished
through spontaneous phase-4 depolarization.

To elicit spontaneous phase-4 depolarization, a time-dependent potassium current
increases the transmembrane voltage toward 0 until a threshold is reached and depolar-
ization in phase 0 occurs. This electrical impulse generated by these specialized cells is
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then transmitted cell to cell throughout the myocardium to cause normal depolarization
and systole of the entire heart.

All cells of the heart function as a result of depolarization. Active ion pumping nor-
mally maintains a transmembrane voltage of –90 mV during diastole or relaxation.
Activation of the myocardial cells causes movement of sodium ions into the cell causing
a rapid change of transmembrane voltage to +90 mV. This is called depolarization. This
depolarization causes excitation and contraction of the myocyte. The myocardial cell
then goes through a series of phases (1–3) to repolarize and return the resting potential
to –90 mV. Pacemaker cells, however, typically have a resting potential of about –60 mV.
Whereas in the myocardial muscle cells sodium currents are predominant in the depolar-
ization of the cell, calcium is the key molecule in depolarization of the specialized
myocardial cells that are characterized by automaticity (119).

The SA node normally fires at a rate faster than the other structures and is the dominant
pacemaker for impulse generation. If the SA node fails to spontaneously fire, or if its
depolarization is not appropriately transmitted through the specialized tracts to initiate
normal depolarization and contraction throughout the heart, cells from the other struc-
tures can take over with their own normal automaticity and provide escape pacing.
Although the SA node normally fires at a rate of 60–100 bpm, AV node cells have a
normal escape rate of 40–60 bpm. The ventricular structures with normal automaticity
will fire 30 to 40 times per minute. The atrial and ventricular myocardial cells do not have
normal automaticity, but they can generate arrhythmias through a variety of abnormal
automatic mechanisms including sustained depolarization, delayed repolarization,
afterdepolarization, and a host of membrane oscillatory mechanisms.

If the firing rate of the SA node is depressed or fails to fire completely, bradycardia will
occur. Bradycardia can also occur if problems transmitting the SA node’s impulse exist
such as SA exit block, AV block, or bilateral bundle branch block. The escape pacemak-
ers however should temper the bradycardia as they take over control of the heart’s rhythm.
For severe bradycardia or asystole to occur, there must be further failure of the backup
pacemakers.

There are many factors that affect the electrophysiology of the heart. For the pace-
maker and conducting tissue cells to initiate and propagate impulses, the cellular meta-
bolic functions must be intact. Ischemia will directly disable cellular metabolism and
disable the cells from actively transporting ions to initiate action potentials. Occlusion of
the proximal right coronary artery can cause ischemia and infarction of the SA and AV
nodes. The SA node receives its blood supply from a branch of the proximal right coro-
nary artery 55% of the time (120). The AV node receives its blood supply from a branch
of the distal right coronary artery 90% of the time (120). The bundle branches typically
have multiple blood supplies, but may be affected in severe three-vessel coronary artery
disease (CAD) and lead to significant bradycardia and/or asystole with extensive myo-
cardial infarction (MI).

Many endogenous chemicals will also alter the ability of the SA node as well as the
remainder of the electrical system to function. Endogenous adenosine, for example, is
released during myocardial ischemia (121). Not only does adenosine impair AV conduc-
tion and pacemaker automaticity, it also relaxes smooth muscle and decreases myocar-
dial contractility (122,123). Adenosine stimulates outward potassium current as does the
parasympathetic chemical acetylcholine (124,125). This leads to hyperpolarized atrial
and nodal cells, decreased duration of the action potential, and decreased spontaneous
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phase-4 depolarization of the SA node cells (126). It also slows AV conduction by
depressing the AV nodal cells’ action potentials in the same manner (127). During myo-
cardial ischemia, adenosine is formed by dephosphorylation of adenosine monophos-
phate (128,129).

Pacemaker cells are also influenced by a variety of hormonal, pharmacological, and
toxicological effects. The parasympathetic mediator acetylcholine will suppress SA node
automaticity and AV node conduction in the same manner as adenosine. Catecholamines,
thyroid hormone, methylxanthines, and other stimulants will increase automaticity of the
SA node through an increase in calcium influx as well as potentially enhance the pacing
capabilities of the other cells within the heart’s conduction system. -Adrenergic block-
ing agents, calcium-channel blockers, parasympathomimetics, as well as hypercapnea
will decrease automaticity. Exogenous adenosine will work much like endogenous
adenosine.

The autonomic nervous system also plays a key role in the function of the conduction
system of the heart. The parasympathetic system is mediated through the vagus nerve.
The right vagus innervates the SA node and when stimulated will slow its firing rate. The
left vagus retards AV conduction as its innervation of the AV node is stimulated. The sym-
pathetic system increases automaticity and shortens the refractory period of the myocytes.
The left sympathetic nerve innervates the SA node and the right nerve innervates the AV
node area.

The sympathetic and parasympathetic systems are normally balanced. Any interfer-
ence with this balance can lead to an arrhythmia. CNS damage, damage to the stellate
ganglia, or neuropathy of the nerves supplying the heart from viral infections, diabetes,
degenerative disorders, or infiltrative disease can all disrupt this delicate balance.

Vagal denervation such as in cardiac transplant will make the heart unusually sensitive
to acetylcholine (130). Likewise, transplanted hearts are very sensitive to endogenous or
exogenous adenosine (131). Adenosine appears to be the primary mediator of sinus node
dysfunction in postoperative cardiac transplant patients.

Myocardial ischemia also leads to autonomic dysfunction. One would think that the
heart would always be in a sympathetic state in the face of ischemia as hypoxic states lead
to a release of endogenous epinephrine and norepinephrine. During resuscitation from
CA, the exogenous administration of epinephrine is also common. This unresponsive-
ness to sympathetic stimulation during bradyasystolic CA suggests there is a primary or
secondary failure of cardiac pacemaker generation or propagation.

Ischemia can excite both vagal and sympathetic afferents leading to vagally mediated
depression or sympathetic excitation, or sometimes a certain level of both (132–135).
Furthermore, ischemia can disrupt neural transmissions interfering with the normal auto-
nomic response (136,137). When these neural transmissions remain intact, ischemia may
also affect the CNS control of the autonomic nervous system (138–142).

MYOCARDIAL ENERGY MECHANICS

The energy mechanics in bradyasystole are poorly understood. A lower heart rate
requires less myocardial oxygen demand, as represented in the efficacy of -blocker use
in acute ischemia. In animal models, during bradyasystole, there is very little myocardial
oxygen consumption (143). It would seem that ongoing hypoxic injury would be reduced
when there is little oxygen demand. If intracellular energy stores of adenosine triphos-
phate are adequate, one would expect a high incidence of spontaneous return of circula-
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tion. Nonetheless, return of spontaneous circulation is infrequent in bradyasystole. This
suggests that the energy mechanics of bradyasystole are more complex involving ongo-
ing hypoxic insult, energy consumption and possibly intracellular depletion of key elec-
trolyte balance and energy stores.

TREATMENT
General

Patients with bradyasystole require immediate airway, ventilatory, and circulatory
support. A rapid search for reversible causes should be undertaken while these basic
initial resuscitative efforts are started. Prehospital providers, 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 bradyasystole. An
estimate of time from onset of CA and whether it was witnessed or unwitnessed may
assist clinical decision making. Witnesses or family may be able to relate the patient’s
symptoms prior to onset of arrest, such as an extended period of shortness of breath
possibly indicating a pulmonary etiology. The patient’s past medical history may be helpful
in determining the cause of bradyasystole. A prior history of CAD may indicate myocardial
ischemia or possible MI. Renal dialysis patients are at risk to develop severe hyperkale-
mia. Patients who have undergone prolonged immobilization, such as casting following
an orthopedic procedure, are at risk for a PE. A history of chronic obstructive pulmonary
disease or smoking may lead the clinician to consider tension pneumothorax. A prior
history of psychiatric illness or depression may lead one to consider the possibility of a
drug overdose. Current medications should be determined and assessed for potential
cardiac toxicity, including tricyclic antidepressants, -blockers, calcium-channel
blockers, and digitalis.

Specific Treatments (Table 2)
SICK SINUS SYNDROME

Sick sinus syndrome is a constellation of pathologies affecting sinus node function.
Some treatments will be more effective than others depending on the specific disorder.
Atropine, dopamine, epinephrine, or isoproterenol can be effective temporizing mea-
sures. Emergent pacing constitutes definitive stabilizing intervention. Transcutaneous
pacing should be initiated as preparations are made for transvenous pacing. Definitive
treatment usually requires insertion of a permanent pacemaker.

ISCHEMIA

Symptoms of ischemia include substernal, crushing chest pain that may radiate to the
arm or jaw associated with diaphoresis, nausea, or dyspnea. However, bradycardia may be
the only presenting sign and an electrocardiogram should be obtained to identify any
evidence of ischemia. Acute coronary syndromes should be identified and treated quickly
with supplemental oxygen, morphine, aspirin, nitrates, -blockers, and heparin as appro-
priate. Patients who meet appropriate criteria should receive rapid definitive intervention
with cardiac catheterization or thrombolytic therapy.

HYPOXIA

All efforts should be made to maximize oxygenation and ventilation. The presence of
acute airway obstruction should be considered and immediately corrected if identified.
Continuous positive airway pressure or bilevel positive airway pressure may be very
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Table 2
Specific Treatments

Etiology Treatment

Sick sinus syndrome Atropine, dopamine, epinephrine, emergent pacing
Ischemia Thrombolytics/emergent cardiac catheterization
Hypoxia Oxygen and airway support
Toxins/medications

Digoxin overdose Atropine, pacing, digoxin-binding antibodies
-Blocker overdose Dopamine, atropine, epinephrine, glucagon

Calcium-channel blocker overdose Calcium
Lithium Atropine, pacing, dialysis
Tricyclic antidepressants Bicarbonate
Carbon monoxide Oxygen/consider hyperbaric
Snake venoms Antivenom

Hormonal and metabolic
Hyperkalemia Calcium, bicarbonate, insulin and glucose, sodium

polystyrenesulfonate, dialysis
Adrenal insufficiency Glucocorticoid replacement
Hypothermia Aggressive rewarming
Pericardial tamponade Pericardiocentesis
Tension Pneumothorax Emergent decompression, thoracostomy tube

beneficial in patients with acute pulmonary edema from congestive heart failure, in some
cases obviating the need for endotracheal intubation.

Tension pneumothorax, with hypotension, decreased breath sounds on the affected
side, and a deviated trachea, requires emergent decompression. This can be accomplished
by inserting a 14-gauge angiocatheter through the second intercostal space of the anterior
chest wall. The needle should be removed with the plastic catheter left in place until
definitive treatment with a thoracostomy tube is complete.

If a PE is causing clinically significant hemodynamic compromise, thrombolytic
therapy should be empirically and immediately instituted (rt-PA, 1 mg per minute, 100 mg
total). Fibrinolytic therapy has replaced surgical intervention in almost all cases. Surgery
is reserved for those that have absolute contraindications to fibrinolytic therapy.

DIGOXIN

Successful treatment of digoxin toxicity requires initial stabilization, decontamina-
tion, and administration of digoxin binding antibody. Atropine and pacing should be
initially used in patients with hemodynamic compromise. Hyperkalemia, often seen with
digoxin toxicity, should be emergently treated (as described below) with the important
exception of intravenous calcium, which, if administered, can result in lethal arrhythmias
or tetanic contraction of left ventricular myocardium, resulting in death of the patient
(144). Airway stabilization, gastric decontamination, and administration of repeat-dose
activated charcoal to enhance elimination of digoxin should be performed. Because
serum levels of digoxin do not correlate with toxicity, criteria for administration of
digoxin-specific antibodies are based on clinical presentation. In both acute and chronic
overdose digoxin-specific antibodies should be given for severe hyperkalemia or life-
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threatening arrhythmias. Dosing is often empiric with 10 vials typically needed for acute
ingestion and 5 vials for chronic toxicity. Response should be seen within 30 to 60 minutes
of administration. The dose should be increased, as appropriate, for continued toxicity.
Digoxin-specific antibodies have some usefulness in the treatment of related cardiac
glycoside ingestions such as from plants (145).

-ADRENERGIC BLOCKERS

Bradycardia associated with hemodynamic compromise can respond to volume replace-
ment, dopamine, other vasopressor support, atropine, isoproterenol, and cardiac pacing.
For bradycardia not responsive to these measures, intravenous glucagon bolus (2–5 mg
followed by an infusion at 2–5 mg per hour [146]) as well as the administration of
epinephrine by bolus or continuous infusion may be lifesaving.

Hemodialysis may be necessary or helpful in overdose cases with -blockers that have
a small volume of distribution such as atenolol (147).

CALCIUM-CHANNEL ANTAGONISTS

Intravenous calcium gluconate or calcium chloride should be administered to reverse
depression of cardiac contractility. Calcium administration will not affect sinus node dys-
function or AV node conduction delays. Cardiac pacing should be instituted for those
with hemodynamically significant bradycardia. For refractory hypotension, glucagon,
and epinephrine are the agents of choice.

TRICYCLIC ANTIDEPRESSANTS

Because serious cardiac toxicity may present without any antecedent toxidrome and
can progress rapidly, patients with suspected tricyclic antidepressant overdose should be
monitored closely. A QRS duration of 0.16 seconds or longer is highly correlated with
serious cardiotoxicity (148). Any increase in QRS duration compared with the patient’s
normal baseline should be treated with intravenous sodium bicarbonate. Pacing may be
needed for significant AV block. Physostigmine is contraindicated as its use may further
aggravate conductions disturbances and cause irreversible asystole (39).

LITHIUM

Cardiac conduction abnormalities and bradycardia caused by lithium toxicity should
be treated with atropine and pacing. Activated charcoal is not indicated because it will
not absorb lithium. Lithium is eliminated from the body exclusively by the kidneys.
Patients that have renal failure as well as those that have toxicity not responding to
supportive care should undergo hemodialysis (149).

HYPERKALEMIA

If a patient is at risk for hyperkalemia and the electrocardiogram is diagnostic for
hyperkalemic changes, treatment should begin empirically without waiting for labora-
tory potassium levels. Calcium chloride or calcium gluconate should be administered
intravenously, with the important exception of patients on digoxin. Intravenous calcium
has immediate cardioprotective effects, stabilizing myocardial membranes. Intravenous
sodium bicarbonate increases serum pH, driving potassium into the cell, within 5 minutes
of administration. Intravenous administration of 10 units of regular insulin and 1 ampule
of intravenous glucose also drives potassium into the cell with an onset of action of
30 minutes. These emergent interventions, although lifesaving are only temporizing.
For definitive treatment, the total body concentration of potassium must be decreased to
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normal levels, either through the administration of an exchange resin, sodium
polystyrenesulfonate (onset of action about 6 hours) or hemodialysis.

PERICARDIAL TAMPONADE

Patients at risk for pericardial tamponade are those with end-stage renal disease,
pericarditis, postinfarction, and trauma. Physical exam findings are unreliable and include
a narrow pulse pressure, distended neck veins, and distant heart sounds. Hemodynamic
compromise is related to the speed of accumulation of pericardial fluid rather than the
absolute amount. The chest x-ray may not reveal a large cardiac silhouette. Echocardio-
graphy is, therefore, the diagnostic procedure of choice. Emergent intervention for
patients with hemodynamic compromise consists of pericardiocentesis via the
subxiphoid or parasternal approach.

Anticholinergic Therapy
Unopposed parasympathetic stimulation is involved in many instances of bradyasys-

tole and antagonism with intravenous atropine is the chemical agent of choice. Atropine
functions as a competitive inhibitor of acetylcholine (the chemical messenger of the
parasympathetic nervous system) at the muscarinic receptor. Atropine-mediated para-
sympathetic blockade can therapeutically reverse symptomatic bradycardia. At low doses
(<0.5 mg IV), atropine can cause a paradoxical bradycardia because of its centrally acting
parasympathetic stimulant properties. For this reason, the minimal appropriate adult dose
is 0.5 mg intravenously. Atropine is an American Heart Association (AHA) Class I
intervention for symptomatic sinus bradycardia. It is Class IIa for AV blocks at the nodal
level (Mobitz type I). Its use may cause further bradycardia and is rarely beneficial in
blocks below the nodal level (Mobitz type II and third degree [150]). Atropine remains
in the AHA’s algorithm for asystole based on anecdotal case reports (25,151,152). The
current recommended dose for atropine in asystole is 0.04 mg/kg IV. If atropine is
administered through an endotracheal tube, doubling the dose is recommended (150).
High-dose atropine has been reported to be detrimental (153,154).

Adrenergic Therapy
Adrenergic agents improve coronary perfusion pressure by augmenting systemic

vascular resistance. Increased coronary perfusion pressure has been shown experimen-
tally and clinically to be predictive of return of spontaneous circulation (155,156). Epi-
nephrine is the adrenergic agent of choice in asystole (157). The recommended dose is
0.01 mg/kg up to 1 mg IV (157). If epinephrine is given through the endotracheal tube,
the dose should be doubled (150). The efficacy of varying doses and types of adrenergic
agents has been studied extensively in VF CA (158–169) but not in bradyasystole.

-1-stimulation with agents such as isoproterenol improves chronotropism (150).
However, -stimulation also causes vasodilatation, which may decrease cerebral and
myocardial blood flow (170). Isoproterenol may be useful as an adjunct to epinephrine
in treating bradyasystole related to -blocker toxicity (171).

Calcium and Glucagon
When bradyasystole is caused by hyperkalemia, hypocalcemia (such as following

massive blood transfusion), or calcium-channel blocker overdose, intravenous calcium
administration may be lifesaving (172). Glucagon has been shown to be beneficial in
cases of -blocker overdose (146).
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Acid–Base Therapy

Maintaining adequate alveolar ventilation is the basis for controlling acid–base bal-
ance during CA. Bicarbonate administration may compromise coronary perfusion pres-
sure, may cause adverse effects as a result of extracellular alkalosis, including shifting
the oxyhemoglobin saturation curve, inhibiting the release of oxygen, may induce
hyperosmolarity and hypernatremia, produces carbon dioxide, which is freely diffusible
into myocardial and cerebral cells and paradoxically contributes to intracellular acidosis,
possibly decreases coronary perfusion pressure, and may inactivate simultaneously admin-
istered catecholamines (173–176).

The use of bicarbonate is indicated in treating cardiotoxicity of tricyclic antidepressant
overdose, and hyperkalemia (84,176,177). The bicarbonate should be titrated to normal-
ize the rhythm in a tricyclic antidepressant overdose patient. After protracted arrest or
long resuscitative efforts, intravenous bicarbonate may be beneficial (176).

Electrical Therapy—Pacing

Pacing has been shown to be effective in treating bradyasystolic patients who still have
a pulse (157). Its use in pulseless patients, particularly asystole, does not improve patient
outcome (178,179). Electrical therapy, when indicated or considered, should be insti-
tuted as soon as possible.

TRANSCUTANEOUS PACING

Transcutaneous pacing can be applied rapidly and serves as a bridge to transvenous
pacing. Because of discomfort from chest wall muscle contraction, conscious patients
require intravenous anxiolytic and/or analgesic agents.

TRANSVENOUS PACING

Transvenous pacing can be instituted quickly in the emergency setting by a physician
skilled in its use. Central venous access is first obtained with a no. 8 French catheter in
the right internal jugular vein, left subclavian vein, or femoral vein. The balloon-tipped
bipolar pacing catheter is then advanced, allowing flow-guided placement in the right
ventricle. The current threshold usually required to attain consistent ventricular capture
has been reported to be less than 1.0–1.5 mA in emergency situations and the final current
recommended to be two to three times the threshold current (180). Higher currents are
likely to be required in the setting of CA. Electrical capture and mechanical activity must
be assessed and confirmed separately following placement.
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A small group of patients with acute myocardial infarction who die suddenly present
with a most unusual sequence of events: there is loss of consciousness, pulse and blood
pressure; heart sounds are inaudible; respiration is gasping; and yet the electrocardio-
gram is seemingly unaltered.

Eugene Braunwald in The Heart, 1980

INTRODUCTION

In the early resuscitation guidelines, electrical mechanical dissociation (EMD) referred
to the prescence of organized electrical activity in the absence of synchronous myocardial
contraction (1–3). As such, electrical activity was detected on the surface electrocardio-
gram but no effective cardiac output was present owing to the absence of coupled mechani-
cal activity. The clinical result was the absence of pulse, blood pressure, and heart tones.
EMD was observed in a variety of resuscitation situations and was felt to be secondary
to prolonged global cardiac ischemia. The organized rhythm varied from sinus tachycar-
dia with a normal duration QRS complex to brady-dysrhythmias with wide aberrant or
idioventricular ventricular morphologies. A poor resuscitation outcome and dismal prog-
nosis was a common shared observation. Collectively, this ominous rhythm was found
to have a resuscitation rate of only about 20% and a hospital discharge rate of 4 to 5%
(4,5).

Early animal studies and resuscitation attempts with inotropic and chronotropic drugs,
calcium chloride, and electrical pacing proved ineffective (5–11). Recent evaluations of
clinical predictors and prognosis have found that pulseless electrical activity (PEA)
continues to be poor predictor of survival. Only 15% of victims of prehospital cardiac
arrest (CA) are admitted alive to hospital and only 2.4% were discharged alive (12). PEA
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as the presenting CA for inhospital resuscitation attempts has the lowest survival rate. If
PEA was unwitnessed, no patient survived to hospital discharge (13).

The term electromechanical dissociation poorly characterized the heterogeneous group
of clinical rhythms confronting rescuers and presenting with some form of organized
electrical activity and no detectable pulse. In the early 1990s, the resuscitation commu-
nity began to refer to this clinical presentation of CA as PEA. A dismal prognosis reflects
the fact that PEA is a preterminal rhythm and not a specific entity. As such, PEA is
observed in a broad spectrum of clinical disorders that have global severe cardiac ischemia
or myocyte dysfunction as a final common pathway yet diverse inciting etiologies.

PATHOBIOLOGY

An improved understanding of the mechanisms responsible for PEA has provided a
refined pathophysiology of this disorder. As described originally, PEA was perceived as
subcellular myocyte failure occurring in the presence of electrical excitation. Working
myocytes have a centrally located nucleus and abundant contractile protein elements
organized into myofibrils. The flux and interaction of calcium with myofibrillar elements
initiates and terminates contraction by concentration characteristics at regulatory sites.
This interaction is very complex and excitation–contraction coupling involves cell com-
ponents called the plasma membrane, sarcoplasmic reticulum, and myofilaments.

An envelope called the plasma membrane surrounds and penetrates the working
myocardial cell. The surrounding plasma membrane is called the sarcolemma. Plasma
membrane that penetrates into the cells interior and internally transmits the action poten-
tial is called the transverse-tubular (t-tubular) system. Physiologists have also identified
an intracellular transfer system in addition to the plasma membrane separating the extra-
cellular space from myocyte. This system is called the sarcoplasmic reticulum. After
electrical excitation, calcium ions are released from storage compartments of the sarco-
plasmic reticulum, called cisternae, and flood the cytosol initiating systolic contraction.
Another compartment of the sarcoplasmic reticulum surrounds the contractile proteins
and is called the sarcotubular network and contains adenosine triphosphate (ATP)ase-
dependent proteins that actively pump calcium back into the cisternae, ready for the next
excitatory stimulus.

The Energy of Heart Muscle Contraction
A heart muscle cell must convert chemical or stored energy into kinetic energy for

effective cardiac contraction. The heart stores energy as ATP. When ATP is cleaved into
adenosine diphosphate (ADP), inorganic phosphate and a proton (H+) are released gen-
erating energy. A terminal pyrophosphate bond (P-O-P) releases this energy as it is split
by a muscle enzyme called myosin ATPase. Myosin ATPase is only active when inter-
acting with another muscle protein called actin.

ATP + H2O  ADP + Phosphate (Pi) + H+  + energy

However, an effective cardiac contraction requires synchronized myocyte contrac-
tion. The coupling of an electrical signal to myocyte shortening is referred to as excita-
tion–contraction coupling. Specialized cardiac myocytes initiate and propagate an
electrical signal called an action potential (nodal cells and His-Purkinje cells). The spe-
cialized and working myocytes form a functional syncytium with cells linked electrically
and mechanically. Transitional cells, intermediate between His-Purkinje and working
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myocytes, are found in ventricular locations where the Purkinje network of fibers com-
municates with the working myocytes. In addition to electrical coupling of the special-
ized Purkinje fibers with working myocytes, myocyte to myocyte coupling is effected by
proteins called connexins located in low resistance gap junctions between cells.

The Biomechanics of Heart Muscle Contraction
The heart muscle thickens prior to contraction when observed by echocardiography or

gated nuclear studies. In fact, the absence of this event is evidence of myocardial ischemia
or necrosis. The swelling of myocardial sarcomeres causes this gross cardiac muscle
observation during contraction. Swelling occurs since myocyte (and sarcomere) volume
is constant.

Cardiac contraction occurs as interlacing myosin thick filaments slide over actin thin
filaments causing myocardial sarcomere shortening and swelling. The contractile biome-
chanics of the heart involve two sets of proteins. The first set, myosin and actin, are
involved with the mechanics of contraction. The second, tropomyosin and the troponins
(troponin I, troponin T, and troponin C) are regulatory in nature and allow interaction
with calcium for coupling of electrical to mechanical events.

Critical to actin and myosin interaction are crossbridges extending from myosin
toward the actin thin filament. Each myosin filament ends in a bilobed structure that
acts like an oar and pulls the thin actin filament longitudinally along its length. Each thick
filament of myosin is composed of approx 100 myosin molecules. Fifty are oriented to
each end of the sarcomere. In the crossbridges, ATP is hydrolyzed and provides the
energy necessary for shortening. The interaction of the bilobed myosin heads is however
controlled by cytosolic calcium. During a very short period, cytosolic calcium occupies
receptor sites on troponin C (TnC). This interaction increases the amount of actin avail-
able for interaction with myosin heads through complex mechanisms. During diastole,
calcium uptake occurs and troponin-I (TnI) inhibits calcium interaction with binding
sites on the myosin heads.

MYOCARDIAL STUNNING, ISCHEMIA, AND CELL DEATH

Ineffective cardiac contraction in clinical situations of PEA is poorly understood. In
part, this is because PEA has diverse etiologies and the clinical presentation represents
a pathological outcome and not a resuscitation rhythm disorder. The most likely common
final mechanism and injury is global MI caused by a severe reduction in coronary flow.
The situation may be compounded if accompanying hypoxemia or demand conditions
that increase myocardial oxygen consumption are present. The degree and duration of
ischemia determine the amount of residual myocardial function available to “recover” the
patient from an insult resulting in decreased coronary perfusion. Global ischemia is
potentially reversible. At some point, however, the myocardium is incapable of the
burden of recovery owing to a phenomenon called myocardial stunning.

Regional ischemia occurs in the presence of a flow limiting epicardial stenosis when
downstream myocardium is placed under an increased workload. Typically, this results
in effort angina pectoris. When a thrombus occludes an artery, ischemia develops and cell
death occurs unless reperfusion is established. Global ischemia develops when the entire
heart is deprived of coronary flow and oxygen supply. The reasons for this are diverse.
Experimentally, global ischemia can be produced in 30 seconds with aortic cross-clamp-
ing impeding left ventricular ejection.
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Three mechanisms are currently thought to contribute to contractile dysfunction and
left ventricular myocardial impairment. First, regardless the pathological etiology, fail-
ure of adequate oxygen delivery to myocyte mitochondria reduces energy supplies for
cytoplasmic processes. As such, ischemic metabolites accumulate and ATP stores are
depleted. Originally, loss of high-energy phosphates was felt to be responsible for con-
tractile failure. Next, current evidence also supports an effect of oxidative metabolites,
such as phosphates and protons that accumulate, as cellular transport and efflux are
impaired. Protons can compete with calcium for activator sites on the contractile proteins.
Finally, residual CO2 generation from mitochondria and generation from bicarbonate
lower myocyte pH and further impairs contractility. The effects of increased cytosolic
calcium in ischemia are unclear, but decreased muscle function is observed. Proposed
mechanisms include mitochondrial damage, activation of phospholipases, increased
depolarization, and ischemic contracture (14).

The above mechanisms cause either contractile (systolic) failure of the myocardium
or (diastolic) ischemic contracture and demise of the heart. The majority of clinical
situations likely result in initial systolic failure as ischemia begins a continuum of elec-
trical and contractile failure (see below). The low and rapidly decreasing availability of
oxygen results in increasing levels of toxic metabolites and an acidic myocyte environ-
ment leading to systolic contractile failure. During this brief window of time, these
changes are reversible depending on the ability to correct a precipitating cause and the
amount of myocardium available to meet coronary flow and systemic recovery require-
ments. In anoxic arrest and following severe and prolonged ischemia, total ATP falls to
very low levels. This results in higher intracellular calcium levels as membrane pumps
lack energy to reestablish ionic concentration gradients. Also, insufficient ATP is present
to resupply the contractile proteins resulting in a state of rigor and ischemic contracture.
Pioneer cardiac surgeons feared this postoperative infrequent but catastrophic cardiac
condition and coined the term “stone heart” recognizing the irreversibility and demise of
the patient (Fig. 1).

PEA most likely represents a continuum initially presenting with organized rhythm
that deteriorates to true PEA. In the intermediate stage, no clinical pulse is detected but
patients may have ineffective low amplitude waveforms (low cardiac output) detectable
in the central aorta. This finding has been referred to as pseudo-PEA. Finally, as the
electrical cells fail and QRS widens, true PEA/EMD occurs as the myocardium is mechani-
cally incapable of responding to any action potential delivered. This sequence of events
accounts for the poor prognosis observed when a wide complex rhythm is associated with
unwitnessed arrest or long arrest times. An attempt to resuscitate these functionally
impaired hearts is unsuccessful, or only transiently so, as the amount of stunned myocar-
dium is excessive or the stone heart has arrived (15).

TREATMENT
Identification of Underlying Cause

A patient’s small chance for survival lies in the rapid identification of a correctable
cause, obvious within minutes of presentation, amenable to a specific rapid intervention.
No resuscitation methodology, including early cardiopulmonary resuscitation (CPR),
has been shown to be effective. Unfortunately, discernible causes amenable to favorable
clinical intervention are present in a small minority of patients. The Guidelines 2000 for
Cardiopulmonary Resuscitation and Emergency Cardiovascular Care recognize this fact,
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Fig. 1. Contractile failure occurring in the setting of ischemia. A decrease in oxygen supply results
in a rise in intracellular calcium. When adenosine triphosphate (ATP) stores remain high or the
high calcium is opposed by inorganic phosphate and cellular acidosis, systolic contractile failure
occurs with a flaccid, poorly contracting heart. This situation is observed most often in clinical
pulseless electrical activity (PEA) or pseudo-PEA. If there is prolonged ischemia or when glyco-
lysis is impaired and ATP levels are low, diastolic tension increases and an ischemic contracture
occurs that is irreversible. (Modified from ref. 15a.)

but have organized the most common causes for PEA and listed the five “Hs” and the five
“Ts” for rapid recall and review (16). These conditions include hypovolemia, hypoxia,
severe acidosis (hydrogen ion), severe electrolyte abnormalities (hypo/hyperkalemia),
and hypothermia. Other causes include cardiac tamponade, tension pneumothorax, toxi-
cological emergencies, pulmonary embolism (PE), and acute coronary syndromes.

THE FIVE Hs and THE FIVE Ts of PEA
• Hypovolemia • Tablets (drug OD)
• Hypoxia (oxygen, ventilation) • Tamponade, Cardiac
• Hydrogen Ion (buffer, ventilation) • Tension Pneumothorax
• Hyper/Hypokalemia • Thrombosis, Cardiac
• Hypothermia • Thrombosis, Pulmonary

Using the available history, clinical presentation, and electrocardiogram if available,
a possible etiology may be identified. The clinical differential and initial treatment often
occur concurrently due to the brief window of treatment opportunity. Success or failure
of the resuscitation is determined by the opportunity and ability to identify and correct
the underlying cause of PEA. In this regard also, survival is often linked to the prognosis
of the inciting pathological condition.
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Special mention should be made of PEA occurring after electrical defibrillation.
PEA can be seen after defibrillation and may be a recovery rhythm in a small percentage
of patients. Suggesting survival is PEA with a narrow QRS complex, short resuscitation
times, and a relatively rapid return to a supraventricular mechanism with detectable
pulses. A wide complex, long resuscitation times, transient recovery of a supraventricu-
lar mechanism and subsequent deterioration suggest a poor prognosis. Likely, in the
later, global ischemia with myocardial stunning, accumulation of free radicals and ATP
depletion preclude effective institution of a recovery hemodynamic situation leading to
sustained coronary perfusion and some degree of myocardial function. Recently, this
phenomenon has been studied in patients with automatic implantable cardiac
defibrillators (AICDs). Approximately 30% of patients with AICDs still suffer from
sudden death. The most common mechanism of death in these patients is postshock
EMD after an appropriate shock for ventricular fibrillation and ventricular tachycardia.
The largest subgroup of patients was younger with poor New York Heart Association
functional classification (III–IV), lower ejection fraction, and higher energy defibril-
lation requirements. The authors have referred to this phenomenon as cardiac annihi-
lation (17).

Advanced Cardiac Life Support Treatment Algorithm:
Epinephrine and Atropine

The advanced cardiac life support treatment algorithm shares similarities with asys-
tole, another highly fatal rhythm and calls for CPR and epinephrine, as well as atropine
for slower rates. Calcium was recommended in earlier resuscitation strategies. As
discussed above, the calcium interaction with troponin C is crucial to effective contrac-
tion. In normal states, only one-half of the contractile sites are occupied by calcium. A
reasonable strategy assumed that supplemental calcium administered intravenously
would increase intracellular calcium available to interact with contractile proteins or
increase available calcium in the sarcoplasmic reticulum.

Another potential treatment involved the use of epinephrine as a cytosolic catechola-
mine stimulant. Myocardial generation of force (dP/dt, or the developed pressure over
a period of time) increases with catecholamine -adrenergic stimulation. Cytosolic-
free calcium is both released and lowered more quickly in the presence of catechola-
mines. Theoretically, the increased calcium released by epinephrine would be available
to bind with troponin C and increase effective cardiac force generation.

Unfortunately, both experimental trials and clinical data found these interventions
to be ineffective. The reasons are likely multifactorial but may be related to the obser-
vation that calcium desensitization occurs in the presence of ischemia owing to the
accumulation of inorganic phosphate and acidification of the cytosol.

Fig. 2. (opposite page) The International Guidelines Treatment Algorithm for Pulseless Electrical
Activity. The algorithm was modified to emphasize the need to immediately consider and search
for a correctable cause in this usually fatal clinical situation. The five “Hs” and five “Ts” should
be recalled in the context of available clinical history and scenario, searching for an underlying
abnormality amenable to targeted intervention.
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SUMMARY

Standard CPR, epinephrine, calcium, buffer therapy, atropine, and cardiac pacing
have not been shown to improve survival in PEA. As such, these therapies addressing
electrocardiographic and clinical patterns are only temporizing measures while conduct-
ing a rapid search and identifying a specific treatment for a correctable precipitating
disorder. Sometimes, the presenting clinical scenario will suggest a cause leading to a
targeted intervention. More often, the diagnosis is arrived at postmortem and an interven-
tion would have produced little chance of success even had the diagnosis been identified
at the bedside, e.g., saddle PE, left ventricular rupture and tamponade following myocar-
dial ischemia, aortic dissection with hemopericardium, hypovolemia, and blunt trauma.
Caregivers need to recognize the futility of a prolonged resuscitation and prepare the
family for compassionate counseling.
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INTRODUCTION

The concept of “external cardiac massage,” first introduced in the early 1960s by
Kouwenhoven, Jude, and Knickerbocker (1), includes chest compressions at a rate of 60
to 100 per minute in conjunction with mouth-to-mouth rescue breathing (2). Refinements
of standard cardiopulmonary resuscitation (CPR) since its introduction in the 1960s have
included increasing the rate of chest compression from 60 per minute to 100 per minute,
which research makes little difference in blood flow (3), and recently decreasing the tidal
volume of the positive pressure ventilations under certain circumstances (2,4). Elimina-
tion of the carotid artery pulse check in the year 2000 guidelines has abolished an unnec-
essary delay in starting chest compressions by lay rescuers. Yet for many of us, chest
compression remains the centerpiece of resuscitation from full cardiopulmonary arrest,
and there has been precious little investigation of how to do it properly.

Today, the optimization of chest compressions in CPR remains a grossly neglected
area of research and practical training. The definition of proper chest compression tech-
nique is open to question, regarding such basic aspects as depth, rate, and the ventilation
to compression ratio. Only one systematic study of compression depth has been pub-
lished (5). The importance of a particular compression rate is generally over emphasized,
and overrated, despite research evidence showing that rates in the range of 60 per minute
to 100 per minute are about equally effective. Several thoughtful investigators have
suggested and demonstrated in practice that chest compression only CPR—without
any ventilations—can be equally effective or more effective than standard CPR (6–12).
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Even if one accepts that current guidelines describe correct chest compression tech-
nique, several studies have shown that chest compressions are improperly performed by
most lay rescuers and many health care workers as well (13–15).

The time has come for serious efforts to optimize guidelines for chest compression and
to implement those guidelines effectively in the field. This chapter reviews the mecha-
nisms by which chest compressions generate blood flow in CPR, the scientific basis for
effective techniques of chest compression, the issue of unnecessary interruptions of chest
compressions, and the optimal ventilation to compression ratio in CPR.

PHYSIOLOGY OF CHEST COMPRESSION IN CPR

Chest compressions can move blood during cardiac arrest (CA) and CPR by two
different mechanisms. These are known as the cardiac pump and the thoracic pump. The
cardiac pump mechanism was the first to be recognized by the original discoverers of
closed-chest CPR (1). This pump mechanism is operative to the extent that external chest
compression squeezes the cardiac ventricles between the sternum and the spine. As a
result, forward blood flow occurs through the aortic and pulmonic valves without mitral
or tricuspid incompetence. In particular, when the cardiac pump mechanism is operative
in CPR, the aortic valve is open and the mitral valve is closed during chest compression
(16). The cardiac pump mechanism is also operative during open-chest cardiac massage.

The thoracic pump mechanism was discovered in the 1980s as a result of Criley’s
clinical observation of cough CPR (17,18) and extensive laboratory studies at Johns
Hopkins University, led by Myron Weisfeldt and coworkers (19,20). This pump is
operative to the extent that chest compression causes a global rise in intrathoracic pres-
sure sufficient to force blood from the pulmonary vasculature, through the heart, and into
the periphery. When the thoracic pump mechanism is operative both the mitral valve and
the aortic valve are open simultaneously during chest compression (21–23). In this situ-
ation, the left heart acts as a conduit, and the collective pulmonary vasculature constitutes
the main pumping chamber that fills and empties.

A hybrid pump mechanism can also occur in which the global intrathoracic pressure
within the pulmonary capillaries, venae cavae, and aorta is intermediate between the
values that would appear during thoracic pump CPR and those that would appear during
cardiac pump or open chest CPR. Indeed current dogma suggests that such a combined
pump mechanism is operative in most persons. In adults, the hybrid pump is predomi-
nantly thoracic and in children the hybrid pump is predominantly cardiac (24).

The reasons why these pumps work are not rocket science. They can be demonstrated
in relatively simple mathematical models that represent the essential features of the
human cardiovascular system (25–30). Understanding of the relevant physiology has
led to inventiveness. Over the past 20 years a variety of ways of enhancing pump
function have been explored and are discussed elsewhere in this volume. High impulse
CPR, for example (31–33), aims to enhance the action of the cardiac pump mechanism.
Vest CPR (34,35) aims to enhance the action of the thoracic pump mechanism through
the action of a pneumatic vest that is rapidly inflated and deflated at a rate of 60 to 150
times per minute. Active compression–decompression CPR (36,37) aims to improve
filling of the either the cardiac pump or the thoracic pump by creating negative pressure
in the thorax during decompression. Interposed abdominal compression CPR (38–42)
aims to improve priming of either chest pump through active abdominal counterpulsa-
tion. These methods have been called “CPR adjuncts,” because they usually require the
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deployment of an extra rescuer or device, with the hope of improving perfusion during
CPR. The focus of the present chapter, however, is on ordinary, conventional chest
compression, which is often done poorly at best.

One easy way to demonstrate and study the physiology of blood flow during chest
compression is through a mathematical model of the circulation that includes both car-
diac and thoracic pumps (30). In such a model, only a small number of assumptions is
required to obtain realistic results (30). These are limited to (a) the existence of compliant
vessels and resistive vascular beds; (b) the definition of compliance ( V/ P); (c) normal
anatomy, that is the arrangement of connected vessels and cardiac chambers; and (d) a
linear relation between flow and pressure (i.e., “Ohm’s Law” flow = pressure/resistance).
Although much more complex models of the circulation can be created, only these basic
assumptions are needed to demonstrate the mechanisms of blood flow during CPR.
Circulatory systems that have these properties will behave similarly, including those of
large and small people and experimental animals. The exact values of vascular compli-
ances and resistances, as well as other technical details of a working model, which can
be implemented in a Microsoft Excel spreadsheet, are fully described elsewhere (30).

As a point of reference and calibration, Fig. 1 illustrates pressures in a simplified
cardiovascular system for a nonarrested circulation of a hypothetical 70 kg man. Here a
cardiac pump generates left ventricular pressures (Ppump) of 122/2 mmHg at a heart rate
of 80 per minute. Systemic arterial blood pressure is 119/82, mean arterial pressure is 95
mmHg, and cardiac output is 5.0 L per minute. These are classical textbook values for the
normal human circulatory system (30). Note the essentially normal arterial pulse wave-
forms and low systemic venous pressures. The data point representing the exact mini-
mum, diastolic pressure at 82 mmHg is not plotted on the chart.

Fig. 1. Pressures in a mathematical model of the normal adult human circulation with the cardiac
ventricles beating. The heart rate is 80 per minute. Pressures are plotted as a function of cycle time
in the thoracic aorta, Pao; the right atrium, Prh; the intrathoracic pump, Ppump, here the left ventricle.
Mean coronary perfusion pressure (CPP) is calculated as Pao minus Prh. CPP is 95 mmHg. Forward
flow is 5.0 L per minute.
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Cardiac Pump CPR

Figure 2 illustrates the action of a pure cardiac pump CPR in the same circulatory
model during CA. Steady-state conditions are shown after stable pressures have been
achieved by 20 prior compressions. In this simulation only the right and left ventricles
of the heart are compressed at a rate of 80 per minute with a half sinusoidal waveform
having a peak pressure of 60 mmHg, a typical value reported in the literature of standard
CPR (28). There is no intrinsic myocardial contractility in this system, and there is no
pump priming effect of atrial contractions (which in some circumstances could exist for
a few minutes in witnessed arrests). The cardiac pump produces reasonable aortic pres-
sures and very small venous pulsations. These are pressures that the CPR pioneers of the
1960s had in mind when they conceived of “external cardiac massage.” Note especially
the low right-sided central venous pressures. There is substantial coronary perfusion
pressure (aortic to right atrial gradient) throughout the compression cycle. Forward flow
is 2.5 L per min, and systemic perfusion pressure is 47 mmHg. This state of affairs
represents idealized classical external CPR in which “the heart is squeezed between the
sternum and the spine” as reported in 1965 by DelGuercio (43). It is also a reasonable
representation of open chest CPR with manual cardiac compression (44–47), which
obviously works by a pure “cardiac pump” mechanism. A similar state of affairs can
occur in children (and young pigs [48,49]), who have small compliant chest walls.

Figures 1 and 2 were generated using positive applied extravascular pressures during
the compression phase and extravascular pressure during the relaxation phase. A rela-
tively recent concept in the physiology of CPR is the use of active decompression, rather
than simple relaxation, between chest compressions. Decompression can be accom-
plished by the use of “plunger-like” devices (discovered accidentally using a real toilet
plunger! [36,50]) or by sticky adhesive pads that make contact with the skin of the
anterior chest or abdomen such as those incorporated into the Lifestick device (51). This

Fig. 2. Pressures in a mathematical model of the normal adult human circulation during CA and
CPR with a pure cardiac pump mechanism. The compression rate is 80 per minute. Intrathoracic
pressure acting on the cardiac ventricles ranges from 0 to +60 mmHg with a half sinusoidal
waveform. Other pressures are defined as in Fig. 1. Forward flow is 2.5 L per minute, and CPP is
47 mmHg.
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Fig. 3. Sketch of active compression–decompression cardiopulmonary resuscitation using a
plunger-like device. Active decompression at a minimum ensures full chest wall recoil and pro-
motes blood return to the chest.

approach is known as active compression–decompression CPR (ACD-CPR; Fig. 3).
Today, active decompression of the chest during CPR can be accomplished using a
specially designed plunger applied to the human sternum (47,52–54), which is sold
commercially in Europe as the Ambu Cardiopump®.

Figure 4 illustrates the steady-state effect of active decompression of the chest to nega-
tive 20 mmHg, the maximum reported in the literature (52,55,56). This particular simula-
tion is for cardiac pump CPR. Combining both positive and negative chest pressures has a
salubrious effect on hemodynamics. Cardiac filling is enhanced during the negative pres-
sure phase, so that greater stroke output can be achieved on the next positive pressure phase.

Fig. 4. Pressures in a mathematical model of an adult human during cardiac arrest and active
compression–decompression cardiopulmonary resuscitation with a pure cardiac pump mecha-
nism. The compression rate is 80 per minute. Intrathoracic pressure acting on the cardiac ventricles
ranges from 0 to +60 mmHg with a half sinusoidal waveform. Maximal decompression pressure
is –20 mmHg. Other pressures are defined as in Fig. 1. Forward flow is 3.2 L per minute and
coronary perfusion pressure is 61 mmHg.
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Fig. 5. Pressures in a mathematical model of the normal adult human circulation during cardiac
arrest and cardiopulmonary resuscitation with a pure thoracic pump mechanism. The compression
rate is 80 per minute. Global intrathoracic pressure acting on the cardiac ventricles, right heart,
venae cavae, and thoracic aorta ranges from 0 to +60 mmHg with a half sinusoidal waveform.
Other pressures are defined as in Fig. 1. Forward flow is 0.93 L per minute; CPP is 18 mmHg.

Note in Fig. 4 the particular times near 0.55 seconds in the cycle when pump pressure is
substantially less than right heart pressure. At this stage enhanced pump filling occurs. The
result of enhanced pump filling is greater forward flow and greater perfusion pressures—
3.2 vs 2.5 L per minute and 61 vs 47 mmHg.

An effect similar to active decompression may be obtained with conventional CPR,
properly performed with no leaning on the chest. Especially in a younger individual there
is natural recoil of the ribs after compression (in the absence of chest wall breakdown or
broken ribs). This recoil helps to create transient negative pressure in the chest that pro-
motes pump filling. Poorly performed external CPR with leaning on the chest inhibits this
normal passive decompression. One can also regard Fig. 4 as a model of ordinary chest
compression in a young adult, performed by a rescuer who allows full chest recoil between
down strokes. Only when filling is unimpeded can chest compression be effective. Oth-
erwise, compression of pumping chambers that are already empty produces little flow.

Thoracic Pump CPR
When it works, the cardiac pump mechanism is the most effective and natural of the

three pumps in CPR (cardiac, thoracic, and abdominal [27]). Its operation in external
CPR, however, depends on good mechanical coupling between the sternum and the heart.
In most adults the coupling of chest compression to the heart is indirect, and a thoracic
pump mechanism tends to predominate (23,24,34).

Thoracic pump CPR has a quite different set of pressure profiles. Figure 5 illustrates
the action of a pure thoracic pump. In this simulation all intrathoracic blood containing
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chambers are pressurized equally at a rate of 80 per minute with a peak pressure of 60
mmHg, as before. This state of affairs happens in broad chested older individuals. It also
happens during vest CPR, in which a pneumatic vest encircles the chest to produce pulses
of compression from all sides simultaneously.

In thoracic pump CPR forward flow occurs even though the heart is not being squeezed
between the sternum and the spine. Coronary blood flow and systemic blood flow occur
when aortic pressure is greater than systemic venous or right heart pressure. As shown
in Fig. 5, positive coronary and systemic perfusion pressures occur mostly during “dias-
tole,” between compressions, rather than during “systole” (i.e., during compressions).
Phase differences in central arterial and venous pressure waveforms may allow limited
systolic perfusion as well. Because of the tendency toward equalization of aortic and
venous pressures during systole, forward flow with the thoracic pump mechanism tends
to be less than with the cardiac pump mechanism, other factors being equal. In the
thoracic pump model of Fig. 5 forward flow is only 0.94 L per minute and systemic
perfusion pressure is 18 mmHg.

If an active decompression phase is added (Fig. 6), perfusion pressures are somewhat
increased, but to a lesser extent than with cardiac pump CPR. Now forward flow is 1.14 L
per minute and systemic perfusion pressure is 22 mmHg. Herein lies the challenge of
performing external chest compressions in adults. One must generate not only pressure
pulses, but also forward flow of blood. The chances of doing this are improved by using
a thoughtful technique based on research findings from the animal laboratory and the
clinic.

Fig. 6. Active decompression with thoracic pump cardiopulmonary resuscitation. The compression
rate is 80/min. Intrathoracic pressure acting on the cardiac ventricles ranges from 0 to +60 mmHg
with a half sinusoidal waveform. Other pressures are defined as in Fig. 1. Maximal chest compres-
sion pressure is +60 mmHg. Maximal decompression pressure is –20 mmHg. Here forward flow
is 1.1 L per minute and CPP is 22 mmHg.
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Fig. 7. Relative forward flow in cardiopulmonary resuscitation (CPR) as a function of compres-
sion depth, as reported in the animal studies of Fitzgerald et al. (3). As compression depth during
Thumper® CPR increased, flow increased in each animal. However, no flow was obtained at
compression depths less than 2 cm. The solid line is a least squares linear regression to data from
eight anesthetized dogs.

TECHNIQUE OF CHEST COMPRESSION IN CPR

Amplitude or Depth of Compression
Current guidelines for CPR state that chest compressions be performed “to a depth of

1.5 to 2 inches”—approx 4 to 5 cm. This recommendation is based on the experience of
early pioneers of CPR. There are no clinical data in humans that describe what happens
to blood flow when chest compressions are between 0 and 1.5 inches (how bad is too
little), when chest compressions are between 1.5 and 2 inches (how stable is the target
region), or when chest compressions are greater than 2 inches (how much more can be
squeezed out of the system and at what cost in complications). The vigor of manual chest
compression may vary widely among rescuers and may progressively diminish as a given
rescuer tires. The effects of these variations are unknown, but would be inconsequential
only if the function relating blood flow to chest compression depth showed a broad
plateau in the neighborhood of 1 to 2 inches.

In the only existing study of the relationship of blood pressure and flow during CPR
to chest compression amplitude, small (6–12 kg) anesthetized dogs were resuscitated
during 2-minute periods of electrically induced ventricular fibrillation (VF) and
Thumper® CPR (3). Cardiac output was measured using a special indicator dilution method
designed for accuracy during the low-flow conditions of CPR. The results (Fig. 7) showed
anything but a plateau. Chest compressions exceeding a threshold value (x0) between 1.5
and 3.0 cm were required in each animal to produce measurable cardiac output. Cardiac
output increased as a linear function of compression depth beyond the compression
threshold. That is CO = a(x – x0) if x > x0 for chest displacement, x, and constant, a.
However, if x < x0 CO = 0.

The mean value of x0 was 2.3 cm, a value very close to 1 inch (2.54 cm). A similar
threshold of 1.8 cm was found for measurable blood pressure in response to chest com-
pression. For chest compression depths greater than 2.5 cm relatively modest increases
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in chest compression caused relatively large increases in cardiac output (Fig. 7). These
observations are supported by clinical experience, as well (57). Experienced rescuers
have learned that in some persons 1 to 2 inches of sternal compression may be inadequate
and a slightly greater degree of chest compression may be needed to generate an adequate
carotid or femoral pulse. Authorities suggest in the guidelines for basic life support that
optimal sternal compression is best gauged by using the compression force that generates
a palpable carotid or femoral pulse. Yet we know from physiology and from tracings such
as Fig. 5 that pressure pulses do not guarantee blood flow if the venous and arterial pulses
are the same.

Current guidelines for compressions to a depth of 1.5 to 2 inches or 4 to 5 cm are
supported by limited research data. However, the guidelines and associated teaching
materials do not emphasize the depth of compression as a critical variable. Rather, they
seem to imply that any degree of chest compression within the prescribed range of 1.5 to
2 inches is satisfactory. Such an interpretation would be rational if the true function
relating cardiac output and compression depth were as shown in Fig. 8, curve A. This
hypothetical function rises to a plateau, such that any degree of compression in the plateau
region would be close to maximally effective.

Research data (Fig. 7) however, argue strongly that the actual functional relationship
is more like that of line B in Fig. 8. In this situation flow is quite sensitive to small changes
in sternal displacement, and for some displacements below a critical threshold value,
cardiac output is virtually nil.

Under field conditions in which the force and depth of chest compression may vary,
it is unlikely that a given victim receives optimal CPR for the duration of the resuscitation
effort. Chest compression may drift below the effective compression threshold as rescuer
fatigue sets in. The steepness of the slope of the actual flow vs compression depth line,

Fig. 8. Conceptual models of forward flow in cardiopulmonary resuscitation as a function of
compression depth. A = plateau function implied in the guidelines. B = actual function from
laboratory studies, including the effective compression threshold at 2 cm.
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cries out for a more effective monitor of chest compression during CPR—either a monitor
of compression depth itself, or better still, a monitor of blood flow or organ perfusion, so
that professional rescuers could use biofeedback to maintain effective chest compression
throughout the duration of a resuscitation effort.

Of course, there is potential harm form more forceful chest compressions that must be
balanced against the hemodynamic benefit. In a previous study Redding and Cozine (44)
found that during closed chest massage in dogs, mediastinal hemorrhage, fractured ribs,
and lacerations of the liver were frequently encountered when maximal force was applied
to the chest sufficient to produce the greatest possible blood pressure. However, Redding
and Cozine quickly developed a moderately forceful technique that generally avoided
these complications.

Current CPR has been likened to “flying a 747 aircraft without instruments.” The
existence of an effective chest compression threshold is a powerful reason for more effec-
tive monitoring of circulation during CPR on a routine basis. One simple expedient, in lieu
of future high tech monitors is placement of a long soft rubber tube, filled with water, in
the esophagus for pressure monitoring. This system can be completely safe if a cuffed
endotracheal tube is in place. When pressure pulses generated in the esophageal tube are
50 mmHg or greater, nearly maximal cardiac output is obtained in laboratory experiments
(5). Greater forces are ineffective in generating greater flow; hence the 50-mmHg esoph-
ageal pressure rule provides a convenient yardstick for optimal chest compression. Unfor-
tunately, this simple and low cost approach has yet to be implemented clinically.

A new and interesting twist on monitoring of chest compressions is a device incorpo-
rated into the chest compression pad of the Zoll AED-Plus automatic external defibril-
lator. The sternal chest compression pad, located between stick-on defibrillating
electrodes includes a miniature accelerometer. The signal from this electronic device is
doubly integrated to produce a measure of compression depth that is monitored by the
device. Auditory feedback can be provided to the rescuer if chest compression depth, so
monitored, falls outside the recommended range. Technical aids such as this one may
improve the quality of external chest compressions in the future. Although not a physi-
ologic end point, compression depth, accurately displayed to the rescuer on a push-by-
push basis would at least improve consistency and control over an important independent
variable in the physiologic equation of CPR.

Compression Rate

Kevin Fitzgerand et al. conducted an extensive laboratory study in anesthetized dogs
of compression rate using a specially designed, computer-controlled Thumper® (a piston
for chest compression driven by compressed gas). Fitzgerald et al. measured cardiac
output during electrically induced VF and CPR as the major dependent variable, using
a technique adapted to low-flow conditions. Chest compression rates ranging from 60 to
120 per minute were equally effective in this model. A mathematical curve fit to the data
yielded a function beginning appropriately with 0 flow at 0 compression rate and rising
to a plateau between 60 and 120 compressions per minute. In the plateau region there was
about a plus or minus 20% variation in flow, with little evidence suggesting that one
compression rate was better than another (Fig. 9).

This empirical result has also been demonstrated in analog computer models of the
circulation (27). In the plateau region stroke volume of the chest pump diminishes with
increasing chest compression rate, much as that of the natural heart. The reason is prob-
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ably the same—reduced pump filling with shorter cycle times. When it comes to com-
pression rate, unlike compression amplitude, the functional curve really does have a
plateau. Hence one could say that current teaching of basic life support has it backwards
regarding which variable is critical. We should not be stressing that trainees achieve a
particular target rate in doing chest compressions, although any compression depth in the
range of 1.5 to 2 inches is acceptable. We should be stressing that compression depth is
the critical variable, and any rate between 60 and 100 per minute is acceptable.

DUTY CYCLE OR COMPRESSION DURATION

It was my mentor, Dr. Leslie Geddes, an award winning biomedical engineer, who
introduced the term “duty cycle” into the literature of CPR. Duty cycle is defined as the
ratio of compression duration to total cycle time. For example, the recommended duty
cycle for standard CPR is 50%—half compression, half relaxation. In the animal labo-
ratory Fitzgerald et al. also studied the effects of changes in duty cycle at a variety of
compression rates with the programmable Thumper®. For anesthetized dogs in electri-
cally induced VF Fitzgerald et al. found inverted U-shaped functions at all rates (Fig. 10).
Peak flow occurred between 30 and 50 and duty cycle—that is 30 to 50 and compression
duration. Other investigators using other models have confirmed these results. For
example, Babbs and Thelander (58), using a mathematical computer model of the
human circulation, found that total pulmonary artery flow and coronary artery flow
peaked at 30 to 40% duty cycle for standard CPR. Interestingly, cranial flow to the brain,
unlike that to other organs, peaked at near 60% duty cycle, in keeping with the observa-
tion of Taylor, Weisfeldt, and coworkers (59), who measured ultrasonic doppler flow
velocity index in carotid arteries of anesthetized dogs and in carotid arteries of humans
during CPR.

Fig. 9. Relative cardiac output as a function of compression rate after Fitzgerald et al. Range of
relative flows based on 20 to 30 determinations in 10 animals is plotted in terms of the ± 1 SD
values, where SD denotes 1 standard deviation from the mean. 1.0 on the ordinate represents
42 mL per minute per kg body weight. In the range of 60 to 120 compressions per minute there
is little effect of compression rate.
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Taylor’s study proved to be historically influential in standards writing. In response
to the evidence that increased duty cycle created better brain flow, standards writers
decided to increase the recommended rate of compression, because practical rescuers
tended to compress the chest with a fixed duration of about one-third of a second. Increas-
ing rate, assuming the compression duration is constant, automatically increases the duty
cycle without requiring learns to alter two different aspects of their technique. Unfortu-
nately this change, together with subsequent rate increases in the year 2000 guidelines,
failed to account for the effect of faster compression rates on total cardiac output when
compression-to-ventilation ratios are kept the same. This interesting and controversial
subject is discussed fully in the final section of this chapter.

HAND POSITION ON THE CHEST

Proper hand placement for chest compression has been established through clinical
experience rather than through systematic research. The compression point has become
accepted as the middle of the lower half of the sternum. In studies of cardiac angiography
during CPR (60) this location appeared to be most effective. However, if compression is
centered too high, that is too far cranial, in the upper half of the sternum, the aortic and
pulmonary artery roots are squeezed and kinked at the base of the heart, actually obstruct-
ing outflow. In this situation forward flow is close to 0. If compression is centered too low,
the xiphoid process may be driven into the left lobe of the liver, resulting in liver lacera-
tion. If the compression point is shifted laterally the costochondral junctions may be
subluxed or ribs may be broken.*

Fig. 10. Average values of relative cardiac output as a function of duty cycle of compression at
60 per minute and 120 per minute compression rate. Data are from Fitzgerald et al. Here each
animal served as its own control. The effects of duty cycle are independent of rate in the range of
60 to 120 compressions per minute.

*I have become aware of anecdotal reports of more effective CPR when the compression point
is shifted left of midline to a position “over the left ventricle.” The method is said to produce a
“facial flush,” indicative of dramatically improved blood flow, and to have achieved a handful
of dramatic rescues. However, reports of the technique, known as the Williams’ maneuver after
its inventor, have not yet appeared in the peer-reviewed literature.
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Typically, the long axis of the heel of the rescuer’s hand is placed on the long axis of the
lower half of the sternum. This alignment helps to keep the main force of compression on
the sternum and to decrease the chance of rib fracture. The fingers may be either extended
or interlaced but should be kept off the chest, again to reduce chances of rib fracture. An
acceptable alternative hand position is to grasp the wrist of the hand on the chest with the
opposite hand. This technique is helpful for rescuers with arthritic hands and wrists (57).

It is important not to lift the hands from the chest or change position frequently,
otherwise correct hand position may be lost. However, it is also important not to lean on
the chest, maintaining forceful contact during the release phase, because this action limits
venous return to the pump. Bouncing compressions, jerky movements, improper hand
position, and leaning on the chest can decrease the effectiveness of resuscitation and are
more likely to cause injuries. To ease fatigue of the triceps muscles, the elbows should
be locked into position, with arms straightened, and shoulders positioned as directly over
the hands as possible, so that the thrust for each chest compression is straight down on
the sternum. If the thrust is not vertical, the torso has a tendency to roll; part of the
downward force is displaced, and the chest compression may be less effective.

BIOMECHANICS OF RESCUER ACTION

After all this positioning, which mercifully takes much longer to read than to perform
in actual practice, it is now time to begin chest compressions. Classically (57) rescuers
have been taught to lean forward with the shoulders until they are directly over the
outstretched hands. That is to lean forward until the body reaches “natural imbalance”—
a point at which there would be a sensation of falling forward if the hands and arms were
not providing support. With this technique the weight of the trunk creates the necessary
force to depress the sternum; arm strength is not required.

The approach just described works well for the down stroke. However, an up stroke
or recovery phase is also important and is needed to complete the full cycle. Unfortu-
nately, a fatigue-generating problem can easily occur during the recovery phase of res-
cuer action. The problem is that when one leans forward from the waist, the obvious
recovery stroke is to lift up the torso from the waist using the back muscles (erector spinae
complex), which in humans are relatively weak and prone to fatigue, as well as prone to
painful spasm at the most unfortunate of times.

A LEARNING ACTIVITY, PART 1
To understand the importance of this point deeply, try standing up and bending for-

ward enough to touch your knees with your hands and then lifting your shoulders back
to a standing position at the recommended rate of 100 times in 60 seconds. Do not be shy.
Try this right now; it is part of the book chapter. Notice that you had difficulty doing all
100 bends in the time allowed. Notice the feeling of fatigue, if not pain in your back
muscles. Notice your feeling of anger at my making you do this. Indeed people who use
this approach on a chest or manikin find it so difficult that they soon tend to allow the chest
recoil push their own torso weight upward to save energy. That is they “lean on the chest”
to compensate for the imbalance. Unfortunately for the patient this action results in
greater “diastolic” (recovery phase) force on the chest than is needed. This extra force
impedes chest pump filling and reduces the effectiveness of CPR. Some of the effective-
ness of active compression-decompression-CPR may simply be a result of its allowing
natural chest recoil to occur, rather than allowing the individual’s chest recoil to “rescue
the rescuer” from fatigue!



168 Cardiopulmonary Resuscitation

A LEARNING ACTIVITY, PART 2
Now try the following experiment, which is much more pleasant than the first one.

Although standing, bend your knees slightly to lower your hips and torso as a unit through
a distance of 5 cm toward the floor and return to a standing posture. Repeat this cycle 100
times in 60 seconds. Keep your back straight, head up, and shoulders back. Look forward
and just bounce up and down 5 cm each time. You probably noticed how much easier this
exercise is than bending over. It is certainly no more tiring than jogging or running in
place or dancing. It is also much easier to do at a faster rate approaching 100 per minute.
There is even some energy return from the legs during upward motion, because of natural
recoil of tendons and muscles of the legs. Here the muscles that are doing the work are
the quadriceps femoris muscles of the anterior thighs—the largest and most powerful
muscles in the human body. This is a better way to do CPR.

Now consider the following biomechanically efficient approach to chest compression.
This technique produces reduced back fatigue for the rescuer and greater effectiveness
for the individual. The rescuer either kneels beside the thorax of the individual—as close
as possible—or works astride the individual on his or her knees. If the patient is raised
on a table, a stool may be needed by the rescuer to provide the necessary elevation. The
arms should be straight and as vertical as possible, and the elbows should be locked, as
before. In this position the rescuer can work effectively by raising and lowering the hips
(not the shoulders) against gravity, using the anterior thigh muscles, NOT the back.

As the rescuer’s hips are lowered in the kneeling position with the back straight and
firm, the weight of the rescuer’s body can be used to apply compression. As the rescuer’s
hips are raised the quadriceps muscles of the anterior thigh can work to complete the
cycle, although the rescuer’s arms remain straight. As a final exercise the reader is
encouraged to try this motion in the kneeling position while palpating the quadriceps and
hamstring muscles. Note that when the hips are raised when kneeling, the leg is extended
at the knee joint by the quadriceps and the thigh is extended at the hip joint by the
hamstrings. Posterior compartment (hamstring) muscles are active as well in the kneel-
ing position. Reliance on the strong anterior and posterior thigh muscles minimizes
fatigue and keeps the exercise aerobic for either male or female rescuers. These same
muscles should be used as much as possible in the standing position as well. Upper body
strength is not required, once rescuers learn to use leg muscles and NOT back muscles.
Even with this more biomechanically efficient technique, adequate personnel need to be
available, whenever possible, so that frequent changes can occur every 3–5 minutes to
avoid fatigue. As fatigue sets in, rescuers tend to revert to former habitual methods of
chest compression, which are less effective.

A FINAL NOTE REGARDING THE RELEASE PHASE

The release phase of chest compression is just as important as compression itself.
Release chest compression pressure between each compression to allow blood to flow
into the chest and heart. The pressure must be released and the chest must be permitted
to return to its normal position after each and every compression. Chest recoil is consid-
ered by thoughtful students of CPR physiology to be critical in promoting venous return
to the chest pump and proper filling for the next cycle.

CPR Performed on a Soft Surface Such as a Mattress
Because the effectiveness of chest compression during standard CPR may be seriously

degraded on soft supporting surfaces such as hospital beds; it is standard practice to place
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a backboard under the patient to provide a more unyielding surface. According to guide-
lines for basic life support (4): “If the individual is in bed, a board, preferably the full
width of the bed, should be placed under the patient’s back to avoid the diminished
effectiveness of chest compression.” For those patients who are large or who are con-
nected to many monitoring and life support devices, the placement of a backboard can be
difficult and time consuming. Sometimes the patient is moved to the floor, requiring
interruption of CPR. Sometimes backboards are not immediately available, or there is a
delay in finding one. Under these circumstances rescuers must make do with a modified
technique.

One approach is to use a modified compression technique for soft surfaces developed
by Boe and Babbs, who conducted a systematic mechanical analysis of the effects of
substrate stiffness on chest compression in CPR (61). Their modified technique is
called the constant peak force technique. With this approach the rescuer concentrates
on the force applied, rather than the distance moved by the compressing hands. The
rescuer compresses the sternum using the same maximum force regardless of any
patient motion. This mode is similar to that applied by the Thumper® mechanical
resuscitator, and also by smaller adult rescuers who focus on using body weight to apply
chest compressions.

The constant peak force technique helps to compensate for underlying bed softness
vs chest stiffness. In Boe and Babbs’ analysis if the rescuer used a conventional constant
5 cm peak displacement, sternum-to-spine compression fell from 4.3 to 1.0 cm, as
underlying bed stiffness decreased from 50,000 to 5000 N per meter. At a typical bed
stiffness of 10,000 N per meter less than 35% of intended chest compression occurred.
At the same time peak power exerted by the rescuer fell to about half that for a hard
surface, because it is easier to compress a mattress than an adult human chest. However,
if a constant peak force of 400 N was applied, regardless of the observed displacement
of the chest and bed, greater than 85% of maximal chest compression was obtained at
a typical bed stiffness of 10,000 N per meter. The cost of the increased effectiveness was
that the power exerted by the rescuer was approximately double that required on a hard
surface. That is, the rescuer had to work harder because he or she was compressing both
the mattress and the patient.

The good news is if necessary, CPR can be performed effectively on a softer surface
using a constant peak force technique. Although a firm surface is most desirable, the
constant peak force technique is capable of maintaining a significant degree of chest
compression on all but the softest surfaces, albeit at the expense of greatly increased work
by the rescuer. This approach may be quite useful in coronary care unit settings, for
example, when arrests are brief, lines and cables are numerous, and electrical defibrilla-
tion is readily available.

INTERRUPTON OF CHEST COMPRESSIONS FOR VENTILATION

Current adult CPR by one or two rescuers is based on the traditional ABCs—airway,
breathing, circulation—with a 15:2 compression to ventilation ratio (2). That is, the
rescuer compresses the chest 15 times, pauses to give two mouth-to-mouth ventilations,
and then continues with chest compressions. The former convention of 5:1 compression
ventilation ratio for two-rescuer CPR has been dropped in the most recent guidelines
for the sake of simplification and coordination between North American and European
practice.
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The 15:2 ratio is essentially the same as the normal ratio of heart rate to breathing
in a quietly resting adult with a heart rate of 75 beats per minute and a respiratory rate
of 10 breaths per minute, namely 7.5:1 or 15:2. Recently, the issue of the most desirable
compression to ventilation ratio has been reopened because of the reluctance of many
rescuers, both lay and professional, to perform mouth-to-mouth rescue breathing, owing
to the fear of contracting serious communicable diseases such as AIDS (62–64). More-
over, the relatively long pauses in chest compression required for ventilation lead to
disturbingly long interruptions in chest compressions and associated blood flow. In turn,
the average systemic perfusion pressure over a complete compression/ventilation cycle
may be much lower than is generally appreciated.

Consider, for example, a set of 15 compressions at a compression rate of 100 per
minute (2), which requires 9 seconds to deliver. If a rescuer takes 5 seconds to admin-
ister two slow, deep rescue breaths of 700 to 1000 mL each, as specified in current
guidelines (2), then chest compressions are only being delivered 9/14ths of the time.
The 5-second pause for ventilation following every 15 chest compressions has been
shown in experimental models to reduce coronary perfusion pressure by 50% (10). This
loss of perfusion pressure must be rebuilt during each subsequent set of compressions,
and typically requires about 5 to 10 compressions before the previous level is achieved
(10). In some cases the 5-second pause for ventilation may reduce overall mean sys-
temic perfusion below the value of approx 25 mmHg required for effective resuscitation
(65–67).

In the real world, interruptions of chest compressions get worse. Recent videotape
analysis of lay rescuers in action shows that the interruption of chest compression for
rescue breathing consistently requires about 16 seconds to perform (68,69). The act of
delivering two slow, deep rescue breaths is not just blowing into the mouth of the indi-
vidual, but the physical task of stopping compressions, leaving the chest, moving to the
head, performing a head tilt–chin lift maneuver to open the airway, taking in a breath,
bending over, getting a good mouth to mouth seal, blowing in the breath, rising up, taking
in a second breath, bending over again, recreating a good seal, blowing in the second
breath, watching the chest rise, leaving the head and returning to the chest, finding the
proper hand position, and finally beginning to compress the chest again! This kinestheti-
cally complex set of tasks is much more difficult for the once trained, but unpracticed,
rescuer than is the rhythmic repetition of chest compression.

Hence in a practical, real-world setting, with a compression rate of 100 per minute (the
new value specified in the year 2000 international guidelines [2]), chest compressions
would be interrupted for ventilations a majority of the time (9 seconds for 15 compres-
sions, 16 seconds for 2 ventilations). In this case chest compressions would be delivered
during only 36% of the total resuscitation time.

The consequences of interruptions of chest compressions for ventilation in adults have
recently been studied by the author and Karl B. Kern using mathematical modeling (70).
We developed equations describing oxygen delivery and blood flow during CPR as
functions of the number of compressions and the number of ventilations delivered over
time from principles of classical physiology. These equations were solved explicitly in
terms of the compression/ventilation ratio and evaluated for a wide range of conditions
using Monte Carlo simulations.

We found that as the compression to ventilation ratio is increased from 0 to 50 (that
is from 0:2 to 100:2) oxygen delivery to peripheral tissues increases to a maximum value
and then gradually declines. For parameters typical of standard CPR as taught and speci-
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fied in international guidelines (that is, 5 seconds to deliver two rescue breaths) maximum
oxygen delivery occurs at compression/ventilation ratios near 30:2. For parameters typi-
cal of actual lay rescuer performance in the field (that is, 16 seconds to deliver two rescue
breaths) maximum oxygen delivery occurs at compression to ventilation ratios near 60:2.
The complete curves are shown in Fig. 11. If these theoretical results are true in the real
world, current guidelines overestimate the need for ventilation during standard CPR by
two- to fourfold. In turn, blood flow and oxygen delivery to the periphery can be
improved by eliminating interruptions of chest compression for these unnecessary
ventilations.

Unnecessary interruptions of chest compression have actually become a greater prob-
lem with successive refinements of the guidelines. Historically, the problem was com-
pounded when compression rate was increased from 60 per minute to 90 per minute, and
most recently in the year 2000, to 100 per minute. As shown in detail in reference (70),
the optimum ventilation to compression ratio for maximizing oxygen delivery to periph-
eral tissues is directly proportional to the compression rate. This means that if one
increases the rate of chest compression by a certain percentage, it is prudent to increase
the recommended compression to ventilation ratio by the same percentage also. For
example, suppose that 15:2 had been the optimum compression to ventilation ratio with
60 per minute compressions under the original CPR guidelines. Suppose further that the
guidelines changed to recommend a 120 per minute compression rate, just to keep the
arithmetic simple. Under the “new” guidelines, it would take exactly half the time to
deliver 15 compressions than it did previously, because the compression rate is doubled.

Fig. 11. Oxygen delivery as a function of compression to ventilation ratio in the theoretical study
of Babbs and Kern (70). The compression to ventilation ratio is normalized to one ventilation.
Hence, a value of 20 represents 40:2, if two ventilations are given. Ideal professional rescuers are
assumed to deliver two rescue breaths in 5 seconds, as specified in guidelines. Lay rescuers are
assumed to deliver two breaths in 16 seconds, as observed in the field. Maximal oxygen delivery
occurs at ratios near 25:2 for ideal rescuers and 50:2 for lay rescuers.
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The time for ventilations, however, would remain constant. Thus, the duration of inter-
ruptions of chest compression for ventilation must become a larger percentage of total
resuscitation time whenever the compression rate is increased without changing the
ventilation to compression ratio.

When the recommended compression rate was in fact increased from 60 per minute
to 90 per minute, the compression to ventilation ratio should have been automatically
increased from 15:2 to 23:2, simply by virtue of the fact that the compression rate had
increased. When the recommended compression rate was further increased to 100 per
minute, the compression to ventilation ratio should have been automatically increased
to 25:2. Actually 15:2 never was optimal for standard CPR in adults, but failure to
adjust ventilation as the compression rate was increased has further compounded the
problem.

The ultimate extension of the concept of increasing the number of chest compressions
between ventilation ventilations is “continuous chest compression CPR” without any
ventilations at all. Such a strategy, crazy as it may seem, has been extensively studied in
a swine model of resuscitation and has shown identical outcome results to standard 15:2
compression to ventilation CPR (6–8,11,12,71,72). Recently, Hallstrom et al. (73) have
reported a clinical study of simplified, dispatcher assisted CPR, in which no ventilations
are given. In this study, persons who called 911 for help with an adult, nontraumatic CA
and did not know CPR were coached by the 911 dispatcher to perform either traditional
CPR or compression-only CPR without any ventilations. The results of CPR without
ventilations were no worse than those of standard CPR. In particular, survival to hospital
discharge was greater among patients assigned to chest compression alone than among
those assigned to chest compression plus mouth-to-mouth ventilation (14.6 vs 10.4%,
using intention-to-treat analysis). There was no statistically significant difference in
favor of either standard CPR or chest compression-only CPR in this study of 303 random-
ized patients. Evidently, ventilation provided no added benefit. Importantly, Hallstrom’s
results were obtained for adult nontraumatic CA and are not necessarily indicative of
those that would be obtained in pediatric asphyxial arrest. This study highlights how little
we really know about the basic ABCs of CPR.

CONCLUSIONS

Principles of cardiovascular physiology tell us that during CA and CPR forward flow
of blood can be generated by external compression of the chest. Enough has been learned
in the last 25 years to suggest that most persons perform chest compressions suboptimally.
Much more emphasis needs to be placed on compression depth and technique rather than
on compression rate. Routine clinical monitors of effective chest compression need to be
developed and used widely. Still, the exact details of chest compression including such
fundamental variables as rate, duty cycle, amplitude, rescuer technique, and ventilation
to compression ratio remain suboptimal, under-investigated, and newly controversial
after all these years.

The original 1960s style CPR was developed on the basis of limited research and
educated guesswork—some of it brilliant and insightful. The CPR pioneers like Kou-
wenhoven, Jude, Knickerbocker, Elam, Safar, and Redding had no government grants.
They were not supported by multinational drug companies. With limited resources, these
investigators made enormous progress. Nevertheless, the early standards for chest com-
pression, which we have inherited today, were based on only partial understanding of the
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underlying physiology and biomechanics. Several plausible assumptions of the 1960s,
such as the mechanism of external cardiac massage and the required ventilation to per-
fusion ratio have proved to be oversimplifications in light of subsequent research.

Today at the dawn of the 21st century the topic of chest compression in CPR is ripe
for reassessment and renewed investigation. We need to know more about flow mecha-
nisms with chest/abdominal compression and decompression. In order to optimize
CPR in children it would help to know about age related differences in chest size, chest
compliance, and CPR pump mechanisms. With more research we might discover
entirely new ways to apply force, create flow or raise coronary perfusion pressure. We
urgently need better sensors—beyond ETCO2 and pulse-ox—so that CPR on individuals
becomes less like flying a 747 without instruments and more like adjusting an anesthesia
machine or a mechanical ventilator. There need to be clinical evaluations of alternative
ventilation to compression ratios for lay CPR, and means of training individuals to
perform simpler, biomechanically easier, less complex series of steps with fewer inter-
ruptions of chest compressions. It is time for a renaissance of interest, research, and
teaching in the simple act of compressing the chest in CPR, which is, on closer inspec-
tion, anything but “standard.”
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INTRODUCTION

The standard technique of external chest compression in cardiopulmonary resuscita-
tion (CPR) has changed little since the landmark paper of Kouwenhoven et al. in 1960
(1). 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 regarding the
optimal technique for applying that force. There is a great need for improved external
chest compression techniques, because only an average of 15% of patients treated with
standard CPR survive cardiac arrest (CA [2,3]), and it is widely agreed that increasing
the blood flow generated by chest compression will improve survival. Given the potential
importance 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 (AHA [4]), external chest compressions
are applied by the rescuer who places the hands over the individual’s sternum. Force is
applied straight down with the elbows locked and the shoulders in line with the hands.
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The goal is to displace the sternum 1.5 to 2 inches for an average-sized adult, 100 times
per minute, with compression maintained for 50% of each cycle. Unfortunately, com-
pressions are often done incorrectly (5,6), and incorrect chest compression can compro-
mise survival (7,8). One way of potentially improving the quality of chest compression
is with mechanical devices, which can potentially apply compression more consistently
than manually.

One such type of mechanical device uses a pneumatic piston (Fig. 1) to administer
external chest compressions at a specified rate, compression depth, and duty cycle (per-
cent 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. Additionally, a ventilation circuit is integrated into
the device, which allows for continuous CPR with minimal operator input once the device
is set up. Specific instructions for applying these devices are provided by the manufac-
turers and should be carefully followed. Although there are some differences between
mechanical and manual external chest compression in the time course of application of
force that may affect hemodynamics (9,10), one small study showed no difference in
survival using the two techniques (10). Two additional small studies suggested a slight
hemodynamic benefit to CPR performed by the pneumatic piston, one using end-tidal
CO, as a surrogate measure for cardiac output (11) and the other showing a slight improve-
ment in mean arterial pressure (25 vs 31 mmHg), although no statistical analysis was
provided (10). Despite these slight differences in hemodynamics, chest compression
performed by a pneumatic device probably has the same physiology as manual chest
compression 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
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
nonsurvivors 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; but such
improvement has not been convincingly demonstrated for piston type devices. These
devices do, however, allow CPR to be preformed in situations in which standard manual
CPR would be difficult, such as in moving ambulances, and were personnel are limited.

SIMULTANEOUS COMPRESSION AND VENTILATION

Simultaneous compression and ventilation (SCV), as originally described, requires
the subject to be intubated endotracheally or to have a tracheostomy (14–16). Compres-
sions are administered as with standard external chest compression, but at a slower rate
(typically 40 compressions per minute). Instead of interposed ventilation between every
fifth and sixth compression, ventilation to a high airway pressure (typically 60–100
mmHg) is performed synchronously with each compression. Some authors have modi-
fied 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 endotracheal tube.
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In 1967, Wilder et al. reported an increase in blood flow in dogs by using SVC 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 investigators at Johns Hopkins (14,15), and subsequently by other groups
(17,19–21).

Physiology
SCV-CPR was a direct by-product of the theory that intrathoracic pressure fluctua-

tions are responsible for blood movement during CPR. The assumption was that if blood
flow is a result of 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 pressure for
a given applied force.

Animal studies of the hemodynamics of SCV-CPR resulted in a number of observa-
tions that were unanticipated by the investigators, but ultimately led to an increased
understanding of the determinants of blood flow during chest compressions. For example,
when electromagnetic flow probes around the carotid artery were used as an estimate of
cerebral blood flow (16), administration of epinephrine resulted in a paradoxical decrease
in carotid flow, despite an increase in cerebral perfusion pressure. 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.

Fig. 1. Thumper PCR System (Model 1007), a piston device used for performing mechanical
external chest compressions. (Courtesy of Michigan Instruments, Grand Rapids, MI.)
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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 (22). Another observation that resulted
from animal studies of SCV-CPR was that excessively high airway pressures (100 mmHg)
could cause carotid collapse, which can reduce blood flow (22), and that negative airway
pressure in between compressions, can augment blood flow (16). Although not recog-
nized 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 pressure. The mechanism of this phenomenon remains incom-
pletely understood, but it is probably the result of an alteration of the distribution of
vascular compliance. 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 (5). 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., in which
994 patients with out-of-hospital CA were treated with either SCV-CPR or standard
CPR (23). The ambulance crews, rather than the patients, were randomized, so that the
crews knew which form of CPR was going to be administered prior to arrival at the
scene of the arrest. The survival (to hospital admission) was greater with standard CPR
than with SCV-CPR (26 vs 19%). Examination of a wide variety of variables failed to
reveal any difference between the groups other than the CPR technique that was used.
This study did utilize abdominal binding with the SCV-CPR. Abdominal binding was
subsequently shown to have a deleterious effect on coronary perfusion. Because of the
lack of significant resuscitation survival benefit in any study, there is little active
research on this technique.

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 120–150 per minute) and with a very
quick, jabbing onset and offset. Ventilation is provided as with standard CPR, at a rate
of 12 per minute.

Investigators at Duke University first proposed high-impulse chest compression as a
replacement for standard external chest compressions in 1984 (24). Despite one reference
cited for rapid compressions from the 1890s, these authors were clearly the major force
that brought this technique 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 (9,24–32). Those investigations led to a significantly improved understand-
ing of the physiology of blood movement during chest compression.
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Physiology of Blood Flow During External Chest Compression
In studies of the physiology of blood flow during external chest compression in dogs,

Maier et al. noted that increasing the rate of compressions resulted in increased cardiac
output and increased coronary flow compared with slower rates (24). Maier et al.
showed that stroke volume stayed constant and cardiac output rose. Coronary blood
flow tended to be higher, although not significantly, at a compression rate of 150 per
minute vs 60 per minute (24). These data were interpreted as showing that direct cardiac
compression was the predominant mechanism of blood flow, because 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 because
measurements of intrapleural pressure are difficult and often inaccurate. Nevertheless,
Maier et al. did achieve the same reading in a given animal for each compression rate.

The second major criticism is illustrated in Fig. 2; 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 compression occurs. At low compres-
sion rates, the duration of compression appeared to be approx 20% of the cycle; at high
rates, it was much closer to 50%, the currently recommended standard. This provided a
potential mechanism for the increase in cardiac output, even if an intrathoracic pump
mechanism was operative, because compression duration does affect blood flow in the
intrathoracic pump model. Subsequent animal studies examined survival differences

Fig. 2. Femoral artery pressure tracings from a patient undergoing CPR. The top tracing shows
CPR at a rate of 60 per minute, the middle at 100 per minute, and the bottom at a rate of 150 per
minute (high-impulse cardiopulmonary resuscitation). On each tracing, the amount of time spent
in compression is comparable, so that there is a high percentage of the cycle in compression at the
higher rates. (Reproduced from ref. 24. Copyright 1984 American Heart Association.)
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between high-impulse external chest compression and standard CPR. Kern et al. found no
difference in 24-hour survival between a group receiving standard external chest com-
pression and a group receiving high-impulse CPR (33). 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 (32). 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 (24).

A number of case-report type studies of high-impulse CPR have been published
(24,34). Minimal quantitative analysis of these data are available, however, and no con-
trolled trials of standard vs high-impulse CPR in humans have been reported.

Applicability of High-Impulse CPR
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 intratho-
racic pressure, or alternatively, may enhance cardiac compression. If these groups can be
identified, it is conceivable that high-impulse CPR could provide a hemodynamic benefit
over standard external chest compression.

INTERPOSED ABDOMINAL COMPRESSION

Interposed abdominal compression (IAC)-CPR (or abdominal counterpulsation
CPR) includes an additional rescuer (for a total of two or three) positioned alongside
or opposite the rescuer applying chest compressions in the standard fashion. 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. 3).

Fig. 3. Interposed abdominal compression cardiopulmonary resuscitation with three rescuers. The
arrows depict how one rescuer pushes as the other relaxes. (From ref. 53. Copyright 1992, Ameri-
can Medical Association.)
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The ratio of abdominal-to-chest compressions is one to one, so the rate of abdominal
compressions is is also 100 per minute. Some authors place a blood pressure cuff or
another measuring device between the hands and the abdominal wall in order to mea-
sure the amount of force applied to the abdomen. Exact guidelines regarding how much
to compress the abdomen, or how much force to apply if measured, have not been
proposed. In studies of this technique, the forces measured from air-filled measuring
devices have ranged from 20 to 150 mmHg. Most authors describe abdominal compres-
sion as lasting through the entire release phase of chest compression, resulting in a 50%
compression duration for each.

Ohomoto et al. first published a description of interposed abdominal compression
using a mechanical device with two pistons (one for the chest, one for the abdomen) in
1976 (35). Since that time, there has been ongoing and extensive research into this
method (33,36–59).

Physiology of IAC-CPR
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 intra-aortic balloon pumping,
in which 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, because
durations of compression longer than those usually present during manual CPR are
known to improve flow or (b) increase the rise of intrathoracic pressure as a result of
moving the diaphragm and abdominal contents upward. Additionally, during the dias-
tolic phase (i.e., relaxation of chest compression), compression of the abdomen “charges”
the intrathoracic compliance 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 compression. During the relaxation phase, this extrathoracic compliance 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, because
the abdominal and thoracic compartments are contiguous. This rise in intrathoracic pres-
sure could raise right atrial and aortic pressures to an equal extent, which could actually
decrease coronary perfusion pressure (22). A pressure waveform during IAC-CPR is
shown in Fig. 4.

Ralston et al. compared standard CPR with mechanical (Piston) external chest compres-
sion, with and without the addition of IAC (20). Ralston et al. 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 the 10 dogs had an increase in the arterio-
venous difference (myocardial perfusion pressure). Walker et al. (60), Voorhees et al. (61),
and Einagle et al. (58) 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 vs standard CPR, but in the study
by Voorhees et al., this difference is physiologically trivial (0.03 mL per minute per gram).
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Fig. 4. Hemodynamic tracings in a dog undergoing cardiopulmonary resuscitation (CPR). Begin-
ning at the second arrow on the bottom, mechanical CPR was augmented by interposed abdominal
compression-CPR. Abdominal aorta (AA), thoracic aorta (TA), intra-abdominal (ABD), and right
atrial (RA) pressures, along with carotid blood flow (CCBF) are shown. (From ref. 58.)

Alternatively, the study by Walker et al. showed a substantial increase in brain blood flow
(0.21 mL per minute per gram), 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 significant difference between standard CPR
and IAC-CPR. Kern et al. studied 24-hour survival in a dog model of CA comparing
standard external chest compression, IAC-CPR, and high-impulse CPR and found no
difference among the groups.

Several trials have looked at human hemodynamics or survival with IAC-CPR. Stud-
ies by Berryman and Phillips (57) and Howard et al. (62) at the end of conventional
resuscitation showed an increase in mean arterial pressure with the addition of IAC-CPR.
Despite these increases, Howard et al. did not find a significant difference in the myocar-
dial perfusion pressure. Berryman and Phillips reported this information in only a single
patient in whom it was increased. McDonald (63) reported on six patients, also late in
resuscitation, in whom there was no difference in any measured variable with the addition
of IAC. Mateer et al. (56) described a large field trial of IAC-CPR conducted by paramed-
ics in Milwaukee: no difference in initial resuscitation was found after randomizing
medical arrest patients to either standard external chest compression or IAC-CPR after
intubation. In an in-hospital trial of IAC-CPR, Sack et al. (53) reported the results of 135
resuscitation attempts in 103 patients who had been randomized on admission to the
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hospital to receive either IAC-CPR or standard CPR should they arrest. In this study,
Mateer et al. reported an increase in initial resuscitation (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 hospitalized 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. Additionally, 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 survived to
hospital discharge, which is roughly half the survival-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 hospitalized 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 (52).
Survival-to-hospital discharge was not an endpoint in this study, although the investiga-
tors 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, spe-
cific 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 (33). 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 (52).

Applicability of IAC-CPR
IAC-CPR requires at least two rescuers. Beyond this requirement, 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 therefore the chances of establishing
return of spontaneous circulation, additional brain blood flow may improve the neuro-
logic outcome of those patients who do survive resuscitation. The study reported by Sack
et al., despite its limitations, may address these facts (53). They showed a survival-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.

ACTIVE COMPRESSION–DECOMPRESSION CPR

In this technique, CPR is applied by using a compression device (either manual or
mechanical) with an integral suction cup (Fig. 5). The suction cup allows for active
decompression of the chest between compressions. Investigators studying this technique
have used standard guidelines for the rate and duration of compressions. The decompres-
sion phase actively returns the chest wall to its expanded position without breaking con-
tact. In human studies, ventilation has been performed according to the usual guidelines,
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Fig. 5. Device for performing active compression–decompression cardiopulmonary resuscitation.
The upper part is a hand and the lower part is a suction cup. (Courtesy of AMBU corporation.)

but some animal studies have omitted ventilation except that caused by the compression–
decompression itself.

Active compression–decompression (ACD)-CPR research began with a report of an
elderly man resuscitated by his uninitiated son with a bathroom plunger (64). Lurie et al.
at the University of California at San Francisco then began active research into the
technique in both humans and an animal model. A device to perform ACD-CPR was
developed by Ambu International (Copenhagen, Denmark) and other investigators have
now begun to study this technique.

Physiology of ACD-CPR
ACD-CPR likely works in a fashion not dissimilar from IAC-CPR in which the active

decompressions serve to prime the intrathoracic pump mechanism (49,50,65,66). 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 pres-
sure and greater flow. A greater rise in intrathoracic pressure could be mediated through
increased trapping of air in the lungs (28), or simply increased application of force. Of
note, chest compression force has not been measured in control groups undergoing stan-
dard manual CPR. Even if the peak compression forces used during active-decompres-
sion 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 physiological 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 compression, 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
regarding 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 (67). Nevertheless, that same
study showed no difference in coronary flow when vasoconstrictors 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 difference in survival for patients treated with
standard CPR or ACD-CPR (68–72).

In one trial in Paris, France of 512 patients (73), there was an improvement is
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 times 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 [ 74]). All patients
who survived to 1 year had CAs 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 Paris. It has been specu-
lated that ACD-CPR may be of more benefit if administered relatively late in the course
of CA, 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 compres-
sions (75,76). Additionally, the increased chest excursions produced by the active de-
compressions could cause increased flexing of the ribs, and increased trauma.

Applicability of ACD-CPR

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 beneficial. 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 (77). The disadvantages of manual
devices, however, are that an operator can perform the compressions incorrectly and
chest compression must be interrupted for defibrillation.



188 Cardiopulmonary Resuscitation

IMPEDANCE THRESHOLD VALVE

The impedance threshold valve is a device placed in the airway circuit to impede the
flow of air into the chest during chest decompression (Fig. 6). Its goal is to increase the
level of negative intrathoracic pressure generated during chest decompression, and
thereby augment the beneficial effects of that negative intrathoracic pressure.

The impedance threshold valve has been studied with standard CPR (78) in a porcine
model of CA. Microsphere-measured myocardiac blood flow was higher with the use
of the impedance threshold valve (0.32 ± 0.04 vs 0.23 ± 0.03 mL per minute per gram,
p < 0.05), as was cerebral blood flow (0.23 ± 0.02 vs 0.19 ± 0.02; p < 0.05).

The impedance threshold valve has been studied most in conjunction with active
compression decompression cardiopulmonary resuscitation (79–81). In a prospective,
randomized, blinded trial performed in Paris, France, patients in nontraumatic CA
received ACD-CPR plus the valve or ACD-CPR alone for 30 minutes during advanced
cardiac life support (80). With the use of the impedance threshold valve there were
increases in end-tidal carbon dioxide pressure (19.1 ± 1.0 vs 13.1 ± 0.9 mmHg, 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). Blood pressure results are
shown in Fig. 7. Additionally, return of spontaneous circulation was observed in 2 of 10
patients with ACD-CPR alone after 26.5 ± 0.7 minutes vs 4 of 11 patients with ACD-CPR
plus the impedance threshold valve after 19.8 ± 2.8 minutes (p < 0.05).

Fig. 6. Schematic diagram of impedance threshold valve. The components of the valve are shown
on the upper left panel. During chest compression or exhalation(upper right panel) air moves freely
through the valve. During chest decompression (lower left panel) airflow is impeded by the valve
to increase the level of negative intrathoracic pressure generated. During rescuer ventilation or
spontaneous inhalation (lower middle and right panels) air also moves freely through the valve.
(From ref. 78.)
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The results with the impedance threshold valve are very promising. Further studies are
needed to determine if the valve can be used successfully in larger studies of CA, and if
the time needed to apply the valve does not seriously impact on its efficacy in general CA
patients.

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, respective. 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 compression has shown an increase
in coronary perfusion pressure, as well as an increase in the number of animal resuscitated
over that with standard CPR (82). Kern studied different types of ventilation, and showed
that the type of ventilation could seriously impact on the hemodynamics produced by this
type of resuscitation (83).

Fig. 7. Coronary perfusion pressures in patients during active compression–decompression car-
diopulmonary resuscitation without (lower tracing) and with (upper tracing) the use of the imped-
ance threshold valve. (From ref. 80.)
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In a clinical study of phased chest and abdominal compression CPR, 54 patients were
studied (84). More patients treated with standard CPR survived to hospital discharge
(7 vs 0), but fewer patient treated with phased chest and abdominal compression has
significant trauma at autopsy.

Because there are only small studies of phased chest and abdominal compression,
further studies are needed to determine if this devices will be useful in the treatment of
CA 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. 8) and cyclically inflated
and deflated by an automated pneumatic system. In this manner, the chest is com-
pressed 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 completely deflates. The vest is gener-
ally inflated to a pressure of approx 250 mmHg, 60 times per minute, with 40 to 50%
of each cycle in compression. Adherent defibrillation 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
developed by a group of investigators at Johns Hopkins University (25,28,85–94), although
other groups also made contributions (34,95–103).

Physiology of Vest CPR
Vest CPR is designed to maximize the intrathoracic pressure rises generated for a

given force applied to the chest. By encircling the chest (Fig. 8), 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 apply-
ing force to a single point, as with standard chest compression.

Many generations of vest CPR systems have been developed and tested. Studies with
an early vest device reported by Luce et al. in 1983 and 1984 showed that hemodynamics
in a dog model of CPR were only minimally if at all improved with vest CPR compared
with mechanically performed standard external chest compression (102,103). Niemann
et al. (100) and Halperin et al. (85) 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 some-
what lower vest pressures, myocardial blood flow was 40% of pre-arrest flow, and cere-
bral blood flow was essentially equal to pre-arrest flow, with no trauma. These latter
flows were greater than had been reported previously with standard external chest com-
pression by any author.

Swenson et al. reported a study of vest CPR in 10 patients late in CA (34); they found
no improvement in coronary perfusion pressure produced with that vest CPR system.
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Fig. 8. Comparison of vest cardiopulmonary resuscitation (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. 88. Copyright 1993, New England Journal of Medicine.)

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 previous
systems (88). This system also included a small positive pressure on the chest in between
compressions to keep the vest tight against the chest. With the improved vest CPR system,
hemodynamics in humans were significantly improved over those of standard external
chest compression. Peak aortic pressure was nearly doubled (up to an average of 138
mmHg), and coronary perfusion pressure increased by 50%. A hemodynamic tracing
during manual and vest CPR in a patient is shown in Fig. 9. Additionally, 4 of the 29
patients had return of spontaneous circulation during vest CPR despite being late (50 ±
22 minutes) in resuscitation. The second phase of the study randomized patients to either
vest CPR or standard external chest compression after initial (11 ± 4 minutes) advanced
cardiac life support failed to resuscitate the patients. There was a trend toward improved
initial resuscitation in the vest CPR group, but the trial was too small to show a statisti-
cally significant benefit. These data formed the basis for a large-scale randomized trial
of vest CPR immediately after CA, which is ongoing.

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 (88), although only limited data are available.
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Fig. 9. Hemodynamic tracing during vest and manual cardiopulmonary resuscitation. Aortic, right
atrial, and aortic minus right atrial pressures are shown. (From ref. 88. Copyright 1993, New
England Journal of Medicine.)

Applicability of Vest CPR
Vest CPR requires a sophisticated device for its administration, which limits its use to

locations in which the device would be readily available, although a portable device may
be developed. Application of the vest itself is not difficult and can be performed success-
fully by nurses, given only a few minutes instruction in its use. It is likely that if vest CPR
proves successful in improving survival from CA, it will remain predominantly in the
hands of health care professionals. It will serve as a supplement, 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 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, how-
ever, we will not know whether or not this will result in improved long-term survival and
neurologic recovery.

THE FUTURE

Research aimed at improving survival from CA both in- and out-of-hospital contin-
ues. The first 40 years of external chest compression have been marked by enthusiasm,
disappointment, innovation, and speculation, 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 resusci-
tation of CA victims. The critical importance of early defibrillation is now clearly rec-
ognized. Likewise, the criteria used to judge a new CPR method have been defined.
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These measures—coronary perfusion pressure (important in predicting return of spon-
taneous 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 not lie so much in a replacement 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 technique, but some other
form of CPR may be used once qualified rescuers are on the scene. Currently, the
distinction between basic and advanced life support involves the availability of drugs,
mechanical airways, and defibrillation. It is very possible that the form of CPR utilized
may also become part of this distinction.

NOTE

The authors and the Johns Hopkins University hold equity in a commercial entity that
has licensed vest and band CPR technology. Under the University Equity Policy, the
equity is being held in escrow until a trigger date occurs.
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INTRODUCTION

Cardiopulmonary resuscitation (CPR) is first-line therapy for sudden, unexpected,
cardiac arrest (CA). Laypersons are most likely to administer CPR because most CAs
occur in the home or in the community. Training laypersons to adminster CPR has
become a routine activity but some would argue that it is not an activity that we do
particularly well. Out-of-hospital resuscitation attempts have led to very low survival
rates (1–13)—less than 10% survival in Europe (2,3,6–8) and the majority of urban areas
in the United States (1,9–13). Densely populated urban areas such as Chicago and New
York City have a particularly low rate of sudden CA survival (13) as do rural areas.

One reason for the universally low survival rates is that the frequency of CPR initiation
by bystanders remains extremely low (10,12–17). Initiation of resuscitation by bystand-
ers clearly increases survival (1,6,17–19) but the rate of basic life support (BLS) initiation
by bystanders in the United States is typically less than 30% (9–16) and rarely greater than
50% in Europe (6,8,17).

Our ultimate challenge is to increase the number of bystanders initiating CPR. How
to manage this is not known for certain, but it is the thesis of these authors that low rates
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of CPR are a direct consequence of our ineffective teaching methods. Much is known
about how to teach adults and traditional approaches violate most principles of adult
learning. Perhaps current approaches to CPR training should be largely abandoned in
favor of new methods. Many of the nationally recognized CPR training organizations
have modified their programs to emphasize student practice time and minimize instructor
lecture, a tactic consistent with adult learning principles. However, other, more radical
methods should be considered. In this chapter we discuss approaches to training adults
in CPR that work.

HOW DO ADULTS LEARN BEST?

Maximizing the acquisition of BLS knowledge and skills requires changing the tradi-
tional teaching model from instructor-to student-centered. Knowles (20) is usually cred-
ited with being the first to suggest that adults learn in a manner that is different from that
of children. However, others such as Rogers (21), have been influential in helping us to
understand that adults learn when the information is relevant, practical, and tied to exist-
ing knowledge. Adults must feel respected and free to direct their own learning if they
are to acquire new knowledge. Adults are typically busy so learning situations that are
fun and directed by someone who is likeable and worthy of respect facilitates learning.
Barriers to learning such as lack of time, money, and transportation must be minimized
if adults are to participate in learning events. These principles are described more fully
later along with practical examples of ways to address them in CPR training.

RELEVANCE

Adults learn best when they see the relevance of what they are learning. Scenario-
based instruction has been recommended as a method of making CPR training relevant,
practical, and useful. Scenario-based instruction involves modifying the story surround-
ing each simulated event to fit the student’s individual situation. In this way, the instructor
maximizes relevance and allows the student to practice the CA scenario most like what
he or she will experience. Modification of the scenario allows the student to think through
an actual situation and build on existing knowledge. Scenario-based instruction is par-
ticularly helpful for students who learn primarily through observation.

Scenario modification is most effective when it is consistent with the experience of the
student. For example, if training police officers who will be responding after a call to 911,
it makes little sense to ask them to notify 911. However, if the scenario is modified to have
the officer update the dispatcher with information, it becomes consistent with the routine
practice of the officer. It is helpful if the scenario can be made as realistic as possible. For
example, continuing the police officer example, using a model phone or one that is not
plugged in instead of just pretending to call 911 would make the scenario more realistic
(22). Current thinking is that the “pretend” or acting surrounding many of the steps in
CPR training interfere with skill demonstration and perhaps with skill learning itself.

Only common, clinically relevant situations should be included in scenarios. For
example, it has been shown that when an instructor ends a class by practicing an uncon-
scious obstructed airway scenario, students tend to confuse chest compressions and
abdominal thrusts (23). Additionally, if each scenario results in a return of spontaneous
circulation, the student leaves the classroom with the unrealistic expectation that all CA
victims will recover.
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An important element influencing perceived relevance is the message that the learner
receives regarding importance of the training. In one study testing the effectiveness of
CPR training by videotape, about half of the 8659 recipients of the videotape did not even
view it although the tape was sent to homes of patients at risk for sudden cardiac death
(24). An equal number of CAs occurred in each group, but the bystander CPR rates did
not differ (47% video vs 53% controls), nor did hospital discharge rates (n = 3 vs n = 2).
Clearly, the video recipients were not convinced that the tape would be relevant for them.

POSITIVE REGARD FOR THE INSTRUCTOR

Positive regard for the instructor facilitates learning. In 1991, Kaye (25) published a
paper titled “The Problem of Poor Retention of Cardiopulmonary Resuscitation Skills
May Lie With the Instructor, Not the Learner or the Curriculum,” making this point.
Others (26) have found that CPR instructors had limited knowledge of the courses they
taught, did not understand or follow recommended teaching practices, did not read their
instructor manuals, and could not even pass a CPR provider test. If this is the case, it is
not surprising that one author (27) found that 10% of instructors were considered by
students to be incompetent, 9% of the students stated they would not perform CPR after
the course, and 23% stated mistakenly that they could be legally prosecuted if they did
CPR on a stranger.

Most of the information that CPR instructors teach and the style used to teach it has
been passed down by tradition. Instructors typically model an instructor they admired.
Few have heard how their words and stories sound to the students. Few realize how they
make the students feel, and how their well-intentioned words distract the learners from
the important skills that they have come to learn. When instructors provide anecdotes and
depart from the script, a decrease in written test scores has been demonstrated (28,29).
For every 2 minutes of anecdote, cognitive scores dropped 1% overall. So, adding just
20 minutes of additional material (anecdotes and stories), as most instructors do, could
lower students’ test scores by 10%. Clearly, more emphasis is needed on helping instruc-
tors to be better teachers, if the traditional model of instructor-based courses continues.

FREEDOM TO DIRECT ONE’S OWN LEARNING

Another important principle of adult learning is that adults learn best when they are
free to direct their own learning. Several investigators have developed and tested vari-
ous methods of self-learning that maximize individuals’ freedom to direct their own
learning experience. In the 1970s, Berkebile and colleagues (30,31) compared five
training methods in suburban schools in Pittsburgh. A traditional instructor-led CPR
class lasting 3 hours and an untrained control group were compared to (a) self-practice
on recording mannequins, coached by audiotapes and flip charts, (b) repeated (16
times) viewing of a new 10-minute CPR demonstration film over a 3-month period, and
(c) viewing the new 10-minute film plus self-practice on mannequins (32). The record-
ing mannequin and flip charts demonstrating proper technique were available through-
out the study period in the learning laboratory. Knowledge and skill performance at 1
and 12 months were superior in the group who viewed the film and did self-practice
when compared to the traditional instructor-led course. Self-practice alone was supe-
rior to repetitive film viewing alone. Repetitive film viewing alone was superior to no
training. More students passed heart compressions than ventilations. In another study,
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Kaye and colleagues (33) demonstrated superior skill performance after interactive
computerized self-training compared to those given the traditional instructor-led course.
These studies demonstrate that students free to direct their own learning performed
better than those sitting through the traditional, instructor-led course.

An innovative approach to self-learning was developed and tested by Braslow and
associates (23,24) called “video self-instruction” or “watch and practice.” Instead of
watching a video and then practicing, the “watch and practice” approach was designed
to include synchronous practice. That is, viewers practiced and learned along with the
videotaped expert demonstration—just like a Jane Fonda exercise video. To increase
learning, the video contained no lectures, no information on anatomy and physiology, no
rates and ratios, and no complicated methods for locating the compression point and
opening the airway—to name a few. Information on heart attack care and airway obstruc-
tion was removed. This approach allowed for more than 25 minutes of continuous CPR
practice, compared with approx 2.5 minutes of practice in the traditional 4-hour CPR
course. When the video self-instruction was compared to the traditional instructor-based
course, it worked well, even in persons over age 50, a group that often has lower skill
retention than others. Participants learned CPR in only 30 minutes—without an instructor
or textbook—and outperformed students who had just completed the traditional course.

The efficacy of self-training has been known since the 1970s (30,31,35–37). Courses
by instructors remain the accepted method of training in CPR despite this. Instructors are
not the obstacle, but a fixed time available for practice is less effective than unlimited time
for self-practice.

OVERCOMING BARRIERS

Common barriers to learning CPR are lack of time and/or transportation. Standard
group classes with mannequin training are 3 to 4 hours in length, a significant time
commitment for adult learners with other responsibilities. Another barrier is lack of
interest in learning a skill one may never use. Additionally, learning style, speed, and
physical agility vary widely among adults, which can be a barrier to those concerned that
they may not keep up with others in a formal class. Societal cost of training large numbers
of laypersons is a major barrier as well.

Motivating the Learner
Individuals who are not interested in learning CPR may be motivated to learn CPR to

help others. Research into the psychology of “helping behavior” (what makes some
people act when confronted with an emergency, whereas some do not act) tells us that
before someone can perform in a CA or other emergency situation, psychologically, they
must feel able and ready to do so (38). Yet, most people are not. Historically, this prereq-
uisite has been ignored perhaps because CPR and other emergency cardiac care training
began as training for physicians and has not been tailored to lay people. Depending on
the instructor, some trainees feel badgered by instructors and others feel supported to
learn. Self-efficacy, or perceived ability to perform the skill of CPR must become part of
the training program if the rate of bystander CPR is to increase (39).

Cost to Society
The societal cost of training is a major obstacle for widespread use of CPR. In order

to lower the cost, Wik et al. (40) introduced peer CPR training based on the belief that
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a handful of lay people trained as CPR instructors could train their coworkers, who in turn
would train their relatives, and so on. The effect of this approach is similar to a domino
effect potentially resulting in a significant increase in the number of skilled CPR provid-
ers at a low cost. An inexpensive take-home mannequin together with a flip chart and a
20-minute videotape were used. When those trained using the peer approach were com-
pared to those trained with the traditional method, third-generation trainees proved equally
effective at CPR as those trained directly with the traditional method.

In an extension of this approach, Wik (40) trained people in CPR and then sent a
mannequin and videotape home with them to train their family members on their own.
Training of family members was accomplished in under 60 minutes. How well did they
do? The family members’ CPR performance was equal to, or most often better than the
performance of students coming out of traditional instructor-based CPR courses. Why?
We believe that peer-to-peer learning and modeling are learning methods with which
laypersons feel comfortable. In fact, peer-to-peer learning and modeling reflect a natu-
ral and universal method of learning. Throughout life, important learning takes place
in the home and this is the environment in which most will use CPR if they ever have
to use the skill.

TRANSFERRING LEARNING TO REAL-LIFE EVENTS

CPR acquisition includes both cognitive learning and skill retention. Cognitive
learning regarding the correct sequence to perform occurs by seeing (reading or mim-
icking) and by hearing. The learner needs to remember the algorithm at the same time
as it is performed with quality and speed. No study has shown that lecturing about
physiology, medicine, and risk issues—common content in traditional CPR courses—
improves skill performance (25,29,41–43). In fact, lecturing and reading may distract
the learner and result in information overload. Braslow (23) found that when the “heart-
healthy” information was eliminated from the class, practice time increased and skill
improved.

Clarity of the message (i.e., focus on essential information only) is important but
controversy continues regarding what to teach the lay public about CPR. Should we
teach abdominal thrusts (44) or back blows for suspected foreign body obstruction
(45,46)? Is moderate backward tilt of the head plus jaw thrust and separation of the lips
(the triple airway maneuver) the best airway control measure for comatose trauma
victims (47–49)? How should we position patients in coma with spontaneous breathing
(horizontal supine vs stable side position, both with head tilted backward [45])? What
should we teach about when the lone rescuer is justified to leave the individual tempo-
rarily to call for help?

Pathophysiology must guide instructional content. Complete airway obstruction (as in
drowning, brain trauma, intoxication) results in CA within 5 to 10 minutes (50–52). In
many situations, complete recovery can be achieved with CPR steps A and B alone (50–
54), which reinforce the teaching of steps A, B, and C together. For normothermic sudden
CA, we know the time limits for preventing permanent damage to the brain (4 minutes
[55–57]) and the heart (20 minutes [57,58]). Therefore, teaching must stress that only
resuscitation initiated within seconds of collapse can provide the necessary oxygen
delivery to maintain viability of the individual until arrival of advanced life support
personnel. Teaching the importance of continuous chest compression and ventilation
with a minimum of pauses (no-flow periods) is essential.
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Practice Time
Practice time has been shown to be the most important factor in acquisition of BLS for

adult learners (23). Maximizing the practice time for the students is currently the respon-
sibility of the instructor. However, instructors vary greatly in how they set up courses and
the use of videotapes, work books, and information provided. Kaye et al. (25) observed that
in 3-hour courses, the actual mannequin practice time ranged between 2 and 16 minutes
per student. Additionally, Brennan and colleagues (29) noted that most trainees are not
even minimally competent following training; most instructors simply pass or coach
students to pass. Testing by an independent instructor on a fully computerized system
resulted in failure of all students whom the instructor earlier had considered competent.
Kaye (33) suggests that lack of skill retention may reflect lack of initial skill acquisition.

Minimizing nonessential information that uses up practice time is essential. If the
instructor has had personal experience in prehospital resuscitation it can add credibility
to the training course but the sharing of personal experience also uses valuable time
needed for skill practice. Actual personal experience relayed to students often results in
students remembering the story and missing the underlying message.

Electronic devices such as CPR skill-prompting devices are effective in encouraging
students to practice more effectively during the available time and for longer periods of
time (59). If a prompting device is used at the point in the class when the students are
beginning to loose interest in skill practice, even the most experienced adult students will
be willing to practice for longer periods of time. Patterns (i.e., linked content) are retained
and more easily accessed in memory than isolated facts or complex algorithms, even
under stress. The prompting device will help to cement the pattern by consistently repeat-
ing phrases such as, “head tilt–chin lift.” Students retrained at 2 years will report remem-
bering the phrases repeated by the prompting device.

Positive Reinforcement
Positive reinforcement is essential if individuals are to develop self-efficacy, a key

predictor of performance, as discussed above. According to psychological research on
“helping” behavior (60–67), issues inherent in the decision to act arise from the initial
response to threatening, unfamiliar and/or complex situations. The decision to act depends
on acknowledging that the situation exists and having confidence in one’s ability to handle
the emergency (self-efficacy). Helping behavior research has focused on laypersons’
response to public assault, medical emergencies such as heart attack, and trauma such as
uncontrolled bleeding, involving strangers. Research on laypersons’ response to CA in
a family member is nearly nonexistent.

Skill Retention

Skill retention is directly affected by the amount of practice available during the
learning process because the acquisition of psychomotor skills greatly depends on
repetition (68). Overtraining has shown to improve retention (69–71). Overtraining is
defined as continuing to practice a task after having achieved the performance criterion
(72). Overtraining has been claimed to be of particular value in the retention of skills
in which the individual has no chance to “warm up” (71), as is indeed the case during
clinical CPR.

Other strategies recommended for improving retention include sensory input or feed-
back (73). Feedback received at the end of skill performance appears to be less effective
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than that occurring during performance (74). Qualitative is not as effective as quantitative
feedback (72). Improvement in performance depends on the frequency of feedback (72).
The person giving the feedback can be important as well. Feedback from a peer may be
less threatening than correction from the instructor. If the observer is given a written
checklist with the steps outlined, he or she can provide feedback and learn while observ-
ing his or her peers.

Why do learners not perform CPR correctly after an interval when most people have
no difficulty riding a bicycle several years after initial training? The answer is feedback.
When riding a bicycle, you receive instant feedback on how you are bicycling and con-
sequently wrong performance is corrected. When performing CPR, little feedback is
received. Feedback was more salient in the early training efforts. In the early training
performed by Safar et al. (47) curarized nonintubated human volunteers would lie supine
on the floor to demonstrate open airway and mouth-to-mouth ventilation. If the learners
did CPR wrong, the “patient” would turn blue in a few seconds. That feedback changed
their behavior and performance so that their technique created pink patients. In 1960,
Lind (75) of Norway introduced the use of mannequins (instead of curarized patients) in
the training of B-CPR steps A and B—a safer approach but one with little feedback (68).
Could we create a CPR “bicycle” or could an instructor play that role? Later, we propose
the potential uses of technology to address these issues.

RETRAINING

Retraining of students 3 to 6 months following the initial CPR/automated external
defibrillator (AED) course will result in better retention of skills. Review of skills can be
as simple as asking students to demonstrate what they remember from their training class
and then providing reinforcement for skill mastery and instruction in areas not mastered.
This approach was used in the Public Access Defibrillation (PAD) Trial and found to
require only 5.3 ± 0.1 minutes for CPR and 7.8 ± 0.1 minutes for CPR + AED to test and
retrain lay volunteers (75a). If the skill review is done individually with the instructor,
the student is given individualized attention and peer pressure is eliminated. The skill
review session also gives the instructor the opportunity to debrief students if any medical
emergencies have occurred since the original training session.

Retention of CPR skills decreases significantly in a short period after training, even
in medical personnel who are not routinely involved in resuscitation (33). Although
skill decrement may reaches low levels, it is still above pretraining levels for most at
6–12 months (30,31,33,69,72,76–83). After initial training and early reinforcement, it is
helpful if repeat remedial mannequin practice is made available every 6–12 months
(31,33,69,72,76–80).

FUTURE DIRECTIONS

One night, a friend of Dr. Wik’s experienced a CA in an atypical patient—his mother—
lying on the bathroom floor, looking “dead.” His emergency medical technician mind
was not with him that summer evening. He was too preoccupied, too nervous just like any
other lone layperson facing such a situation. He did not think about details. Instead, he
thought, “call 911, bend the head back, grab the chin, pinch the nose, blow.” Then “hands
in the middle of the chest, and start pumping and blowing.” No rates or numbers were in
his mind. No complex and time-consuming steps regarding where to place his hands
crossed his mind. He just thought “pump and blow.”
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Dr. Wik’s friend later realized that little of the real experience of people witnessing and
acting during a CA is represented in our CPR education programs. This observation also
was made by the lay bystanders surveyed regarding their thoughts, feelings, and motiva-
tions when attempting to resuscitate a stranger (84). He came to recognize from his
experience that CPR training has to be more readily accessible. It has to get to the right
people, the people most likely to use it. It must to be perceived as being so easy that the
actual learning of CPR is not even thought about or contemplated.

Technology and state of the art teaching methods are needed if we are going to achieve
these goals. CPR practice that is routinely scenario-based to include professionals such
as 911 dispatchers who will coach the performance will be more effective than traditional
approaches. There have to be easily accessible home adjuncts such as speaker phones, a
CPR prompt, and maybe someday, an even more user-friendly home  AED  as well as
content-on-demand video instruction.

To achieve this dream, we will need to influence policy so that the government regu-
lations of yesteryear are amended to rid our first aid and emergency cardiac care programs
of superfluous content that is confusing and overwhelming to students. The data collected
to date suggest strongly that this content is diffusing our message to a point that CPR
learners cannot remember how to perform the most basic skills when needed.

To improve training and minimize human error, these authors believe that emergency
cardiac care education must use behavior and education theory. Computer and virtual
technologies like those being used in other life-essential skill domains such as pilot and
physician training could be used. With simulation, expert performance can be modeled
and immediate feedback obtained. With instant feedback and remediation from the simu-
lator, CPR performance can only improve. There is technology available today—from
simple clickers that give feedback when one has compressed deep enough to electronic
feedback—that can give immediate feedback to students as they are learning. Earlier
versions of these feedback devices were shown to improve learning, but were not used
because they were misunderstood by the instructors. We now know that accurate and
timely feedback is essential to learning and retention.

Technology soon to be available will provide not only immediate feedback but real-
time verbal input as the student performs (85,86). Using virtual reality technology, the
research team of Dr. Wik of Norway has developed a system that uses a type of video self-
instruction synchronous practice in which almost the entire training and testing can be
supervised from central control sites thousands of miles away. Internet learning cannot
teach hands-on psychomotor skills and measure skill performance directly. But, as the
human eye is unable to evaluate the adequacy of ventilations and compressions—and
only instrumented manikins can do so—this technology will allow immediate feedback,
regardless of proximity. Additionally, simulator mannequins now available can be pro-
grammed with realistic attributes such as airways that swell, heads that are difficult to
bend backwards, real lung sounds, distal pulses, agonal breaths, and so on. This technol-
ogy is being used to improve the effectiveness of self-training and has been shown to
increase learning and retention (85,86).

Perhaps in the future, as digital bandwidth expands, would-be rescuers might be able
to merely flick on their televisions to see a skills demonstration. Content-on-demand
technology could allow dispatchers to send the exact demonstration needed right to the
caller’s television, laptop computer, or personal digital assistant, rather than trying to
explain the sequence of steps verbally.
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The real measure of success for CPR, AED, and other emergency cardiac care pro-
grams is learner performance—bystander CPR and survivor rates. Building programs
and course content, methods, and administration around learner outcome is essential. We
now know enough about how to teach emergency cardiac care content. Until recently, we
have focused on courses that are too long and taught by instructors with lecture notes and
fixed minutes for manikin practice. These courses have focused more on the acquisition
of cognitive knowledge than performance skills. A new approach is needed. These authors
maintain that the traditions surrounding CPR training should be respected as our history but
it is time to move on and totally revise CPR training programs to emphasize simplicity,
essential skills, and the use of technology to broaden the population of those trained in
CPR and the use of bystander CPR in our communities.
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INTRODUCTION

The history of applying electrical shocks to the heart began in the 1700s with direct
current derived from a Leyden jar. In 1775, Abildgard described having shocked a
chicken into lifelessness and on repeating the shock, bringing the bird back to life (1).
Transthoracic defibrillation was first performed clinically in the mid-1950s when Zoll
introduced the alternating current (AC) defibrillator (2). Several years later, Lown
introduced the direct current (DC) defibrillator as an improvement on Zoll’s device in
several important areas, specifically that it caused less damage to the patient and that
it could be made portable (3). Today, internal cardioverter defibrillators are the size of
a small bar of soap and can monitor and correct a patient’s rhythm for several years
between replacements. Likewise, the external defibrillator has been made smaller and
so much simpler to operate that sixth graders can use the device successfully.

MECHANISM OF DEFIBRILLATION

The study of external defibrillation can build on much of what has been learned about
internal defibrillation. A large amount of work has been done to understand the mecha-
nisms of defibrillation following short durations of electrically induced ventricular fibril-
lation (VF) using internal defibrillation electrodes (4–7). VF is maintained by multiple
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activation fronts that are constantly moving in a pattern of re-entry. Defibrillation can be
broken down into two parts: halting fibrillation wavefronts and not restarting fibrillation.

Fundamentally, defibrillation is thought to be realized through the electrical pulse
causing an alteration in the transmembrane potential of the myocyte. It most likely
requires a rapid induction of changes in the transmembrane potential of the myocytes in
a critical mass of myocardium (75–90% of the myocardium in dogs [8–10]). As this
represents a large mass of tissue, these alterations must be achieved at a considerable
distance from the stimulating electrode.

One-dimensional cable models cannot explain how the transmembrane potential
changes at points distant from the shock electrodes. The cable equations predict hyper-
polarization of the transmembrane potential adjacent to an extracellular anode and depo-
larization adjacent to an extracellular cathode with the change in transmembrane potential
decreasing exponentially with distance from the electrodes. According to this model, a
majority of the heart will see no change in the transmembrane potential as a result of the
shock.

Changes in the transmembrane potential across the heart caused by the shock are
predicted by the bidomain model of cardiac tissue. The bidomain model extends the
one-dimensional cable model into two or three dimensions (11); the extracellular and
intracellular spaces are represented as single continuous domains that are separated by
the highly resistive cell membrane. When realistic tissue resistive anisotropies (changes
in conductivity with direction) are included in the model, the bidomain formulation
begins to give new insights into how shocks change the transmembrane potential.
Similar to the one-dimensional cable model, the bidomain predicts that hyperpolariza-
tion of the transmembrane potential occurs under the extracellular anodal electrode and
depolarization of the transmembrane potential occurs under the extracellular cathodal
electrode. Additionally, the bidomain model hypothesizes that there should be changes
in the transmembrane potential, either hyperpolarization or depolarization, across much
of the entire heart (12). The change in transmembrane potential elicited by the shock
depends on the distribution of intracellular and extracellular current that is affected by
the change in the potential gradient with distance, the distance from the electrode, and
the orientation of the myocardial fibers (13). Experimental studies have shown that
there is a complex pattern of transmembrane potential change during the delivery of a
defibrillation shock, similar to those predicted by the bidomain model (14–16). This
change in the transmembrane potential by the shock leads to changes in VF wavefront
propagation and initiation of postshock activation fronts that determine whether or not
a shock is successful.

In order to be successful, a defibrillation shock must stop most or all of the fibrillation
wavefronts (10,16–18). The extension of refractoriness hypothesis is one proposed
explanation of how a shock stops fibrillation (19,20). If a shock only slightly alters the
transmembrane potential in a region, then activation fronts in the region may continue
to propagate, relatively unaltered, after the shock. If the shock is large enough, then it
can have one of three effects on the myocardium depending on the local shock strength
and its timing with respect to the local action potential. If the shock is delivered just after
local activation, then there may be little or no change in the action potential duration.
If the shock is large enough and delivered relatively late during the action potential, then
it will initiate a new action potential. A shock that is large enough but delivered during
the plateau of the action potential will modify an ongoing action potential without
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initiating a new action potential (21,22). If the first activation front that forms after a
defibrillation shock encounters tissue with an extended refractory period, the front will
be stopped because it cannot propagate into the region of refractory tissue (23).

Much of our understanding about the mechanism of postdefibrillation arrhythmia
induction comes from studying the simpler process of induction of fibrillation by shocks
during paced rhythms. This idea has been formalized in the upper limit of vulnerability
hypothesis for defibrillation that states that failed defibrillation by a shock that is near
the defibrillation threshold occurs by the same mechanism as VF induction caused by
a premature stimulus of the same strength delivered during the vulnerable period (24,25).
One mechanism for the induction of these postshock arrhythmias is described by the
critical point hypothesis. The critical point hypothesis postulates that functional reentry
is initiated in myocardium in which a dispersion of shock potential gradients intersects
a dispersion of refractoriness (26). In adjacent regions, direct excitation of recovered
tissue and refractory period extension in relatively refractory tissue occur. Excitation
blocks in the direction of the tissue with refractory period extension and propagates
away from and around it. By the time the wavefront re-encounters the tissue that was
previously refractory, it has recovered and the wavefront re-enters. Using video-imag-
ing techniques, Banville et al. have shown in isolated rabbit hearts that the centers of
re-entrant wavefronts induced by shocks delivered in paced rhythms can be moved by
changing the shock strength that is delivered and the coupling interval at which it is
delivered (27).

Focal activation is also frequently observed following defibrillation shocks, in which
activation is first observed at one site followed by propagation away from this site in all
directions (28). Focal origins of activation fronts were first observed with recordings
confined to the epicardial surface (28). In these cases, it is possible that the activation
front arose from the border of a directly excited region that is located intramurally. This
activation front could appear to be focal when it is conducted to the epicardium. Three-
dimensional mapping with plunge needles has demonstrated that foci following a shock
can arise intramurally at sites in which foci were not present during VF before the shock
(29). Foci have also been observed with the electrical induction of VF during the vul-
nerable period (30). The cause of the foci is unknown although it has been observed that
foci during defibrillation can occur in myocardial regions exposed to shock fields of 2
to 6 V/cm, raising the possibility of early or delayed after depolarizations as the source
of the foci (28,31).

For successful shocks near the defibrillation threshold, the first few beats following the
shock are not sinus beats (32). Ectopic activations following a shock, whether they are
focal or re-entrant, do not always lead to fibrillation. Chattipakorn et al. have suggested
that whether or not a shock near the defibrillation threshold will defibrillate depends on
the number and timing of activations that occur following the shock (33). Chattipakorn
et al. paced the heart after delivering a shock that was 50 to 100 V greater than the
defibrillation threshold and that, when given by itself without pacing, always defibril-
lated. At least three rapidly paced cycles after this shock were necessary for induction of
VF. Cao et al. examined the induction of fibrillation by rapid pacing in dogs (34). Cato
et al. showed that as pacing rate increases, a spatial heterogeneity of conduction velocities
occurs, which leads to functional re-entry and VF. Understanding how postshock
arrhythmias progress is important to understanding how shocks ultimately succeed or
fail.
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DEFIBRILLATION METHODOLOGY
Defibrillators consist of two parts: (a) a mechanism for determining whether or not it

is necessary to deliver a shock to the patient, and (b) a mechanism to actually deliver that
shock. The electric shock that is delivered is called the waveform. The two most common
waveform shapes used clinically are monophasic and biphasic waveforms (Fig. 1). In
monophasic waveforms, the polarity of the shock does not change at each electrode
throughout the entire duration of the shock. In biphasic waveforms, the polarity of the
shock reverses at each electrode part way through the shock. Many studies, both animal
and human, have shown that biphasic waveforms can defibrillate with less current and
energy than monophasic waveforms (35–38). Within each type, waveforms can be
described as truncated exponential or damped sinusoidal shapes. Most implantable
cardioverter defibrillators use truncated exponential biphasic waveforms. In contrast,
most external defibrillators until recently have used damped sinusoidal waveforms.
Because of the inductor necessary to shape the damped sinusoidal waveform, these
defibrillators tend to be large and heavy. More recently, lighter external defibrillators
have been developed that use truncated exponential biphasic waveforms, similar those
used in internal defibrillators. Quasi-sinusoidal biphasic waveforms are used in external
defibrillators in Russia and similar to truncated exponential biphasic waveforms, have
been shown to have an improved efficacy over monophasic waveforms (39,40).

Not all biphasic waveforms are superior to monophasic waveforms. For example, if
the second phase of the biphasic waveform becomes much longer than the first phase,
then the energy required for defibrillation increases and can eventually rise to a level
above the energy required to defibrillate with a monophasic waveform equal in duration
to the first phase of the biphasic waveform (38,41,42). The optimum durations of the two

Fig. 1. (A) Truncated exponential monophasic waveform. (B) Truncated exponential biphasic
waveform. (C) Damped sinusoidal monophasic waveform. (D) Quasi-sinusoidal biphasic wave-
form.
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phases of the biphasic waveform depend on electrode impedance and defibrillator capaci-
tance (43–46).

Several groups have shown that for square waveforms of duration less than 20 to 30
ms, defibrillation efficacy follows a strength-duration relationship similar to cardiac
stimulation (47,48); as the waveform gets longer, the average current necessary to suc-
cessfully defibrillate 50% of the time becomes progressively less, approaching a mini-
mum called the rheobase (49). Unlike stimulation, at very long waveform durations, the
average current necessary to defibrillate rises. On the basis of this observation, several
groups have suggested that cardiac defibrillation can be mathematically modeled using
a parallel resistor-capacitor (RC) network (Fig. 2 [44,46,50,52]). Empirically, it has been
determined that the time constant for the parallel RC network is in the range of 2.5 to
5 ms (44–46). In one version of the model, a current waveform is applied to the RC
network (46). The voltage across the network is then calculated for each time point during
the defibrillation pulse. The relative defibrillation efficacy of different waveform shapes
and durations can be compared by holding the peak current of the waveform constant and
comparing the maximum voltage values achieved by each waveform; the higher the
voltage, the lower the defibrillation threshold.

There is some evidence that this RC network is a reasonable if simplified model of
the heart during defibrillation. Zhou et al. recorded the transmembrane potential of cells
in a rabbit papillary muscle during delivery of a defibrillation sizes shock using a
double-barrel micro-electrode technique (52). Zhou et al. showed that the transmem-
brane potential changed with a time constant varying from 1.6 to 6 ms depending on
shock size and polarity (Fig. 3). Likewise, Mowrey et al. measured the transmembrane
potential response to shocks in an isolated rabbit heart model using optical techniques
(53). Mowrey et al. showed that the time constant for the transmembrane response
varied from 1.6 to 14.2 ms depending on the size of the shock, its polarity and the time
during the action potential that it is delivered. Both of these studies show that the cells
of the heart respond to a shock with a time constant on the order of a few milliseconds,
although choosing a single time constant may be too simplistic.

Several observations can be made from this model. First, for square waveforms of the
same current, as the waveform duration gets longer, the voltage across the network gets
progressively higher and approaches an asymptote or rheobase. For truncated exponen-
tial waveforms, however, the model voltage rises, reaches a peak and then, if the wave-
form is long enough, begins to decrease. Therefore, the model predicts that monophasic
exponential waveforms should be truncated at a time when the peak voltage across the
RC network is reached, because current or energy delivered after that point is wasted. In
supporting this prediction, strength-duration relationships for waveform leading edge
voltage at the defibrillation threshold for truncated exponential waveforms in both ani-
mals (46) and humans (54) do not approach an asymptote but rather reach a minimum and
remain constant over a range of waveform durations. This minimum does not extend
indefinitely. Schuder and colleagues showed that if the duration of the waveform gets too
long, then it is no longer capable of defibrillating (55). However, this condition only
occurs for waveforms more than 30 seconds in duration.

Second, the model predicts that the heart acts as a low-pass filter (51). Therefore,
waveforms that rise gradually should have an improved efficacy over waveforms that
reach their maximum value immediately. This prediction has been shown to hold true for
both internal and external defibrillation (56,57). Ascending ramps defibrillate with a
greater efficacy than do descending ramps (56,58).
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Fig. 2. Model responses to a monophasic and biphasic truncated exponential waveform with a time
constant of 7 ms. Leading edge current of the input waveforms was 10A. (A) A schematic of the
parallel RC circuit. The input is a square wave. The model response approaches a maximum
assymptotically. (B) The model response to a monophasic waveform. Waveforms were truncated
at 1, 2, 3, 4, 5, 6, 8, and 10 ms. The model response reaches a peak at 4 ms and then begins to
decrease despite continued current delivery. (C) The model response to a biphasic waveform.
Phase 1 was truncated at 6 ms. Phase 2 was truncated after 1, 2, 3, 4, 5, 6, 7, and 8 ms. The model
response does not change polarity until phase-2 duration is longer than 2 ms.
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Third, the model predicts that the most appropriate measure of a defibrillation wave-
form is current rather than energy. Studies in both animals and humans support this
prediction. Kerber et al. showed in 347 patients who received 1009 shocks using a
damped sinusoidal monophasic waveform that there was a clear relationship between
peak current and shock success (59).

Several groups have suggested that the optimal first phase of a biphasic waveform is
the optimal monophasic waveform (43,46). If this is true, then what does the model
predict as the “best” second phase of a biphasic waveform? Empirically, it appears that
the role of the second phase is to return the model voltage response to 0 as quickly as
possible to maximize the increased efficacy of the biphasic waveform over that of the
monophasic waveform with the same duration as phase one of the biphasic waveform.
If the network voltage does not reach 0 or if it greatly overshoots 0, efficacy is lost.
Swerdlow and colleagues have shown in humans that the “best” second phase of a
biphasic waveform is one that returns the model response close to 0 (46).

Fig. 3. Measurements of shock-induced transmembrane potential change (  Vm). Each tracing
includes recordings of 9th S1-induced action potential and 10th S1-induced action potential during
which a 10-ms monophasic (top) or 10/10-ms (middle) or 5/5 ms (bottom) biphasic shock was
applied. Shock strength was 11 V/cm. Tracings for the same shock waveform but opposite polarity
are superimposed. One shock polarity caused depolarization (solid lines), whereas opposite polarity
caused hyperpolarization (dotted lines). Arrows indicate timing of a shock: interval between arrows
1 and 2 represents duration of a monophasic shock or first phase of a biphasic shock, and interval
between arrows 2 and 3 represents duration of second phase of a biphasic shock. Horizontal dark
bars in 9th action potential indicate time interval during which shocks were actually given in 10th
S1-induced action potential. Each action potential tracing is accompanied with an extracellular
recording during which no shock artifact was recorded when both double-barrel microelectrode
tips were outside the cell membrane. Voltage and time scales are given at bottom right.



218 Cardiopulmonary Resuscitation

The location of the defibrillation electrodes affects the magnitude of the shock neces-
sary to defibrillate the heart. Typically, 200 to 360 J of energy is necessary for successful
defibrillation when the defibrillation electrodes are located on the body surface, as occurs
in transthoracic defibrillation with a damped sinusoidal monophasic waveform. Less
energy is required for a truncated exponential biphasic waveform. However, only 4 to
20% of the current that is delivered to transthoracic defibrillation electrodes ever reaches
the heart. Most of the current is shunted around the heart through the muscles of the chest
wall (60). Moving the location of electrodes on the chest wall can also affect defibrillation
efficacy. The probability of 200 to 360 J monophasic shocks converting atrial fibrilla-
tion to sinus rhythm is higher if the electrodes are on the anterior and posterior chest
walls than if they are on the anterior and lateral chest walls (61).

EFFECT OF HIGH-SHOCK FIELDS ON THE MYOCARDIUM

What happens if a defibrillation shock gets very large? At high-shock strengths, the
probability of defibrillation success begins to drop (62). It is thought that at large strengths,
defibrillation shocks can have detrimental effects on the heart. Increasing the shock
strength to very high levels (>1000 V with transvenous electrodes) can result in activation
fronts arising from regions of high potential gradient that re-induce VF (63). Cates et al.
showed that for both monophasic and biphasic shocks, increasing shock strength does not
always improve the probability of successful defibrillation and may in fact increase the
incidence of postshock arrhythmias (64).

The shape of the waveform alters the strength of the shock at which these detrimental
effects occur. Use of a 10-ms truncated exponential monophasic waveform for VF in dogs
resulted in temporary conduction block in regions in which the potential gradient was
greater than 64 ± 4 V/cm (65). Shocks that created even higher potential gradients in the
myocardium prolonged the duration of this conduction block. In contrast, a potential
gradient in the myocardium of 71 ± 6 V/cm was required for conduction block when a
5-ms/5-ms truncated exponential biphasic shock was used. Addition of a second phase to
a monophasic waveform—making it a biphasic waveform—reduced the damage sus-
tained by cultured chick myocytes compared to that induced by the monophasic waveform
alone (66). Reddy et al. showed that transthoracic defibrillation with biphasic shocks
resulted in less postshock electrocardiogram evidence of myocardial dysfunction than
standard monophasic damped sinusoidal waveforms, without compromise of defibrilla-
tion efficacy (67). Thus, biphasic waveforms are less apt to cause electro-physiologic
damage or dysfunction in high potential gradient regions than monophasic waveforms.

One mechanism that has been implicated for the mechanism of shocks causing damage
to the myocardium is electroporation, the formation of holes or pores in the cell mem-
brane. Electroporation may occur in regions in which the shock potential gradient is high
(>50–70 V/cm) and had been hypothesized to occur in regions in which the potential
gradient is much less than 50 V/cm (68). The very high voltage can result in disruption
of the phospholipid membrane bilayer and the formation of pores that permit the free
influx and efflux of ions and macromolecules. Electroporation can cause massive ion
exchange across the cell membrane. The transmembrane potential changes temporarily
to a value almost equal to that of the plateau of a normal action potential. During this
period, the cell is paralyzed electrically being both unresponsive and unable to conduct
an action potential. Exposure of the myocardium to yet higher potential gradients, prob-
ably greater than 150 V/cm, results in arrhythmic beating and at very high potential
gradients necrosis may occur (69).
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Two clinical trials have been performed comparing the effect of shock energies on
survival after prehospital sudden CA. Weaver et al. compared the effect of two shock
strengths on survival (70). A total of 249 patients were randomized to receive either one
or two (as necessary) monophasic damped sinusoidal shocks of 175 J or 320 J (2.5 or 4.6
J/kg for a 70 kg individual). If three or more shocks were required, all subsequent shocks
were 320 J. In a three-way analysis of variance, both return of spontaneous circulation
and survival were inversely related to the total number of shocks delivered but neither of
these outcomes was related to the level of energy used for the initial two defibrillation
shocks. The higher energy shocks were more likely to leave the patient in atrioventricular
block following multiple shocks, but this difference did not influence survival.

Schneider et al. compared the effect of a protocol using a constant 150 J shock strength
vs a protocol using an escalating 200 to 360 J shock strength (71). The 150 J shock was
always biphasic. Of the escalating 200 to 360 J shocks, 80% were monophasic truncated
exponential shocks and 20% were monophasic damped sinusoidal shocks. In 115 patients
with prehospital sudden arrest secondary to VF, there was no difference in survival in
patients receiving monophasic or biphasic shocks. An increased proportion of patients did
have return of spontaneous circulation in the 150 J group compared to the 200 to 360 J
group but this difference can be explained by the increased defibrillation efficacy of the
biphasic waveform compared to the monophasic waveforms. If the comparison is limited
to patients who were successfully defibrillated, 41 of 54 patients (75%) had return of
spontaneous circulation in the 150 J group compared to 33 of 49 patients (67%) in the 200
to 360 J group (p = NS). Both the Weaver study and the Schneider study suggest that there
is neither increased survival nor decreased survival with the larger monophasic shocks.
A comparison of low and high energy biphasic shocks has yet to be performed in the
prehospital setting but is crucial for determining whether a constant low-strength or an
escalating shock strength protocol is preferred with biphasic waveforms.

Beyond survival, it is desirable that the heart not be damaged by a defibrillation shock.
Grubb et al. measured cardiac enzymes in patients resuscitated from out-of-hospital cardiac
arrest (CA) including patients who received no shocks (72). A rise in CK-MB and cardiac
troponin T occurred in almost all cases. Patients received from 0 to no less than 2000 J of
total defibrillation energy. There was a modest correlation between enzyme release for both
troponin T and CK-MB and the total defibrillation energy delivered among patients without
electrocardiographic evidence of acute myocardial infarction (AMI). The total amount of
delivered defibrillation energy was also positively correlated with the duration of CPR.
Both the mechanical trauma and the hypoperfusion associated with CPR are possible
explanations for the correlation between enzyme release and total defibrillation energy.

A similar study performed by Müllner et al. examined the influence of chest compres-
sions and external defibrillation on the release of cardiac enzymes in patients resuscitated
from out-of-hospital CA (73). Using a multivariate stepwise linear regression model,
they showed that CK-MB concentrations 12 hours after CPR were positively associated
with the presence of AMI, the duration of CPR, and the presence of cardiogenic shock
in the postresuscitation period, but were not significantly associated either with the
number of defibrillation shocks delivered (mean = 3, range = 1–6) or with the amount of
epinephrine administered. Likewise, a similar model was constructed for troponin T
concentrations 12 hours after resuscitation and again, the number of defibrillation shocks
administered was not significant in the model. These studies suggest that damage caused
by defibrillation during CPR is either small or nonexistent compared with the damage and
dysfunction caused by the underlying pathology and period of no-flow ischemia.
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EFFECT OF THE DURATION OF VF ON DEFIBRILLATION EFFICACY

Most defibrillation studies have been performed on healthy hearts after short periods
of electrically induced VF, usually 15 to 45 seconds in duration. Yet most patients who
suffer sudden CA are away from immediate medical care and fibrillate for 5 to 7 minutes
before defibrillation. Jones et al. compared the efficacy of a monophasic waveform (5 ms
rectangular) and an asymmetrical biphasic waveform (5 ms each pulse, V2 = 50% V1)
at 5, 15, and 30 seconds using a working rabbit heart model of defibrillation (74). Results
showed that biphasic waveforms had significantly lower voltage and energy thresholds
at all fibrillation durations and that their relative efficacy improved with increasing
fibrillation duration. The biphasic waveform energy threshold was 0.67 that for the
monophasic waveform after 5 seconds of fibrillation. The ratio between the biphasic
waveform threshold and the monophasic waveform threshold (B/M) decreased to 0.62
at 15 seconds. At 30 seconds, B/M was 0.52.

Walcott et al. compared the relative efficacy of a damped sinusoidal monophasic and
damped sinusoidal biphasic waveform after 15 seconds and 5 minutes of VF (3 minutes
of unsupported VF followed by 2 minutes of femoral–femoral venous–arterial circula-
tion at 1 L per minute) in a canine model (40). The defibrillation threshold increased by
40% for the damped sinusoidal monophasic waveform (p <  0.05 compared to the defibril-
lation threshold at 15 seconds). In contrast, the defibrillation threshold increased by 10%
for a damped sinusoidal biphasic waveform ( p = NS defibrillation threshold at 5 minutes
compared to the threshold at 15 seconds) (Fig. 4).

Fig. 4. Defibrillation thresholds in terms of energy for quasi-sinusoidal biphasic waveform and
critically damped sinusoidal monophasic waveform after 15 seconds and after 5 minutes of fibril-
lation. Defibrillation threshold for biphasic waveform did not change significantly with duration
of fibrillation, whereas defibrillation threshold for monophasic waveform was significantly dif-
ferent after 5 minutes of fibrillation vs after 15 seconds of fibrillation. In both cases, defibrillation
threshold for biphasic waveform was significantly different from that of monophasic waveform.
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It is not possible to perform a paired comparison of defibrillation shock efficacy in
humans but we can compare the results from different studies to estimate how shock
efficacy changes with VF duration. Higgins et al. showed that 96% of patients were
defibrillated with a 200 J damped sinusoidal monophasic waveform in patients in the
electrophysiology laboratory following a failed internal defibrillation test shock (75).
Weaver et al. showed that 61% of patients were defibrillated with a 175 J damped
sinusoidal monophasic waveform in patients suffering (70) VF outside the hospital.
Furthermore, defibrillation success was not improved when the shock strength was
increased to 320 J. These studies suggest that there is a decrease in defibrillation
efficacy with VF duration for the monophasic damped sinusoidal waveform in humans.

The same comparison can be made for biphasic waveforms. Bardy et al. showed that
86% of patients were defibrillated with the first shock using a 130 J biphasic truncated
exponential waveform following a failed internal defibrillation shock (76). VF lasted for
about 15 seconds before shock delivery. Schneider et al. showed that 96% of patients
were defibrillated with the first shock using the same biphasic truncated exponential
waveform except for shock strength, which was 150 J (71). VF lasted for 9.2 ± 2.9
minutes. Thus, mirroring the animal data presented above, defibrillation efficacy does
not appear to decrease with VF duration for biphasic waveforms.

EFFECT OF ISCHEMIA ON DEFIBRILLATION EFFICACY

Whether or not acute regional ischemia affects defibrillation efficacy of electrically
induced VF is controversial. Occlusion or embolization of a coronary artery has been
reported to increase defibrillation current and energy thresholds during the 30 to 60 minutes
following the onset of myocardial ischemia in dogs (77,78). Other reports either did not
find increases in defibrillation thresholds after coronary artery occlusion (79,80) or found
a lower threshold (81).

More important than the effect of ischemia on defibrillation is whether the arrhyth-
mia starts spontaneously during acute ischemia or is induced electrically. Ouyang et al.
determined the defibrillation threshold for spontaneous arrhythmias induced by acute
ischemia using a monophasic waveform and electrodes directly on the heart (82). The
lowest energy threshold for defibrillation was determined in 10 open chest dogs with
reversible 10-minute coronary occlusions at various sites for each of 44 VF events.
Despite similar masses of ischemia, two times as much energy was required for defibril-
lation of spontaneous VF (whether after occlusion or reperfusion) as for electrically
induced VF.

More recently, Walcott et al. measured the defibrillation threshold for a biphasic
waveform with both electrically induced VF and spontaneous VF secondary to acute
ischemia (83). They showed that the defibrillation threshold for electrically induced VF
was 65 ± 28 J but was 228 ± 97 J for spontaneous VF secondary to acute ischemia in a dog
model. Similar results were seen in swine. Of note, there appeared to be two populations
of spontaneous arrhythmias, one that was defibrillated with relatively low strength
shocks and a second that was defibrillated with much higher shock strengths or not at
all (Fig. 5).

One possible explanation for why the defibrillation threshold is higher for spontane-
ous VF secondary to acute ischemia is that the shock actually does defibrillate but that
the heart refibrillates before the electrocardiogram amplifiers have recovered from the
shock. Qin et al. measured the defibrillation threshold for electrically induced VF in 15
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pigs before ischemia and then the efficacy of a shock 1.5 times the measured threshold
during acute regional ischemia although recording a fast recovering electrogram and
blood pressure trace (84). If VF was not induced during 20 minutes of ischemia, fibril-
lation was induced electrically. Defibrillation efficacy at 1.5 times the electrically in-
duced VF defibrillation threshold was significantly higher for electrically induced
ischemic VF (76%) than for spontaneous VF (31%). The incidence of delayed recur-
rence (at least one organized electrical beat before VF recurrence) after electrically
induced nonischemic (3%) or ischemic (20%) VF was significantly lower than after
spontaneous VF (75%). Mean VF recurrence time after spontaneous VF was 4.6 ± 5.3
seconds. These data suggest that shocks often stop spontaneous fibrillation but that
fibrillation quickly recurs and that if the first two to three shocks fail then drug therapy
might be more appropriate than continued shock delivery

EFFECT OF INFARCTION ON DEFIBRILLATION EFFICACY

It does not appear that previous MI has an effect on defibrillation efficacy. Human
studies stratifying patient characteristics as a function of defibrillation threshold have
shown that heart dimensions and body dimensions but not underlying heart disease are
correlated with the defibrillation threshold of electrically induced VF for internal elec-

Fig. 5. Histogram of the number of arrhythmic episodes that were successfully defibrillated as a
function of energy level. It appears that there are two populations of arrhythmias, one that is
defibrillated at a relatively low energy level and one that is defibrillated at a much higher energy
level. Open bar = reperfusion; solid bar = occlusion. ND = the VF could not be defibrillated and
the animal died.
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trodes in the electrophysiology laboratory (54). In a study of 26 patients, the defibrillation
threshold was not different for patients with previous MI when compared to patients with
structurally normal hearts (85). Animal studies have not shown any change in defibril-
lation threshold when comparing animals with previous MIs to those animals with nor-
mal hearts (78,86,87).

Previous MI does increase the probability of a sudden CA. Animal studies have shown
that a previous myocardial infarction makes it much more likely that an episode of acute
ischemia will cause a tachyarrhythmia, both when the acute ischemia is in a different
perfusion bed from the infarct, and in the same perfusion bed as the infarct (88).

PEDIATRIC DEFIBRILLATION

VF is a less common reason for VA in pediatric patients than in adult patients. Survival
in pediatric CA patients in more likely, although, if VF is present at the time of resusci-
tation. Therefore there is growing interest in defibrillation for pediatric patients. Several
investigators have shown that defibrillation shock success is directly related to body
weight. Geddes et al. showed that the energy and current necessary to defibrillate using
a damped sinusoidal monophasic waveform is related to body weight across different
animal species (89). Tacker et al. in a retrospective human clinical study, showed a
reverse correlation between body weight and the percentage of patients successfully
defibrillated by a given shock strength (90). More recently, Zhang et al. have shown that
the percent success for 70 J and 100 J biphasic defibrillation shocks is inversely correlated
with animal size (91). Killingsworth et al. showed that the energy dose at the defibrilla-
tion threshold is proportional to the weight of the animal across a group of young swine
ranging from 3.8 to 20 kg (92).

If automatic external defibrillators are to be used on pediatric patients, then shock
strengths must be sufficient to defibrillate the larger pediatric patients although not
damaging the hearts of the smallest patients. Gutgesell et al. reviewed 71 transthoracic
monophasic defibrillations in 27 children (93) and showed that the appropriate defibril-
lation dose for a monophasic waveform is 2–4 J/kg. Eight-year-old patients weigh 25 kg
on average. Therefore, a dose of 50 to 100 J should be adequate to treat pediatric patients.

A shock of 50 to 100 J is equivalent to 12 to 25 J/kg for newborn children. A pediatric
case report describes a 150 J (9 J/kg) shock that resulted in transient ST segment changes;
however both creatine kinase and troponin I were within normal limits and echocardi-
ography showed no left ventricular (LV) dysfunction (94). Animal data with monophasic
waveforms suggest a wide margin of safety before myocardial injury is induced (95–97).
Increasing myocardial damage with increasing external monophasic shock strength has
been reported at doses greater than 150 J/kg in pigs (96) and 30 J/kg in dogs (98). A recent
study indicated that there was no indication of persistent myocardial injury based on the
time to return of sinus rhythm, ST segment deviation, LV dP/dt, or cardiac output in
piglets weighing between 3.8 and 20.1 kg and receiving individual external biphasic
shocks of up to 90 J/kg (92). Nonetheless, a recent panel of experts concluded that a first
shock of 150 to 200 J, with a possibility of even higher escalating energy shocks, exceeds
the recommended dose of 2 to 4 J/kg for defibrillation of VF/pulseless ventricular tachy-
cardia (VT) and is inappropriate for children less than 8 years old with a median weight
less than 25 kg. Manufacturers of automatic external defibrillators (AEDs) are currently
addressing the need for early defibrillation of pediatric patients with different biphasic
waveforms as well as impedance compensating, nonescalating external shocks (99).
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An additional approach to early pediatric defibrillation is the development of a dispos-
able attenuating pediatric electrode system that allows adult AEDs to be used for treat-
ment of either adult or pediatric CA without modification or additional complication of
the existing device (100).
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INTRODUCTION

The value of early intervention in critically ill patients has long been recognized. As
early as the 1700s, scientists recognized the value of mouth-to-mouth respiration and the
medical benefits of electricity (1). In the modern era, advances in resuscitation began to
proliferate. In 1947, Claude Beck successfully resuscitated a 14-year-old boy through
the use of open chest massage and an alternating current (AC) defibrillator, the kind that
is used in wall outlets. In 1956, Paul Zoll demonstrated the effectiveness of closed chest
massage with the use of an AC defibrillator. In the late 1950s, Peter Safar, William
Kouwenhoven, James Jude and others began to study sudden cardiac arrest (CA) and in
1960, they demonstrated the efficacy of mouth-to-mouth ventilation and closed chest
cardiac massage (2). In 1961, Bernard Lown demonstrated the superiority of direct
current (DC) defibrillators, the kind provided by batteries. In 1966, J. Frank Pantridge
and John Geddes developed the world’s first mobile intensive care unit (MICU) in
Belfast, Northern Ireland, as a way to bring early advanced medical care to patients with
cardiac emergencies (3). In 1969, William Grace established the first MICU in the
United States in New York City (4). Subsequently, there were efforts in the United States
and throughout the world to emulate and build on this concept. In the late 1960s and early
1970s, paramedic programs were developed by Eugene Nagel in Miami, Leonard Cobb
in Seattle, Leonard Rose in Portland, Michael Criley in Los Angeles, and James Warren
and Richard Lewis in Columbus. In the 1980s, Mickey Eisenberg, Richard Cummins,
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and colleagues demonstrated the effectiveness of rapid defibrillation in Seattle, Wash-
ington (5), while Kenneth Stults demonstrated the same in rural Iowa (6). This growing
body of research demonstrated the importance of rapid care for victims of sudden CA
by showing that survival improved when basic life support (mouth-to-mouth ventilation
and closed chest compressions) was provided within 4 minutes and advanced life sup-
port (defibrillation, intravenous medications and fluids, and advanced airway manage-
ment) within 8 minutes. Subsequent studies found that the benefits of advanced life
support were primarily the result of electrical countershock for patients in ventricular
fibrillation (VF). From these findings, a model of care called the “Chain of Survival,”
was first described by Mary Newman (7), and then by Cummins et al. (8), and eventually
adopted by the Citizen CPR Foundation, the American Heart Association (AHA) and
others. The Chain of Survival consists of four action steps that must occur in rapid
succession to provide the patient the greatest likelihood for resuscitation: early access
(call 911 or the local emergency number to notify the emergency medical services
[EMS] system and summon on-site help); early cardiopulmonary resuscitation (CPR;
begin immediately); early defibrillation; and early advanced care (transfer care to EMS
professionals upon their arrival at the scene).

THE CHALLENGE OF PROVIDING EARLY DEFIBRILLATION

Growing appreciation of the value of early defibrillation prior to hospital arrival and
of the need for improved care of trauma victims led to the development of EMS systems
in most nonrural communities throughout the United States. Through the efforts of dedi-
cated individuals who underwent training as emergency medical technicians and para-
medics, along with government funding of well-equipped ambulances designed
specifically for providing emergency medical care outside the hospital, great strides were
made in improving the initial care provided to persons with out-of-hospital emergencies.
Despite these advances, decades later, the death toll from sudden CA remains as high as
98 to 99% (9,10), with a national average of 93% (11).

The reason for the dismal survival rate from sudden CA became profoundly evident—
time to intervention. Although the development of EMS systems is perhaps one of the
greatest improvements in US health care this century, expecting such systems to effec-
tively treat victims of sudden CA within our current medical understanding and the
limitations of EMS response intervals clearly is fallacious. Spaite et al. developed a useful
description of the time intervals between patient collapse and provision of care (Fig. 1;
[12]). There have been many efforts made to shorten each of these time intervals. Addi-
tionally, significant advances in each phase of out-of-hospital emergency response have
lead to significant improvements over the years. There is clearly a limit, however, to
minimizing response-time intervals. Even small improvements in survival come at a high
price. Nichol et al. demonstrated that an improvement in response time of 48 seconds
would cost an estimated $40,000 to $368,000 per quality adjusted life year gained depen-
dent on system configuration (13). Thus, traditional EMS systems should not be expected
to provide the first few minutes of emergency cardiovascular care, because it often is not
deliverable at a reasonable cost.

AUTOMATED EXTERNAL DEFIBRILLATORS

Fortunately, medical technology has now provided a solution to this dilemma. The
advent of automated external defibrillators (AEDs) now allows persons with very little
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Fig. 1. Emergency medical services time-interval model.

training and no formal medical background to provide the lifesaving intervention of early
defibrillation. AEDs are essential weapons in the current battle against sudden CA, and
so a brief review of their characteristics is in order.

The key components of an AED are as follow:
• computer to perform ECG analysis,
• battery,
• capacitor,
• defibrillation pads and connector cable, and
• external shell with control buttons.

Although each manufacturer’s device varies slightly, they are relatively consistent in
their operation. Turning the device on typically initiates a series of verbal instructions.
The device prompts the user to attach the defibrillation pads to the patient’s chest. By
detecting a change in impedance, the AED knows when the pads have been attached. (In
devices in which the pads are not pre-attached, the device will prompt the user to attach
the connector cable to the AED.) Once the pads are placed on the chest, the device initiates
an electrocardiogram (ECG) analysis, typically evaluating two short segments of ECG
strip for morphology, rate, and nonphysiologic signals (artifact and interference). If
analysis of both of these segments agrees that a shock is indicated, the device charges the
capacitor and advises the user of the finding. When the capacitor is charged, the device
prompts the user to push the “shock” button. Some devices currently on the market will
warn the user to “clear” the patient, that is, make sure no one is touching the patient, and
then automatically deliver the shock, without requiring the user to push any buttons. The
AED automatically initiates reanalysis after a shock to determine if another shock is
needed; it will repeat this process for up to three consecutive shocks. After a third con-
secutive shock, the device will withhold analysis for 1 minute and prompt the user to do
CPR during that interval. In all cases, users are guided by voice prompts that transfer
decision making from the user to the computerized device.
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The algorithms used to define shockable rhythms in AEDs have been continually
refined over the last 20 years and are now quite sophisticated and accurate. Several
evaluations have found their specificity to be close to 100%, which means that the device
will not shock ECG rhythms that would not be shocked by an advanced care provider
performing manual defibrillation. The sensitivity typically is 90 to 95% with most
“misses” being very fine VF (14,15).

Multiple models of AEDs are now available and new ones are entering the market on
a regular basis (Fig. 2). They include both new brands and upgraded models of existing
brands. To see the current models on the market, visit the National Center for Early
Defibrillation website (www.early-defib.org) (16).

A variety of AED improvements have been proposed recently. One concern is the
need to shorten the “hands-off interval,” during which chest compressions are withheld
(17).This interval consists of listening to prompts, applying defibrillation pads, AED
rhythm analysis, capacitor charging, and shock delivery and typically takes 60 to 90
seconds, even for proficient users. Another consideration is whether or not AEDs
should incorporate communication capabilities to automatically alert the local 911
center when and where a device is activated and/or allow the telecommunication officer
to speak with the user directly. Both options add additional cost, size, and weight to the
device. Thus, the dilemma is whether it is better to have the smallest, most portable,
lowest priced devices or to ensure rapid 911 notification and real-time user assistance.
A lower priced device could mean wider distribution of AEDs and hopefully more rapid
availability of a device, whereas an automatic connection would assist users in proper
use of the device and care for the individual and the additional benefit of ensuring
immediate dispatch of EMS.

An intriguing potential development is the incorporation of defibrillation success
prediction guidance. Callaway has demonstrated the ability of the scaling exponent, a
measure of the VF tracing’s geometric characteristics, to predict likelihood of conversion
to an organized rhythm (18). Others are evaluating the utility of frequency and amplitude-
based analyses (19). The clinical relevance is that the AED could base the decision to
shock not just on the presence of VF but also on the likelihood of successful conversion.
For patients with low likelihood of conversion, basic and advanced life support could be
provided prior to defibrillation.

The most optimal defibrillation waveform remains unknown. Most new devices on the
market use biphasic waveforms rather than the previous standard, monophasic wave-
form. The biphasic waveform at a lower energy level seems to be at least as effective as
the higher energy monophasic and thus can decrease the size, weight, and cost of the
device. Whether a low-energy biphasic waveform or an escalating biphasic waveform is
more effective remains to be determined.

In summary, AEDs have become very simple and easy to use. A minimal amount of
training is required to become familiar with the device In fact, a study comparing untrained,
sixth-grade children and EMTs in the use of an AED illustrates just how easy these devices
are to use: untrained children were able to operate the AED successfully in a time that was
only 27 seconds longer than it took the EMTs to use the device (20).

STRATEGIES FOR EARLY DEFIBRILLATION

Today, the best known strategy for resuscitating persons in sudden CA is to provide
defibrillation as soon as possible for those in ventricular tachycardia (VT) and VF,
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Fig. 2. Some automated external defibrillator models currently available. Courtesy of the National
Center for Early Defibrillation, University of Pittsburg (www.early-defib.org). (A) AccessAED
(Access CardioSystems); (B) Samaritan® AED (HeartSine Technologies Inc.); (C) LIFEPAK
CRPlus (Medtronic Physiocontrol Corp.); (D) Fr2+ (Philips Medical Systems); (E) AED 10 (Welch
Allyn Inc.); (F) AED Plus (Zoll Medical Corp.).
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perform closed chest compressions, and provide ventilation and oxygenation. Because
victims in VF and VT have a much higher likelihood of survival than those with other
rhythms, reaching these victims and delivering defibrillation has been emphasized. AEDs
have provided an important means to achieve this goal.

The earliest clinical report of these devices is from Bellingham, Washington, by
Diack and Wayne et al. in 1979 (21). The device was designed to conduct current
between a combination oral airway/metallic electrode in the orophanynx and an elec-
trode on the mid-anterior chest. The device underwent further development and modi-
fications including the transition to more traditional electrode placement on the left and
right anterior chest. Soon thereafter, Cummins, Stults and others demonstrated safe and
effective use of these devices by Emergency Medical Technicians (7,22). In 1989,
Weaver reported that equipping firefighter/first responders in King County, Washington
with these devices would achieve a calculated survival improvement among patients in
VF from 19 to 30% (23). This report provided not only legitimacy to the new technology,
but also a call for their deployment among first responders throughout the country.

Although paid firefighters became first responders in many urban areas, this resource
was not available in many suburban communities. In these locations, police officers were
often the most likely first responders. White et al. in 1996 (24), and Mosesso et al. in 1998
(25), published reports demonstrating successful use of AEDs by police officers. White
found a heretofore never reported survival rate of 45% with roughly similar survival
whether shock was provided by EMS or police officers in Rochester, Minnesota.
Mosesso’s study in a suburban area near Pittsburgh, Pennsylvania, demonstrated a
marked improvement in survival if police attempted to defibrillate sudden CA victims
upon their arrival rather than waiting for EMS personnel (survival to hospital discharge
26 vs 3%, p = 0.027). Davis et al. reported that police officers in the Pittsburgh study were
able to use the device effectively with minimal errors (26). These studies also demon-
strated the devices were safe and rarely malfunctioned.

The evolution of excellent 911 centers and of emergency medical dispatch (i.e., pri-
oritized dispatch and pre-arrival instructions) has also facilitated more rapid deployment
to CA calls. Despite these advances, however, first responders and EMS personnel gen-
erally are unable to reach the scene and provide therapy within the very small window of
opportunity afforded to victims of sudden CA.

Therefore, it has been increasingly recognized that the only way to effectively provide
what might be called “immediate defibrillation” is to have the defibrillator on site and
accessible to the lay bystander. Air travel is one venue in which the need for immediate
defibrillation is overt and which the AED strategy has proven success. The nature of this
venue creates an exceptionally long time interval before traditional EMS is able to
respond. Therefore, Qantas Airlines took what at the time was a bold step to equip
nonmedical personnel, such as flight attendants, with AEDs (27). Subsequently, Richard
Page reported the American Airline experience (28). During a 2-year period, 200 (191 on
aircraft and 9 in terminal) arrests occurred. The Federal Aviation Administration (FAA)
has now mandated that all airlines with at least one flight attendant be equipped with an
AED and that the staff had to be trained in their use.

Determination of other appropriate venues for AEDs is still unfolding. Perhaps the
largest effort to address this question is the Public Access Defibrillation (PAD) Trial (29),
which is comparing survival at sites with teams trained in CPR only vs sites with teams
trained in CPR and AED use and equipped with AEDs. The trial found survival doubled
at sites with AEDs and that no patients were shocked inappropriately (29a). Researchers
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also hope to learn important information about effective response plan strategies and
retraining requirements. The PAD Trial chose locations that would have a reasonable
likelihood of CA by using the criterion of at least 250 people over age 50 present at the
site for 16 hours a day or 500 persons present for 8 hours per day. Response plans were
designed to initiate CPR immediately and apply the defibrillator within 3 minutes of the
individual’s collapse.

Several studies have tracked the incidence of sudden CA by type of location. Linda
Becker found in Seattle that CA occurred most frequently at the airport, county jail, large
shopping malls, public sports venues, and large industrial sites. They developed a cri-
terion of greater than 0.03 arrests per year for “high-risk” locations and found that sites
that met this criterion could be expected to use each AED once every 10 years (30). At
sites that did not meet these criteria, the defibrillator would be used rarely, and thus the
authors question the appropriateness of employing AEDs in those locations. Frank et al.
evaluated CA in Pittsburgh and found that no single location had a particularly high
incidence. The most common venues at which CA occurred were dialysis centers and
nursing homes (31).

Although the concept of deploying AEDs at various public locations is just beginning
to unfold, there are already questions being raised regarding the potential impact of such
a strategy. This is because 57 to 75% (32,33) of CAs occur in private residences. Thus,
only one-quarter to one-third of CAs can even be treated by a public access defibrillation
strategy. Several studies have calculated that public access defibrillation programs,
even if they achieve a high survival rate, will have only minimal impact on the overall
survival in communities (34). This has led some to suggest that the ultimate venue for
on-site defibrillators may be the home. The concept raises a number of issues including
how often arrests at home are witnessed, the feasibility of family members using the
AED in the crisis situation and the cost of placing AEDs in every home (35). A study
exploring these issues is the Home Access Defibrillation Trial by researchers at the
University of Washington. Nevertheless, a number of successful programs and models
providing on-site defibrillation have been reported and a number of important program
components have been identified.

EARLY DEFIBRILLATION PROGRAMS AND MODELS
There are a variety of different models and systems for on-site defibrillation pro-

grams. We endorse the concept that the deployment of AEDs should involve, in most
cases, implementation of an emergency response plan. This is especially true in loca-
tions where there is some identifiable fixed population such as a security force or office
work force. In systems with on-site security officers who can quickly respond to the
location of an emergency, it is often appropriate to train and equip these officers with
the AEDs. Other settings may have a steady workforce such as managers, clerks, or
office workers but not a designated security response force. In these instances, it may
be feasible to either assign a certain group or solicit a volunteer group to receive training
and to respond to medical emergencies. Often it is appropriate to deploy AEDs in such
a fashion that they are available for anyone at the site to use. The Chicago airport model
reported by Caffrey et al. may best exemplify this model (36).AEDs were placed within
a brisk 60- to 90-second walk apart in the Chicago O’Hare, Meigs Field, and Midway
Airports. The cabinets were designed to trigger an audible alarm, strobe lights, and a
dispatcher alert if the cabinet door was opened. The three airports serve more than 100
million passengers each year and employ a staff of 44,000. Of this pool of employees,
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3000 were trained; users of the airports were alerted to the fact that AEDs were avail-
able in multiple ways: public service videos that repeatedly played in the waiting areas,
pamphlets, and news media. In the initial 2 years of the study, 21 persons experienced
nontraumatic CA; 18 out of the 21 cases were in VF. Eleven of the 18 (a remarkable
61%) survived. In five of these cases, persons who had no training or experience in the
use of AEDs and no official duty to respond used the AED. This study suggests that
there is benefit in making AEDs available to the general public.

When designing response plans, the goal is to provide access to defibrillation as
quickly as possible. All aspects of the program should be designed to facilitate this goal.
How this is achieved often is based on site-specific issues, but should include the com-
ponents described in the next section, which is based in large part on a comprehensive
guide by Newman and Christenson (37).

ESTABLISHING A COMMUNITY-BASED AED PROGRAM

An AED program can be considered a community initiative to promote public access
to defibrillation. It may involve a consortium of any combination of community leaders,
emergency medical services, local chapters of national organizations dedicated to this
issue, and civic groups. This program may include ensuring that public safety-first respond-
ers are trained and equipped in the use of AEDs and promoting deployment in public venues
throughout the community. Based on programs that have been published in the literature,
and through personal communications with many leaders of such community programs,
we have found that addressing the following 10 components will often facilitate the
development of a successful and effective program.

Establish an AED Task Force
Strong community AED programs often begin with a single champion who is able to

mobilize community support and buy-in. To be most effective, it helps to gather all
potential stakeholders up front and form a task force. At a community level, this means
people like the EMS director, fire chief or training officer, police chief or training officer,
corporate leaders, elected officials, and representatives of training organizations, civic
groups, senior citizens organizations, and the media.

Review Laws, Regulations, and Advisories
AED use is addressed in several federal laws and advisories, state laws, and sometimes

even in local ordinances. All AEDs on the market in the United States have been cleared
by the Food and Drug Administration (FDA), which means they have been determined
to be safe and effective. The FDA requires a prescription for the purchase of an AED. All
states now have Good Samaritan AED legislation. In general, these laws provide immu-
nity from legal liability for those who use and deploy AEDs, but the details vary from state
to state. Some states require training by nationally recognized training organizations,
coordination with EMS, medical direction, and record keeping.

The federal CA Survival Act, which addresses AED placement in federal building,
also fills in the gaps in state Good Samaritan legislation, providing an additional measure
of immunity. Other actions at a federal level that support AED deployment are the FAA
ruling that requires AEDs on airlines, the Occupational Safety and Health Administration
advisory that recommends AEDs at the workplace and the General Accounting Office
report that addresses CA data collection.
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Conduct a Needs Assessment
Evaluate the strength of each link in the chain of survival to enable strategic improve-

ments in the response system. Determine the highest risk sites for sudden CA and identify
locations that may have delayed response by public safety and/or EMS (including delayed
access to patient once on site).

Cultivate Public Awareness
Strong community AED programs depend on public awareness and involvement. The

task force needs to develop a public awareness campaign, particularly if funding will be
needed to support the program. This involves framing the issues, developing a statement
of need, promoting media coverage, lobbying local political leaders, and identifying and
addressing potential obstacles.

Estimate Program Costs
Establishing an effective community AED program involves not only the cost of

devices, but other issues including initial and refresher training, medical direction, per-
sonnel related to program management and quality assurance, maintenance, documen-
tation, media coverage, and community-wide CPR training. Before seeking funding, task
forces should understand start-up and maintenance costs.

Seek Funding
Sometimes the costs of AED programs are incorporated into agency budgets. In many

cases, however, outside funding is needed. There are many sources for AED program
funding. Organizations and individuals will be more likely to contribute if your task force
either forms a nonprofit 501(c)3 organization or aligns with one, so that contributions are
tax deductible. For funding sources, see www.early-defib.org.

Establish Medical Oversight
Medical oversight for AED programs is required in some states. It is recommended by

numerous national medical organizations, including the National Center for Early
Defibrillation and the American Heart Association. The role of the medical director is to
champion the program in the community, prescribe devices, and ensure quality. This
involves developing or approving protocols, overseeing training, reviewing cases, provid-
ing feedback to rescuers and conducting data analysis.

Select Device
Many AED models are on the market. Some issues to consider include ease of use,

compatibility with other devices in use in the service area, maintenance, ongoing manu-
facturer support, appropriateness for specific venue and expected users, and price. For
device options, see www.early-defib.org.

Conduct Training
AED training generally takes about 2 to 4 hours, including CPR training. Refresher

training should be conducted periodically and is available through on-line programs. Many
experienced AED program coordinators recommend brief (i.e., as little as 10 minutes)
refresher training every 3 months. Several organizations provide nationally recognized
quality programs in CPR and AED use. For training options, see www.early-defib.org.
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Develop a Response Plan
To ensure that every person receives optimal care as quickly as possible, it’s essential

to develop a comprehensive, well-designed response plan. An effective plan consists of
written policies and procedures developed with and reviewed by the medical director on
a regular basis. The response plan should address the following:

• Identification and training of the response team
• Specific roles of team members
• AED placement (location, installation, ancillary supplies)
• Internal and external (911) notification systems
• Response system function
• Periodic AED drills
• Postevent review and feedback

Example of Community AED Program: Montgomery County, Texas
Montgomery County Hospital District (MCHD) came to the conclusion that combat-

ing CA was not something that their ambulance service could do alone. Spanning 1100
square miles of urban, suburban, and rural areas, this Texas county with a population of
300,000, faced a number of obstacles. In the rural areas, the long distances that the
MICUs needed to cover to reach a patient made achieving rapid response times difficult.
In the urban areas, on the other hand, MICUs were able to arrive on scene quickly,
locating the patient in a large building or crowd often created a substantial delay. In
either case, achieving the 3- to 5-minute response interval needed for effective defibril-
lation of patients in CA was not possible using only the MICU system.

MCHD contemplated methods outside the MICU system to expedite access to defibril-
lation for victims of out-of-hospital CA. With this objective in mind, it designed a com-
prehensive first-response AED program that could be implemented in three stages over
a 3-year period. The first stage was a Fire Department First Response program. MCHD
purchased 30 AEDs for distribution among the 17 county fire departments. Additionally,
MCHD offered firefighters free EMT or Emergency Care Attendants training. Later,
MCHD created a special CPR/AED training course that included instruction in post-
resuscitation care for patients who were resuscitated successfully, and lessons in what to
do when a shock is not advised. More than 300 firefighters participated in the training
courses. Overall, the Fire Department First Response program was a great success and
recorded its first save in the first month of the program.

The second stage of the AED program was Law Enforcement First Response. MCHD
invited the Shenandoah Police Department and the Montgomery County Sheriff’s
Department to join the AED team. MCHD provided the initial training and 36 AEDs
for their use.

The third stage of the AED program was Community Access Defibrillation. MCHD
focused on placing AEDs in locations where large populations of people congregate:
malls, county buildings, schools and golf courses. Through local presentations on the
importance of AEDs and the media coverage that they received, several community
associations learned about the MCHD initiative and sought to partner with them and
create AED programs in their area. MCHD consulted with each group to help them design
a customized AED program that would offer the fastest and most effective response to
an emergency. In most of these sites, MCHD targeted security personnel and mainte-
nance staff as designated responders and provided them with free training. Interested
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citizens were invited to also partake in training and many did so. The first community save
was of a man in his mid-40s on the 11th fairway during a golf tournament. Responders
on bikes arrived with the AED and defibrillated successfully.

All three stages of the AED program initiated by MCHD were met with great enthu-
siasm by the media, public, and participators, alike. Even groups that were long-standing
political adversaries of MCHD supported the hospital and its use of funds for this effec-
tive, lifesaving initiative. Additional support came from a wide variety of sources includ-
ing government agencies, homeowners associations, businesses, civic associations, and
grants.

To ensure continued quality management of the Montgomery County Hospital Pro-
gram, all participants in the program follow the single protocol designed by the EMS
medical director. A full-time program coordinator was hired to oversee deployment of
AEDs and the initial and ongoing training activities for 450 lay responders and 15 com-
munity sites.

A total of 134 AEDs have been deployed within Montgomery County. The success of
the program is illustrated clearly in the 28 pictures of survivors that hang on the MDHD
Wall of Fame.

ESTABLISHING AN ON-SITE AED PROGRAM

The 10 principles for establishing a community AED program can be applied and
expanded for on-site AED programs, as follows.

Establish Program Leadership
 A program coordinator, a specific individual who is empowered to lead this effort,

shold be named. This individual should have backing at the highest level of the corpo-
ration or organization and should be authorized to use resources and personnel as neces-
sary to implement an effective program.

A medical advisor should be selected and involved in the overall planning of the
program from its inception. This will ensure that the primary principles of rapid response
and appropriate medical interventions by various personnel are addressed.

Review Laws and Regulations
Determine any specific laws that might impact on deployment of the AEDs, including

any need for registration with state or local government or EMS.
Consider whether any requirements are imposed for the protection through Good

Samaritan Laws. Consider any regulations that might affect the installation of devices,
such as location for wall mounting and signage.

Site Assessment
The goal should be that a responder and the AED arrive at the individual’s side within

3 minutes of system activation. Thus, site assessment must evaluate time to respond to
various locations at the site and potential obstructions, such as entries with restricted access
that might delay response. Occupancy and visitation rates also should be evaluated.

Develop Response Plan
A written response plan should be designed to ensure the most rapid response feasible

during all hours of operation. The response plan should be developed in collaboration
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with the medical advisor and approved by top management. It should address the follow-
ing components:

• Identification and training of the response team
• Specific roles of team members
• AED placement
• Internal and external (911) notification systems
• Response system function during operational hours
• Periodic AED drills
• Postevent review and feedback.

Develop a Program Budget
This should include the cost of the device, ancillary equipment for the device (this

could include an extra set of pads, spare batteries, pocket mask, or other barrier device
for mouth-to-mouth ventilation, protective gloves, scissors), training costs, medical
consultation, general awareness and education for all site occupants, signage, and instal-
lation.

Select Device
There are a variety of different AED brands and models on the market. The various

models should be evaluated for a good fit in a particular setting based on site-specific
issues including storage conditions and personnel who will be using the device. For
device options, see www.early-defib.org.

Conduct Training
Personnel designated to respond should receive formal training in both basic CPR and

use of the AED. This generally can be accomplished in 3 to 4 hours of training initially
with retraining conducted in a very brief fashion every 3 to 6 months. Formal retraining
is recommended every 2 years. There are a number of organizations that provide nation-
ally recognized quality programs in CPR and AED use. Additionally, there are also
private companies that provide training. (For information, see www.early-defib.org.) If
resources allow, one should consider opening training to all occupants of a site even if
they are not part of the formal response team.

Device Installation
Device placement depends on the response plan. If the plan provides for delivery of

the AED by designated individuals, such as a security team, then deployment should
enable these personnel to have immediate and direct access to the device at all times.
Whenever possible, devices should be deployed in such a way that they are also readily
accessible to other occupants and visitors to the building to increase the likelihood of
timely use. There are a number of brackets and enclosed cases designed for wall mounting
of devices. These can be armed with alarms, both audible and visual, and can be con-
nected to either an on-site communication center or the local 911 call center. Signage
indicating the location of the device should be installed to enable it to be visible down
hallways from a distance. The NCED suggests using a standard symbol for AEDs (Fig. 3).

Awareness and Education
All building occupants, and in appropriate settings, visitors, should be informed of the

emergency response program and all occupants should be educated on how to activate the
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response plan. One such strategy is to place signage and pamphlets at entryways and
lobbies of buildings on the availability of AEDs and how to activate the on-site response
team when applicable.

Continuous Evaluation
The on-site AED program should be assessed on a regular basis to ensure its effective-

ness, especially the timeliness of response. After every event, the program coordinator
and medical consultant should evaluate individual responses and use of the AED. Feed-
back should be provided both to individuals and to the entire response team. Regular
reminders about when and how to activate the response team should be provided to all
building occupants.

Example of Worksite AED Program: The Hillman Company
Two encounters with sudden CA brought the importance of immediate access to

defibrillation to the attention of the employees at the Hillman Company. Soon after, the
company decided to implement an AED program in their office in Pittsburgh, Pennsyl-
vania.

An employee in Human Resources was selected to serve as the primary in-house AED
program coordinator. The company also contracted with a medical director and AED
program support specialist to assist them in designing an effective program that would
ensure the best possible response to an emergency.

Creating such a response system involved several components. Placement of the AED
was the first. Based on the AHA recommendations to provide defibrillation within 3 to
5 minutes of collapse, it was determined that the Hillman Company would need an AED
on each floor of the building they occupy. The AEDs were placed in high-traffic areas,
and supplied with ancillary items such as a razor, towel, CPR pocket mask, scissors, and
alcohol wipes. All employees were alerted regarding the location of the devices.

The next order of business was determining who would be trained to use the AED. The
Hillman Company already had a group of employees, called “fire marshals,” that had

Fig. 3. Symbol for AEDs promoted by The National Center for Early Defibrillation.
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volunteered to lead an evacuation of the building in the case of fire. The duties of the fire
marshals were expanded to lead in the use of an emergency response involving the AED
and their title was changed to emergency response marshals. This group, along with some
additional volunteers, was trained in CPR and AED through the AHA Heartsaver AED
course. They have been recertified every 2 years and receive shorter refresher training
every 6 months.

The Hillman security system is used to activate the on-site response plan. Security
buttons existed throughout the company under desks and near phones. Pressing one of
these buttons alerts the guard at the front lobby security desk when and where an emer-
gency occurs. The guard, in turn, calls 911, retrieves an elevator and guides the emer-
gency medical technicians to the patient. After hours when no guard is on duty, the
marshal places the call directly to 911. If alone, he or she can use a speed dial number to
activate the public announcement broadcasting system and call any employee in the
building to come and help.

All the components of the AED program are contained in a comprehensive policies and
procedures manual. The manual includes information such as the placement of the AEDs;
the names of the emergency response marshals; the procedures for calling for help; an
explanation of how to perform CPR and use the AED that they had purchased for the
company; checklists for the maintenance of the device, procedures for the reporting any
event involving the AED to the medical director; and answers to frequently asked ques-
tions about AEDs.

The program was registered with the State of Pennsylvania’s Emergency Medical
Services Institute, and coordinated with the local ambulance service to help ensure seam-
less transfer of care. It was established that if the AED is ever used, the medical director
will be contacted within 24 hours to review the response, together with the data stored in
the AED, for the purpose of quality improvement. Although tested in a successful mock
drill, the program has, fortunately, not been put to the test in a real situation. Hillman
Company employees can rest assured, however, that if a CA event does occur, the on-site
emergency response plan should ensure rapid and effective treatment.

SUMMARY

Although sudden CA remains a leading cause of death in the Western world, the advent
of AEDs is allowing a new assault on this stealth, silent killer. These devices allow lay
bystanders and nonmedical emergency responders to provide defibrillation—the only
known effective therapy for VF. AEDs are safe and effective, easy to use and difficult to
misuse, require low maintenance, and are becoming less costly. A growing number of
communities and specific venues have reported successful early defibrillation programs.
Public access defibrillation is a critical component of the optimal intervention strategy
for combating sudden CA.

A Short History of Modern Resuscitation
1904: George Crile performs first American case of closed-chest cardiac massage.
1933: William Kouwenhoven et al. publish study on initiation and erasure of VF

with electric shocks
1946: James Elam performed mouth-to-nose ventilation on polio patients
1947: Claude Beck successfully defibrillates 14-year-old boy using open-chest

massage and AC defibrillator
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1951: Archer Gordon publishes study on superiority of Nielson’s back-pressure
arm-life method.

1954: Elam publishes study on effectiveness of exhaled air for artificial ventilation
1956: Paul Zoll demonstrates effectiveness of closed-chest defibrillation using AC

defibrillators.
1956–1957: Peter Safar demonstrates effectiveness of mouth-to-mouth ventilation in

adults.
1957: Archer Gordon demonstrates effectiveness of mouth-to-mouth ventilation in

infants and children.
1960: First prehospital CA patient saved with CPR and defibrillation in ED
1960: William Kouwenhoven, James Jude and Guy Knickerbocker publish study

demonstrating effectiveness of closed-chest cardiac compression.
1960: Safar, Kouwenhoven and Jude combine mouth-to-mouth ventilation with

chest compression to create modern CPR.
1961–1962: Bernard Lown demonstrates superiority of DC over AC defibrillation.
1966–1967: J. Frank Pantridge and John Geddes establish world’s first mobile intensive

care unit and publish findings.
1969: William Grace establishes first MICU in United States (in New York City)
1969–1970: Eugene Nagel in Miami, Leonard Cobb in Seattle, Leonard Rose in Portland,

Michael Criley in Los Angeles, James Warren and Richard Lewis in Colum-
bus establish first paramedic programs.

1972: Leonard Cobb begins to train 100,000 citizens in CPR in Seattle (1)
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INTRODUCTION

The incidence of sudden arrhythmic deaths continues to be a significant problem
despite the fact that mortality from acute coronary syndromes continues to decrease in
response to early interventions and improved secondary prevention (1–3). Most patients
with coronary artery disease who suffer cardiac arrest (CA) do not have acute myocardial
infarction (AMI [4–6]). Thus, primary arrhythmic causes of CA are becoming increas-
ingly important.

An estimated 400,000 to 460,000 people suffer CA annually. The initial rhythm noted
in earlier studies was predominantly ventricular fibrillation (VF) in up to 75% of cases,
with asystole at 20% and pulseless electrical activity (PEA) accounting for 5% (1,4,6).
Survival was directly related to the initial rhythm. Patients with VF had a 25% survival,
whereas when the arrest rhythm was asystole, it was only 1%. The likelihood of the
rhythm being asystole increased proportionately as the time from collapse to resuscita-
tion increased.

Bayes de Deluna (7) found that the initial rhythm was frequently ventricular tachycar-
dia (VT), which degenerated into VF (62% of cases) in a study of 157 patients with CA
whose event occurred as they were being evaluated with ambulatory electrocardiographic
monitoring. Bradycardia was the primary initial rhythm in only 17%. With the advent of
first responder-initiated defibrillation, the success rate of resuscitation in patients with
VF or VT is improving (4,9). Yet, the rates of survival in asystole and/or PEA continue
to be dismal (9).

Unfortunately, with implantable cardioverter defibrillators and modern therapy, the
percentage of patients with VT/VF as an initial rhythm is declining. In the most recent
tabulation by Cobb and colleagues (10), the annual incidence of CA as a result of VF had
declined by approx 56% despite improved response times in most emergency medical
systems. At present, VF as a first rhythm may occur in less than 50% of patients (10). In
Seattle at least, asystole as an initial arrest rhythm seems to increasing in women but not
in men.



246 Cardiopulmonary Resuscitation

APPROACH TO TREATMENT

An initial rhythm of asystole has been thought to be a sign of a delay from collapse to
recognition/resuscitation or a clue to the presence of a failing heart with local acidosis that
precludes effective electrical-mechanical coupling. However, in some circumstances,
there are reversible causes of bradyasystole (Table 1). If one can identify and treat these
causes early the odds of survival may increase by preventing the initial bradyarrhythmias
from disintegrating into asystole.

One of the most obvious reversible causes is AMI/myocarial ischemia with heart
block. Treatment of the underlying ischemia usually reverses the bradycardia, which is
often vagally mediated and may respond to atropine if the right coronary artery is involved.
If the left system and particularly the left anterior descending territory is problematic, then
the mechanism of bradycardia is more apt to be Mobitz Type 2 second degree atrioven-
tricular block or complete heart block with a wide QRS escape rhythm, which requires
urgent pacing. Mechanical causes such as ventricular rupture, cardiac tamponade, large
pulmonary emboli, and tension pneumothorax also respond to relief of the underlying
abnormality.

These observations suggest that the phases of resuscitation recently proposed by
Weisfeld and Becker (11) may be helpful with bradyasystolic rhythms as well as VF.
Weisfeld and Becker define an initial period in which they recommend electrical therapy,
a period in which circulatory support is needed, and finally a metabolic phase. For
bradycardia, there should be an initial phase prior to asystole in which the aggressive use
of pacing and pharmacological therapy may be helpful, a second phase in which correct-
able abnormalities should be sought as circulatory assistance is being provided and
finally a metabolic phase.

Table 1
Common Causes of Bradysystolic Arrest

Drugs
-Blockers

Diltiazem/verapamil
Digoxin
Clonidine
Class IA, IC, and III antiarrhythmics

Autonomic
Increased vagal output
Vasodepressor reflex
Carotid hypersensitivity

Hyperkalemia
Acute myocardial infarction

Right Coronary Territory (more likely)
Hypothyroidism
Hypothermia
Sepsis
Infection—endocarditis, atrioventricular block in Lyme
disease
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Specific Etiologies Considered During the Early Phase
A large variety of cardiac abnormalities can lead to bradycardia (Table 1). The long-

standing experience with external pacemakers suggest that results are excellent when one
uses the device acutely but prior to bradyasystolic arrest. The most common situation is
when there is acute ischemic heart disease accompanied by drug toxicity with or without
electrolyte imbalance, intrinsic conducting system disease, operative trauma (coronary
artery bypass graft and or ablation), and/or acute vagal insults such as an acute intra-
abdominal catastrophe. Although there are no randomized controlled trials, the most
important clinical rule is that early initiation of pacing, before asystole, is the key to a
good outcome. Coincident with the initiation of pacing, a thorough search for potential
etiologies is mandated.

Mnemonics exist to make it facile for the physician to consider the essential diagnostic
considerations in patients who present with pulseless electric activity. One mnemonic
that has become popular is the “five Hs and Ts.” They are also usually appropriate for
patients who present with asystole. The five Hs are hypoxia, heart attack, hypovolemia,
H+ (electrolyte abnormality), and hypothermia. If one thinks of hypovolemia as an acute
process (e.g., cardiac or aortic rupture), although not common, this mnemonic works for
bradycardia as well. The five Ts are to test for other pulses, tension pneumothorax,
tamponade, toxins and therapeutic agents, and thrombo-emboli (12).

Correctable Abnormalities As Circulatory Support Is Provided
Once asystole is present, the prognosis is grim. In addition to attempting to find

remediable causes, pacing is worth an attempt.

The Metabolic Phase
Early intervention is critical because a variety of metabolic abnormalities develop

when there is persistent and/or progressive hypoperfusion. With reduced oxygen deliv-
ery, metabolism shifts from aerobic to anaerobic pathways. Even with the subsequent
initiation of cardiopulmonary resuscitation (CPR), only approx 25% of the cardiac output
is restored. Because of the reduction in cardiac output and subsequent decrease in critical
organ system and coronary blood flow, tissue hypoxia ensues. This leads to anaerobic
metabolism and the accumulation of hydrogen ions. Acid residues are buffered by endog-
enous buffers, usually bicarbonate, which leads to the production of carbon dioxide.
Carbon dioxide diffuses across the cell membrane and leads to tissue acidosis and cellular
dysfunction, which is reflected in the venous circulation. Additionally, acidosis leads to
competition for calcium ions binding to troponin. This inhibits the cross bridging between
actin and mycin filaments and, hence, myocardial contractility. Hyperventilation during
CPR removes the excess CO2 but does not reverse the tissue acidosis as a result of the
reduced delivery of blood back to the heart. Thus, there is an arteriovenous paradox
(13,14) with hypercarbic venous acidemia and hypocarbic arterial alkalemia.

This is also the reason why bicarbonate is not helpful. It buffers arterial acidosis, but
the increased CO2 produced exacerbates venous and tissue acidosis. This local tissue
acidosis, which is common in patients presenting with asystole whose time from collapse
to resuscitation is often prolonged, is why pacing has little chance of success if applied
too late (see Table 2). Moreover bicarbonate may have adverse effects such as depression
of myocardial function, inactivation of catecholamines, and paradoxical central nervous
system acidosis.. It may be that with time and better techniques to enhance blood flow
in the future, local tissue acidosis may be obviated but we are not at that point presently.
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Pacing Techniques
HISTORICAL PERSPECTIVE

In 1791, Galvani was the first to note that an electrical current applied across a frog
heart could lead to myocardial contraction. Hyman and others in the early 1930s reported
that animals who were asystolic as a result of anoxia had restoration of a perfusing rhythm
after being subjected to pulsating current (14). The first report of the application of
transcutaneous pacing in humans was by Paul Zoll (15). He applied the technique to two
patients with Stokes Adams attacks (ventricular standstill) in an attempt to restore a
rhythm. He used two subcutaneous external needles to deliver electrical energy across the
chest wall. One patient died after 20 minutes of external pacing from cardiac tamponade
as a result of previously applied intracardiac injections. The second patient survived after
having been paced externally for 5 days when he developed a perfusing intrinsic
idioventricular rhythm. Prior to this demonstration of the feasibility of the technique,
intravenous or intracardiac epinephrine myocardial stimulation with direct massage or
needles had been attempted to reverse asystolic CA with only limited success and incre-
mental risks.

Zoll later refined the transcutaneous pacing technique with the introduction of a pair
of 3-cm metal electrodes, which were designed to deliver 2-ms, 120-volt AC impulses.
However, the 2-ms pulse durations resembled a short action potential of skeletal muscle
rather than the longer action potentials of myocardial tissue, which led to preferential
stimulation of skeletal muscle and discomfort. Also, the shorter pulse width required
higher current (amperage) to reach stimulation thresholds. Finally, a smaller sized elec-
trode meant that the current density was very high at the electrode–skin interface leading
to cutaneous pain in the conscious patient. Transcutaneous pacemakers fell into disuse
somewhat with the advent of implantable transvenous pacemakers. In the early 1980s,
transcutaneous pacemaker and electrode pad improvements made this technique much
more effective and better tolerated by patients. By increasing the pulse duration to 20
to 40 milliseconds and increasing the size of the electrodes (from 3 cm to 8 cm) to 50
to 100 cm (2), the painful side effects of transcutaneous pacing were reduced, allowing
the use of the technique in emergency situations.

Before transcutaneous pacemaking became safe and effective, temporary transvenous
cardiac pacing was attempted in the majority of urgent circumstance. Balloon-tipped,
transvenous pacing catheters are safe and expeditious and can be placed rapidly in the
emergent setting by experienced operators (16). However, it is clear that transcutaneous
pacing seems to be both easier and more efficacious in the majority of current clinical
settings.

Specific Techniques
TRANSCUTANEOUS PACING

Transcutaneous pacing is remarkably easy to apply. Two pads are applied. The larger
(ground) electrode is applied posteriorly in the midline between the mid-scapula and T4
vertebra. The anterior electrode is best applied at the electrocardiographic V3 position.
When possible, body hair should be removed, but it is not recommended that it be
shaved prior to electrode placement. The nicks caused by shaving have been reported
to cause uneven conduction and, therefore, burns through areas of lesser resistance.
Once the electrodes are applied and the pacer cable connected to its output source, one
sets the generator rate to 20 to 30 beats per minute over the patient’s spontaneous rate.
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In general, the output is set initially at 50 milliamps. If the pacemaker does not capture,
then the output is increased progressively to a maximum (usually 200 milliamps) or
until capture. Once capture is achieved, one should reduce the output until capture is
lost. This is called the stimulation threshold. Subsequently, one sets the output at 20%
above the stimulation threshold.

Temporary Transvenous Pacing
A balloon tip, Swan pacing catheter is often used in an emergency situation because

it obviates the need for fluoroscopy, which is difficult at best in the urgent circum-
stance. The procedure begins with gaining access percutaneously via the subclavian or
internal jugular vein using the Seldinger technique. Subsequently, the distal pole of the
electrode is connected to the chest lead of the electrocardiogram (ECG). Next, the
balloon is inflated and the catheter electrode is advanced with monitoring of the intra-
cavitary ECG. Once typical intraventricluar electrocardiographic complexes appear,
the balloon is deflated to prevent flotation in the pulmonary artery. If a balloon tip Swan
pacing catheter is used, the location of catheter can be deduced from the pressure
tracings. Large ventricular ECGs showing an injury current (ST elevation) signal con-
tact with the endothelium.

The effect of acute interventions after asystole is established have been disappointing
(17,18). Efficacy is better for potentially presaging rhythms, like heart block (see above).
The initial nonrandomized small pacing study by Jaggarao (19) in 1982 in the prehospital
setting showed some promise. There were three survivors out of nine patients with
asystole or PEA who had early pacing. Two of the survivors were asystolic postdefibril-
lation. Hedges defined an early period of 5 minutes or less of asystolic CA as an impor-
tant factor that correlated with successful resuscitation (20). Often, he was dealing with
rhythms the presaged asystole rather than asystole itself. Studies by Dalsey et al. (21)
have shown that transcutaneous pacing is just as effective in the setting of CA in cap-
turing the myocardium.

Lessons from these early studies laid the groundwork for the randomized trials in the
late 1980s and 1990s. The portability of transcutaneous pacing made it possible for
paramedics to use the technique in the field. Trials were designed to pace the patient in
the prehospital setting, even prior to traditional pharmacologic interventions in some
cases. However, without exception, these studies have been resoundingly negative once
asystole has been established (Table 2). This is why early initiation of definitive therapy
with either atropine, isoproterenol, or pacing prior to the onset of asystolic arrest and,
subsequently, an aggressive source for underlying abnormalities is so critical.
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Cold acts on the living parts by blunting the sensibility of those organs . . . the parts may
remain for a longer or shorter period in state of asphyxia without losing their life; and
if the cold be removed by degrees . . . the equilibrium may be easily reestablished with
the function of the organs. . . .

—D.J. Baron Larrey, 1814 (1)

INTRODUCTION

Sudden cardiac death remains a major medical challenge despite the advent of defibril-
lation decades ago. There are few minutes to defibrillate the heart and thereby stop
ongoing ischemic injury to key organs such as the heart and brain, and few therapies
proven to protect against the postresuscitation phase of cardiac arrest (CA)—when up to
90% of patients go on to die despite successful defibrillation (2). New approaches are
desperately needed to improve CA survival, and the induction of transient hypothermia
may be one of the most promising of new approaches (2). Hypothermia used to protect
against conditions of low blood flow has historically been induced at different times



254 Cardiopulmonary Resuscitation

relative to the arrest (see Fig. 1): pre-arrest, intra-arrest, and postarrest. Pre-arrest cooling
is typically induced to as low as 20°C for cardiac surgery and is induced before and
simultaneous to the time of arrest. Postarrest cooling to 32 to 33oC was found to be
protective in recent human CA trials, induced by applying cooling blankets in the subset
of CA patients having return of spontaneous circulation (ROSC) who remained unre-
sponsive (3,4). The goal of this hypothermia was to prevent neurologic injury although
maintaining a temperature warm enough to prevent the cardiac and numerous other side
effects of more profound cooling (e.g., cardiac arrhythmias, coagulopathies, infections).
This cooling was protective despite taking 8 hours to reach target temperature after ROSC
(4). Intra-arrest cooling, when cooling is induced after failed initial CPR, has the potential
to induce a stasis state for a period of time (i.e., suspended animation) long enough for
more definitive circulation (e.g., cardiac bypass) to be established and life restored. Little
is known about the optimal depth or clinical potential of such hypothermia, due in large
part to the technical difficulties involved in inducing profound hypothermia during the
low-flow states of sudden CA.

“Suspended animation,” as defined by Safar et al., is a process that allows “rapid
preservation of viability of the organisms in temporarily unresuscitable CA, which allows
time for transport and repair during clinical death and is followed by delayed resuscitation,
hopefully to survival without brain damage” (5). The most widely studied method to
induce suspended animation has been induced hypothermia. In this paradigm, victims of
CA may be cooled to some target temperature and maintained at this temperature for a
specific period of time. With advance medical interventions, which may include cardiop-
ulmonary bypass (CPB), metabolic correction, and controlled reperfusion, the patient is
stabilized, rewarmed, and reanimation is initiated. Although many methodologies have
been studied under the rubric of suspended animation, including CPB and pharmacologic
interventions (6), these are most often used as adjuncts to the use of hypothermia.
Recently, two seminal papers were published describing the use of hypothermia to
successfully treat resuscitated CA patients (3,4). With these studies, hypothermia has
moved from the laboratory to active clinical use.

There are many unresolved questions regarding the use of hypothermia in CA treat-
ment. First, the optimal degree of hypothermia has yet to be established. Certainly,
hypothermia can have adverse effects, including coagulation derangements, reduced

Fig. 1. Timing of hypothermia induction relative to circulatory arrest. The optimal depth of
hypothermia is much lower in the pre-arrest setting than after return of spontaneous circulation
(ROSC). Few studies have determined the optimal depth of intra-arrest cooling.
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immune system function, depressed pulmonary function, and other possible alterations
(7–10). Therefore, the therapeutic window of hypothermia must be defined to provide
maximum benefit. For convenience of discussion in this review, we will define hypo-
thermia as either mild (34–36oC), moderate (28–34oC), or deep (15–28oC [11]). Most
clinical research has concentrated on the use of mild or moderate hypothermia. Deep
hypothermia has largely been confined to studies of specific applications such as brain
cooling during surgery and reduced cerebral perfusion (12). Some animal investiga-
tions have directly compared different depths of cooling (13). The timing of hypoth-
ermia is another crucial question. There are three general time periods in which
hypothermia may be considered, although only two are realistic for clinicians. Pre-
arrest hypothermia, or cooling some time before CA, is only possible in the setting of
anticipated surgery, when arrest is iatrogenic and controlled (reviewed in refs. 14 and
15). Intra-arrest hypothermia, or cooling during cardiopulmonary resuscitation (CPR),
is theoretically attractive and a promising area of current research but has not been
attempted clinically. Postresuscitation hypothermia, or cooling after ROSC, has been
the most commonly attempted timing strategy and is certainly the most clinically
convenient. Recent large-scale clinical trials have demonstrated significant benefit
from induced postresuscitation hypothermia (3,4). These studies raise a secondary
timing question related to postresuscitation hypothermia: is the delay in hypothermia
initiation clinically important? In the clinical arena, cooling to target temperatures may
take several hours (16,17). Some animal data, detailed in this chapter, suggests that
earlier induction of hypothermia confers a greater benefit (18,19).

Another question, which remains unresolved, is what duration of hypothermia is
required for protection. Clinical studies to date have all maintained mild hypothermic
conditions at least 12 hours (3,4,7). However, animal studies have shown benefit from
hypothermia lasting only 2 to 6 hours (19,20). Unpublished data from our laboratory,
using a mouse model of CA, show that even 1 hour of moderate hypothermia can confer
a significant survival benefit after CA (21). Certainly, a shorter duration of cooling
would have a number of clinical advantages, including minimizing the logistical dif-
ficulties of maintaining a constant cooled state, and also minimizing the potential
adverse effects from hypothermia. This question has not been directly addressed in
clinical studies at this time.

Finally, a number of other aspects of hypothermic suspended animation remain to be
examined. How quickly should patients be rewarmed at the end of a period of hypother-
mia? Would certain drugs serve as useful adjuncts to hypothermia, either to provide
additional benefit or protect against certain adverse effects of a cooled state? This chapter
addresses elements of the history of hypothermia, important physiology aspects to hypo-
thermia, the laboratory data, which have developed our understanding of its use. The
mechanisms by which hypothermia may protect ischemic and reperfused tissues will be
introduced. Finally, after an evaluation of the various techniques used to rapidly cool
patients, the future of hypothermia as therapy for sudden death will be discussed.

HISTORY OF INDUCED HYPOTHERMIA

The protective effect of hypothermia induction for resuscitation has been suggested
since the time of Hippocrates, who advocated packing bleeding patients in snow (22).
Hypothermic protection was also noted by Napoleon’s chief battlefield surgeon, Baron
Larrey, during the invasion of Russia. He observed improved survival of injured soldiers
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left in the snow compared to those treated with warm blankets and heated drinks (1,23).
Induced hypothermia has been studied in a wide variety of illnesses, both ischemic and
nonischemic in nature (24–26). These include traumatic brain injury (27–29), status
epilepticus (30), burns (31), arrhythmia (32), sepsis (33), and the ischemic illnesses of
myocardial infarction (MI), stroke, and CA (5,26). Interestingly, the first reported use of
induced hypothermia was in the setting of malignancy. In 1939, Fay and colleagues (34)
treated patients with metastatic carcinoma, with the goal of both pain reduction and
retardation of tumor growth. Although hypothermia to 32oC for 24 hours did not prove
effective for the stated goals, it was considered well tolerated (34).

A decade later, Bigelow studied the induction of hypothermia in the setting of cardiac
surgery, with the goal of cerebral protection (35). Two other studies using hypothermia
as therapy for CA were also published (36). Both of these early CA studies used moderate
hypothermia of 30 to 34oC in patients after resuscitation from CA. One of these pioneer-
ing papers presented a series of four patients, all who were cooled and survived arrest
(37). In the other study, 12 patients were cooled with a survival rate of 50%, compared
to 14% survival in 7 normothermic control patients (36).

During the 1960s and the 1970s, the field of induced hypothermia lay relatively dor-
mant, for reasons that remain unclear. Others have suggested that more dramatic thera-
pies were developed that overshadowed cooling as a possible therapy, such as controlled
ventilation, monitored intensive care unit management, and CPR (24). Additionally,
adverse effects of hypothermia were described, which may have dampened enthusiasms
(38,39). One scientist from the early days of induced hypothermia correctly summarized
the ensuing skepticism toward hypothermia when he stated: “If a hazardous procedure
such as this were mishandled, it might well fall into unwarranted disrepute before the
facts and fallacies accompanying it were clearly defined” (40).

Interest in “resuscitative hypothermia” was rekindled by Safar and others at the Uni-
versity of Pittsburgh, when it was demonstrated in a ventricular fibrillation (VF) dog
model of CA that mild-to-moderate hypothermia could be induced to improve outcomes
(41,42). It was during this period of time that the term “suspended animation” was
introduced, in the context of an exsanguination CA dog model (43,44). It was understood
from military combat experience that definitive therapy for penetrating trauma was often
delayed for practical reasons (e.g., transportation and access to surgical care), and that
measures were needed to preserve exsanguinating soldiers until appropriate care could
be delivered (45; i.e., suspended animation). Given the animal data on exsanguination
and cooling, it appeared that hypothermia might be a suitable approach (46).

Since these initial observations in the 1980s and early 1990s, much of the work per-
taining to hypothermia and ischemic disease has focused on focal ischemia and
reperfusion (e.g., animal stroke or MI models). A variety of ischemia-reperfusion (IR)
model systems have been developed over the last two decades, including cellular (47),
isolated organ (48), and whole animal models in which arterial supply to the organ in
question is temporarily occluded (19,20). In this latter category are included experiences
with human IR, for example during coronary vascular procedures (49). Studies of hypo-
thermia in both CA and IR models are discussed here.

INTRA-ARREST VS POSTARREST HYPOTHERMIA

Most studies of induced hypothermia have involved cooling after resuscitation (or,
in the IR paradigm, after reperfusion). For example, in an isolated rat liver IR model,
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reactive oxygen species (ROS) production was diminished by maintaining liver tissue
at 34oC after reperfusion (50). It is widely felt that ROS contribute to reperfusion injury
and tissue damage after resuscitation (51), and therefore the authors provide a possible
link between hypothermia and prevention of reperfusion injury. Additionally, to direct
protection, focal hypothermia may protect other organs via its effects on humoral
issues. Patel et al. found that when rat liver is exposed to IR and then focally cooled to
25oC, there is both decreased liver inflammation and cell death as well as reduced
pulmonary injury, even though the lungs were not rendered ischemic or cooled (52).
This provides an important example of dissemination of pro-injury issues from a site
of IR, which can only be studied easily in whole animal models. In another example of
whole animal investigation, Canevari et al. produced IR injury via bilateral carotid
occlusion in the gerbil, which was then reversed and allowed to reperfuse for 2 hours,
either at normothermia or at 30oC. After this time, the normothermic animals had
significantly impaired mitochondrial complex IV activity compared to the animals
treated with hypothermia (53).

Postresuscitation hypothermia has been attempted in a number of CA models as
well. In a rat asphyxia model with 8 minutes of CA, hypothermia to 34oC and induced
hypertension for 60 minutes immediately after ROSC produced improved survival
compared to normothermic animals. This result was statistically significant at 4 weeks
after the experiment, suggesting a lasting benefit (54). A number of canine studies have
also demonstrated benefit from postresuscitation hypothermia. After 15 minutes of VF,
dogs that were cooled to 33oC and maintained for 24 hours with extracorporeal lung and
heart assist had better survival, improved neurologic deficit scores, and decreased heart
necrosis compared to normothermic animals (55). Similarly, in dogs maintained on
CPB at 34oC after 20 minutes of an exsanguination CA model, performance scores after
recovery were greatly improved compared to normothermic controls, and neurologic
damage was minimized on histological examination (56).

There have been fewer studies of intra-arrest (or intra-ischemic) hypothermia, but
what data does exist suggests that this strategy of cooling also provides significant
benefit in IR injury. Two studies in focal tissue ischemic models are illustrative. Wilson
et al. used a rabbit rectus femoris muscle IR model and showed that intra-ischemic
hypothermia during ischemia increased muscle viability significantly (57). A compari-
son of intra-ischemic vs postischemic cooling was tested in a peripheral nerve IR
model, and intra-ischemic cooling to 28oC showed superior benefit in a variety of
parameters including electrophysiological and histological endpoints (58). In a revers-
ible global cerebral ischemia model using gerbils, Markanian et al. (20) compared a
variety of hypothermia strategies, including early vs delayed cooling. They found that
hypothermia to 32 to 33°C applied immediately after the onset of ischemia provided
greater protection from infarct than equal hypothermia applied just 45 minutes later.
Interestingly, in their study, cerebral ischemia was induced for 3 hours, which suggests
that even a delay in cooling within the ischemic period can lead to poorer outcomes.
Thus, although damage becomes most apparent in the reperfusion period, the underly-
ing injury mechanism may begin during ischemia. A clear comparison of different
cooling timing strategies was performed by Xiao et al. using a rat asphyxia model of
CA (59). The investigators found that cooling animals to 34oC before arrest provided
much better protection from injury than similar hypothermia induced during resusci-
tation.
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DEPTH OF HYPOTHERMIA

Another crucial parameter of hypothermia is the depth to which cooling is applied. As
described in the introduction to this chapter, there is a somewhat arbitrary convention
grouping depth of cooling into several categories: mild (34–36oC), moderate (28–34oC),
and deep hypothermia (15–28oC). Even 1oC of core brain cooling in the intra-arrest setting
following normothermic arrest has been shown to improve outcome, however, the optimal
temperature for greatest protection in this setting remains unknown (42). CA and IR
experiments have focused primarily on mild and moderate hypothermia, and several
studies have actually compared different temperatures in the same model. In a piglet model
of brain ischemia, Laptook et al. found a clinical benefit from just 1 hour of postreperfusion
hypothermia to 35.8oC compared to “normothermic” control animals at 38.3oC (60).
Woods et al. performed cooling in a canine exsanguination model of CA. They found that
when cooling was performed for 12 hours after arrest, better performance and histologic
scores were obtained if animals were cooled to 33 to 34oC rather than 36oC (61). Note than
in their animals, mean starting temperatures were 37.5oC, so 36oC did represent an average
1.5oC of cooling. Similarly, other investigations in dog exsanguination CA also found
benefit of 34oC target temperature compared to 36oC (56), demonstrating that moderate
hypothermia may confer more protection than mild hypothermia. Whether this logic can
be extended to deeper levels of hypothermia remains an important question. Deeper levels
may be protective in the intra-arrest setting, although after the heart is defibrillated and
circulation reestablished more mild levels are likely best. Indeed, in some animal models,
when cooling is induced after the return of blood flow following CA, mild hypothermia
was better and colder temperatures possibly harmful (13,62). Possible explanations
 include decreased microcirculation flow (28). In human trials to date, no direct compari-
sons have been made regarding different depths of cooling and patient outcomes.

PHARMACOLOGICAL AUGMENTATION OF HYPOTHERMIA

A variety of drugs have also been considered in strategies for suspended animation or
ischemic protection, either by themselves or in conjunction with other measures (reviewed
in refs. 63 and 64). These agents have included free radical scavenging molecules, anti-
coagulants, glutamate receptor blocking agents, hibernation induction agents, and even
thrombolytics. Certain of these agents may work by the induction of hypothermia (65).
One example of this is the selective -amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptor antagonist NBQX, which induces a mild hypothermia (66). Other drugs are
thought to be helpful after ischemic insult by reduction of metabolic demands (67,68).

In a direct comparison of hypothermia with a pharmacologic treatment for IR injury,
Matsumoto et al. compared thiopental burst suppression dosing vs hypothermia in a rabbit
model of spinal cord IR (69). They found that hypothermia to 35oC was more protective
than the barbiturate, with regards to histological and functional outcome measures. The
authors did not test the two modalities in combination to see if further improvement could
be generated. A drug–hypothermia combination was tested in an isolated lung IR model,
and it was found that hypothermia to several depths in combination with prostaglandin
E1 showed improved protection from injury than either agent alone (70). Similarly,
Schwartz et al. found that in isolated rabbit hearts, function was improved when a -opioid
agonist pentazocine was used in combination with hypothermia at 34oC (71).

There are other agents that might also confer improved survival when combined with
hypothermia treatment. Antioxidants have been shown in many model systems to mini-
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mize IR injury and improve both survival and function (72,73). In a cardiomyocyte model
of IR, an antioxidant combination was found to dramatically reduce cell death after
reperfusion (74). Although these agents alone have not been shown in whole animal
models to improve survival or other outcome measures after CA, it is possible that in the
future they will play a supporting role to the induction of hypothermia. It is likely that
oxidants play double-edged roles in both signaling and protective adaptation (75), as well
as injury and death (76,77). Thus, future antioxidant therapies may specifically target
injurious sources of oxidants although maintaining beneficial oxidant signaling (78).
Caspase inhibitors, a class of molecules that inhibit key components of the apoptotic
pathway, may also play an important separate or adjunct role to hypothermia in treating
cardiac arrest in the future. These agents are a subject of intense study (79,80), and have
the potential to significantly attenuate IR injury.

MECHANISMS OF HYPOTHERMIC PROTECTION

The mechanisms by which hypothermia may protect against ischemic injury are varied
and incompletely understood. Given the importance of temperature in a wide range of
physiologic processes, it is reasonable to conclude that multiple mechanisms might be
involved, and that different mechanisms may protect in different tissues or at different
times during ischemia or after reperfusion (24,25). Given the multitude of possible target
effects, hypothermia may represent “the ultimate neuroprotective cocktail” (25). The
specific targets and processes which hypothermia modulates can be crudely grouped into
four categories: gross physiology, biochemistry, transcriptional/translational changes,
and apoptosis. Certainly, these are not mutually exclusive categories. For example, redox
changes in the cell may stimulate transcriptional/translational changes, which may in turn
activate apoptotic machinery. Therefore, the groupings are somewhat arbitrary for the
sake of discussion. Because brain and heart are generally understood to be the most
sensitive organs to IR effects, most of the data pertaining to mechanism of injury comes
from studies of these tissues in stroke or MI models.

Gross Physiology
As early as 1954, it was noted that hypothermia induced by ice-water immersion could

lower cerebral oxygen consumption in dogs, by approx 7% per 1oC drop in temperature
(81). Other investigators have shown that mild hypothermia in rats improves postis-
chemic cerebral blood flow disturbances (82). Similarly, microsphere measurements in
a dog model of CA demonstrated that hypothermia to 28oC led to better blood-flow
characteristics during CPR (83). Another marker of general physiologic injury after
reperfusion, brain edema was also found to be reduced by hypothermia in a rat model of
CA (82,84), and in a gerbil brain ischemia model (85). Finally, hypothermia has been
shown to lessen damage to the blood–brain barrier (BBB) caused by IR (82,86). Com-
promise of the BBB might provoke further injury by permitting blood-borne toxins to
reach brain tissues (86).

Biochemistry
A variety of biochemical changes provoked by IR are modified by hypothermia. In a

gerbil stroke model, animals subjected to mild hypothermia were found to have decreased
arachidonic acid metabolism compared with normothermic controls (87). In a rat brain
ischemia model, hypothermia to 32oC reduced nitric oxide (NO) production as measured
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in jugular blood (88). Whether these aforementioned alterations are simply markers of
hypothermic effects or actually issues in reperfusion injury remains to be clearly estab-
lished. Other biochemical changes seem more likely to be directly linked to damage
processes, such as the observation that hypothermia slows adenosine triphosphate (ATP)
depletion during IR (89). Free radical production also appears to be attenuated by hypo-
thermic conditions in a rat cerebral ischemia model (90). ATP depletion and free radical
production might be universal mediators of IR damage, in heart, brain, and other tissues
(91). The release of other mediators, such as the neuron-excitatory amino acids glutamate,
glycine, and aspartic acid, are reduced when neural tissues are cooled (92–94). In fact,
ischemic release of these neurotransmitters is quite sensitive to temperature (95,96). In
a gerbil brain ischemia model, glutamate release showed a direct correlation with brain
temperatures from 31 to 39oC (97).

Cellular Signaling Via Protein Changes
Intracellular signaling can quickly and dramatically alter the array of gene transcrip-

tion activity of a cell, which in turn can trigger a variety of injury processes. In a CA
mouse model, a group of signaling pathway genes known as the “immediate early genes”
(98) were activated after resuscitation—specifically, c-fos, c-jun, and krox-24 (99). A
study of liver IR demonstrated a drop in c-jun terminal kinase activity at 25oC when
compared to normothermic controls (100). An extracellular signaling molecule thought
to protect against injury, brain-derived neurotrophic factor, was increased in a rat model
of CA when animals were cooled to 33oC (101).

Apoptosis
Programmed cell death is a complex yet ubiquitous process by which cells actively

chose, or are chosen, to die. This cellular program can be activated as part of normal
physiology such as during embryonic development, or as an abnormal response in a wide
variety of disease states (102,103). A wide variety of evidence implicates the induction
of apoptosis as a component of reperfusion injury (91,104,105). To cite some human data
as examples, a recent report showed that the apoptotic pathway enzyme caspase-3 was
upregulated in brain tissue after resuscitation from CA, as measured on autopsy in
patients who died within days of resuscitation (106). Similarly, another crucial protein
in the apoptotic machinery, Fas ligand, is elevated in blood after resuscitation from CA
(107). Fas receptor, necessary to bind Fas ligand and initiate the apoptotic pathway, is
upregulated in livers harvested from donors in CA (180). Widespread evidence from
animals also supports the notion that apoptosis is activated after reperfusion (48,109,110).
Hypothermia may inhibit this process. Proteolysis of the cytoskeletal protein fodrin, a
characteristic step in the apoptotic pathway, is inhibited by hypothermia to 32oC in a rat
brain IR model (111). The process of apoptosis is an active one, requiring protein syn-
thesis and enzymatic activity, both of which might be inhibited by lowered temperatures.
Although some suggestive data exists that the degree of apoptosis can be reduced by
hypothermia, the topic certainly deserves more investigation in animal models.

METHODS FOR SUSPENDED METABOLISM AND PROTECTION
FROM ISCHEMIA WITH AND WITHOUT HYPOTHERMIA

Although most methods for suspended animation use hypothermia, in theory cooling
is not absolutely required to protect tissues during ischemia—as most experts believe it
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is the metabolic consequences of hypothermia (not temperature itself) that causes protec-
tion. If true, then it should be possible to simulate the metabolic consequences of hypoth-
ermia without necessarily decreasing the actual temperature. Experience to date with this
notion is quite limited, although it is an important area of research. Most experts believe
that during ischemia protective adaptive responses include: reducing energy utilization
by shutting down nonessential cellular activities, reducing permeability of membranes to
ion flux (thus reducing ATP required to maintain ionic gradients), and synthesis of ATP
via glycolytic pathways during low oxygen states (112). Similar metabolic changes are
produced during hypothermia as well as during hibernation in many hibernating animal
species. Natural hibernation has been suggested as an excellent model to study mecha-
nisms of tissue protection during ischemia, because many hibernators are also hypoxia
tolerant. Additionally, hibernation is an interesting model for reperfusion injury, because
during arousal from hibernation, full reperfusion occurs but with no detectable injury
even after prolonged periods of ischemia (2).

An interesting approach to this is offered by Katz et al. who report that the neurotensin
analog NT69L stimulated prolonged mild hypothermia (<35oC for nearly 300 minutes)
in rats without the use of active cooling, which was in turn associated with improved
outcomes after 8 minutes of asphyxial CA (113). Possible mechanisms include a reset-
ting of the hypothalamic temperature set point, with the result that mild hypothermia was
produced without the need for a cooling device. Other laboratories have investigated the
possibility of triggering natural hibernation pathway using a “hibernation-induction
trigger,” the -opioid receptor-binding molecules have been identified as central to this
response (114). Reduction of infarct size from 65 to 27% and reduction in arrhythmias
have been observed using -opioid-receptor agonists administration (115). Efforts to
isolate and purify the protective proteins responsible for this protection are ongoing, a
highly purified plasma fraction from hibernating woodchucks has been reported along
with an 1-glycoprotein-like 88kDa “hibernation-related protein” that may contain the
triggering activity (116). Another approach is to consider the mechanisms of altered
calcium homeostasis during ischemia and reperfusion although noting that hibernating
mammals have an enhanced capacity to maintain intracellular calcium homeostasis over
nonhibernating mammals (such as humans). Calcium (Ca) is a critical intracellular mes-
senger that is tightly regulated in cells universally and dysregulation is described with
ischemia and reperfusion. With low temperatures, nonhibernating hearts develop
elevated intracellular Ca, reduced contraction force, and spontaneous Ca waves that
have been suggested to initiate VF. By contrast hibernating animals fail to show these
alterations in Ca with low temperatures and may even improve contractility at low
temperatures (117). Mechanisms used by hibernators to handle Ca include reducing Ca
entry into the cell with channel alterations, enhancing Ca sequestration in the sarcoplas-
mic reticulum and increased removal (117). An interesting notion is that all these mecha-
nisms are also potentially present in nonhibernators. Although the hibernating pathways
may not be active in nonhibernators, is seems likely that the full genomic/transcription/
translation machinery is potentially available in humans to use such mechanisms for
ischemia tolerance.

METHODS OF HYPOTHERMIA INDUCTION

Most clinical studies of hypothermia induction have employed external means of
cooling. These limited methods include use of circulating cooling blankets containing
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either cold air or water (7,17,118), some form of direct contact with cold water or ice
(3,16,119), or both (4). More experimental methods have also been attempted, such as an
external cooling helmet which was able to cool core temperatures two to three degrees
over 3 hours (54). These methods are reasonably successful at inducing mild hypother-
mia, but to induce moderate hypothermia often takes at least several hours. External
cooling of humans is difficult because of several reasons, including (a) the formidable
ability of the human body to redirect blood flow away from cooled extremities or skin,
preventing heat exchange, (b) the relatively compact (i.e., low surface area) nature of the
human trunk, and (c) the ability to generate thermal energy to defend against cooling.

Given the limitations of external cooling described above, a number of laboratories
have begun to develop novel cooling methods. Safar and colleagues have pioneered rapid
blood cooling in dogs via an “aortic flush” technique (5,56). This method involves the
administration of cold saline via an aortic balloon catheter, which occludes the descend-
ing aorta, thus cooling the brain and heart via retrograde flow. Using aortic flush,
Behringer et al. showed that 20 kg dogs could be cooled to target temperatures of 34oC
within 10 to 15 minutes (56). This technique grew out of experiments in the 1940s by
Negovsky et al. in which retrograde arterial flush was used to treat soldiers suffering from
exsanguination CA. Although the method provides robust cooling, it requires rapid aortic
access, which may limit its development clinically. Another invasive technique for cool-
ing was attempted exploiting the peritoneal space, with cold saline infusion into the
peritoneum in conjunction with external ice cooling, which was able to cool dogs in VF
to 34oC without significant adverse effects (120). Certainly, access to the peritoneal space
would be more readily achievable than aortic cannulation. Bernard has reported on a
simple internal cooling technique, administration of ice-cold saline (30 mL/kg) via a
peripheral intravenous line, which resulted in 1.7oC decrease in core temperature (119).

Another blood cooling method under development for resuscitation involves catheters
with closed cooling systems. One such commercially developed catheter has been used in
swine and was able to cool 50 kg swine to a target temperature of 32oC within 60 minutes
(121). Clinical experiments with a similar cooling catheter are underway in Europe
(F. Sterz, personal communication). It should also be noted that catheter-based cool-
ing is being tested widely in the clinical treatment of focal ischemic processes, such as
MI and stroke (122,123). Several companies have developed cooling catheter systems,
including Alsius (Icy catheter), Radiant (SetPoint), Innercool (Celsius Control), among
others. The catheters that will prove more effective for localized cooling and for rapid
induction of core hypothermia remains to be established, and will likely be a focus of
intensive research over the next few years.

Other groups have pursued a pulmonary cooling strategy, exploiting the enormous
surface area at the alveolar–pulmonary capillary interface. Cooling via the pulmonary
route can involve a variety of media, including cold air and cold liquids. Perfluorocarbon
(PFC) liquids have been under investigation for decades as possible blood substitutes and
liquid ventilation media, given their ability to act as oxygen and carbon dioxide carriers.
One such PFC, perflubron, has been used in a liquid ventilation protocol to cool dogs
during CA (124). Another PFC, perfluorodecalin, was used to successfully cool rabbits
from 39 to 35oC under normal physiologic conditions (125). Our laboratory has inves-
tigated the use of ice-water slurries to cool swine via the pulmonary route. In our experi-
ments, carefully engineered microparticulate ice-water slurries with high flowability are
instilled into the lungs of swine. We have demonstrated core brain-cooling rates of up to
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4.8oC within 30 minutes during CPR (126). Other adjunctive techniques include retro-
grade blood flow as in arterial perfusion of the superior vena cava during aortic arch
surgery (127).

FUTURE OF HYPOTHERMIA AND SUSPENDED ANIMATION

Several important enhancements are likely required before widespread hypothermia
and suspended animation techniques can become a mainstream therapy. First a method
for rapid cooling very early, preferably in the field, must become available to emergency
medical service or even lay rescuers. Everything we know thus far about resuscitation
would suggest that when earlier and faster hypothermia is accomplished, the greater is
its benefit. If true, an effective method started by a lay-person on a victim of CA may
result in far better outcomes than we currently see when cooling is performed slowly and
relatively delayed following CA. This highlights the importance of bioengineering part-
nerships to advance new devices to overcome this thermodynamic challenge. An addi-
tional requirement for suspended animation is a practical method to produce improved
artificial circulation although the heart is stopped. Although this is the purpose of clas-
sical chest compression CPR, we know that relatively low cardiac outputs are produced
in most cases. Although these may be sufficient to restore circulation with defibrillation
in the circulatory phase (approximately during arrest intervals of less than 10 minutes),
chest compression alone fails to restore most victims of CA beyond this time, in the
metabolic phase of CA (128). However, with improved artificial circulation, as occurs
with CPB, survival appears promising (129). The current limitation to more widespread
use of CPB is that it is currently difficult to initiate rapidly on patients (requiring often
45 minutes for establishment). Thus, another advantage of hypothermia induced during
arrest (intra-arrest cooling) would be that it could allow for transport and placement of
the patient on CPB support.

Suspended animation thus fits in nicely as a metabolic phase therapy with the notion
of the three-phase time-sensitive model of CPR (128). With the failure of defibrillation
and circulation to restore a stable hemodynamic state, patients could be rapidly cooled
to protect organs from ongoing ischemia and to buy time for additional therapies like
establishment of CPB with controlled reperfusion. With the heart stopped and with full
circulation provided by CPB, full attention could go to reversal of metabolic injury
caused by free radical generation, loss of calcium homeostasis, leaky membrane integ-
rity, overstimulation of the immune system, circulating cytokines, mediators of apoptosis,
caspase activation and other biochemical pathways that lead to death if uncorrected. The
limits for reversal of acute death (and how long a person can survive CA) when treated
under such a suspended animation paradigm remain to be discovered.
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INTRODUCTION

Cardiopulmonary bypass (CPB) is now 50 years old. Although developed originally
to allow correction of congenital and valvular heart disease, CPB has affected all of
medicine profoundly. As an artificial circulatory support for systemic and pulmonary
functions, CPB has allowed for the development of cardiovascular surgery. Today, coro-
nary artery bypass grafting is the most commonly performed cardiac surgery. The current
trend is to perform a larger number of more complicated coronary revascularization
surgeries “off pump.” However, CPB supported work still accounts for the vast majority
of surgeries. The CPB technology has evolved from one with large oxygenators, blood
prime, and complex heating and cooling to today’s smaller and less complex technologies.

CPB supports systemic blood flow, blood pressure, and tissue oxygenation when the
heart and lungs are either being operated on or are unable to maintain these functions.
In patients with coronary artery disease (CAD), limited flow past either a fixed obstruct-
ing lesion or an acute platelet thrombus creates a volume of myocardial tissue that is
forced to switch from aerobic to anaerobic metabolism. If present for a long enough
period of time, the tissue is at risk for infarction. The CPB machine physiologically
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improves the supply and demand ratios of at risk myocardium physiologically. CPB
decreases demand by eliminating myocardial work, as the CPB machine takes over
systemic cardiac output. Supply increases by a number of mechanisms. First, most CPB
flow is nonpulsatile and with the myocardium no longer doing mechanical work and not
creating left ventricular (LV) wall tension, blood flows to the left ventricle throughout
the entire heart cycle. Second, the CPB machine supplies a mean blood pressure that is
elevated above diastolic pressure, perfusing myocardium continuously at a higher pres-
sure. Therefore, a luxury of perfusion occurs in a state in which metabolic oxygen
demand is decreased. Cardiac surgeons realize this advantage and use the CPB machine
as their “bail out” when presented with an acute ischemic emergency. It makes wonder-
ful physiological sense to export this technology from the operating room to other
hospital and potentially nonhospital environments in which CPB technology could save
lives.

PERCUTANEOUS CARDIOPULMONARY BYPASS

Percutaneous cardiopulmonary bypass (PCPB) was first used in 1983 for patients with
cardiac arrest (CA) and cardiogenic shock (CS [1]). The primary indication for emergent
PCPB is the presence of a surgically correctible anatomic lesion causing the CA or shock
state, with the highest survival rates reported in this group of patients.

PCPB is used currently in patients who fail traditional resuscitation therapies and is
considered a temporary support until more definitive treatment is available. For condi-
tions amenable to surgical intervention (e.g., coronary disease or pulmonary embolism),
this temporary support may provide time for diagnostic angiography followed by emer-
gency surgery. For conditions not readily treatable with surgery (e.g., heart failure from
cardiomyopathy), PCBP is a bridge to long-term circulatory support in the form of
extracorporeal membrane oxygenation (ECMO) or the implantation of a ventricular
assist device (VAD).

CPB technology has evolved from bulky machines requiring complicated set up and
surgical insertion of cannulae in the operating room to small, portable machines with
disposable, pre-assembled circuits and percutaneously introduced cannulae. The latter
allow very rapid institution of CBP throughout the hospital. PCPB systems have been
studied as elective adjuncts to support high-risk cardiology interventions, particularly
angioplasty and valvuloplasty. Experience with the technique used electively in the
cardiac catheterization laboratory led to its use in emergency situations, including coro-
nary dissection, ventricular failure, and ventricular rupture. The PCPB technique has
been extended to other emergency cases of CA and CS unresponsive to traditional mea-
sures including acute myocardial infarction (AMI), PE, ventricular rupture, trauma, and
hypothermia.

The systems utilized by centers employing PCPB are portable, fitting onto one small
cart. They most often employ a centrifugal pump—often a Biomedicus (Medtronic Per-
fusion Systems, Anaheim, CA) system. These pumps can be run from a battery pack for
transport through hospital corridors allowing movement of patients to the operating room
for definitive treatment. Hollow fiber, membrane oxygenators that are heparin-bonded
have been used widely in these systems. In many of the recently published series, either
critical care nurses or others present in the hospital 24 hours a day were trained and primed
the PCPB systems with crystalloid. Some series have utilized systemic heparinization
with target activated clotting time (ACT) of 400 seconds. Often a quick 20,000 IU bolus
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is given to the patient and time is not taken for dosage personalization to achieve a 400
to 500 second ACT. The key difference between PCPB systems and those utilized in the
operating rooms is size and portability.

For elective cardiac surgery in the operating room, arterial and venous cannulae are
placed in the ascending aorta and the right atrium. Often, variations are made depend-
ing on the patient’s physiology and planned operation. For PCPB, most series report
the use of femoral arterial and venous cannulations. The femoral vein cannulation
usually uses a long fenestrated cannula that is passed up the vena cava. Its tip is lodged
in the right atrium and the fenestrations allow for drainage of blood from throughout
the vena cava.

Often, the PCPB systems can be placed by a resident or attending cardiologist or
surgeon. Nurses can prime the PCPB machine with crystalloid quickly. In a cardiac
catheterization laboratory, vessels are already cannulated and wires are often in place,
saving precious minutes. In an unwitnessed arrest or one that occurs on a hospital ward,
the individual would have to undergo CPR for some time as he or she is moved to a place
in which cannulation can be performed. PCPB requires a large commitment by a medical
center to make teams available 24 hours a day.

INDICATIONS AND CONTRAINDICATIONS FOR PCPB

Current contraindications and indications for PCPB are based on survival data, with
unwitnessed CA being a very poor prognostic indicator and probably an absolute con-
traindication to PCPB, except in cases of profound hypothermia. Aortic dissection and
aortic regurgitation also preclude effective use of PCPB. Other relative contraindications
include CA longer than 30 minutes (only rare survivors), no correctable anatomic defect,
and terminal illness. Recent stroke, diabetes, and peripheral vascular disease also com-
plicate initiation and successful weaning from PCPB (2).

CA is one the most common indications for initiation of PCPB. A National Cardiop-
ulmonary Support Registry from 17 institutions collected data on the use of PCPB and
reported initial findings in 1992 (3). Although published in 1992, it is still the largest
series published to date on PCPB, including 187 patients from 17 major institutions. The
largest number of patients had undergone CA, but significant numbers of victims had CS
or hypothermia. The largest number of survivors were those who had CS but who had not
gone on to CA yet. Table 1 shows the data from this study and differentiates individuals who
survived less than or more than 30 days. Patients who did undergo CA were far more likely
to survive if the time from witnessed arrest to institution of PCPB was short. Some patients
were started on PCPB in less than 15 minutes. More than 50% of these patients survived.
No patients with unwitnessed arrest survived.

Most cases of PCPB were for patients who experienced CA and on whom traditional
cardiopulmonary resuscitation (CPR) had failed. AMI was the most common precipitat-
ing event. Other causes included post-pericardiotomy arrest, refractory arrhythmias, PE,
rupture of aneurysm or cardiac graft, pericardial tamponade, and aortic valve lesions. CS
was the second most common indication, most often as a result of AMI, myocarditis, and
rupture of ventricular free wall or septum (4). One series of six severe trauma patients
younger than age 55 who were felt to have recoverable injuries instituted PCPB for poor
oxygenation, hypothermia, hypovolemia, and coagulopathy (5). Patients with pulmonary
insufficiency, smoke inhalation, and status asthmaticus have also been treated with PCPB
in a few cases.
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Table 1
Survival After Percutaneous Cardiopulmonary Bypass

Died Alive Alive Unknown
Cause on bypass <30 days >30 days outcome

Cardiac arrest 88 6 15 2
CA after cardiotomy 12 0 2 0
Cardiogenic shock 21 0 15 2
CS after cardiotomy 4 0 2 0
Hypothermia 4 0 3 0
Pulmonary insufficiency 5 1 3 0
Other 1 1 0 0

Total (N = 187) 135 (72.2%) 8 (4.3%) 40 (21.4%) 4 (2.1%)

CA, cardiac arrest; CS, cardiogenic shock. (Adapted from ref. 3.)

PCPB TECHNIQUE

The technique of implementing PCPB is similar to routine CPB, but employs a port-
able cart containing prepackaged circuits ready for priming; a battery-powered centrifu-
gal pump, which actively aspirates venous blood; a membrane oxygenator with oxygen
source; and percutaneously placed long, thin-walled venous and arterial cannulae. Full
systemic heparinization is required with frequent monitoring of the ACT. Heparin-coated
systems are being developed that may allow considerably lower levels of anticoagula-
tion. Surgeons, cardiologists, or emergency physicians can insert PCPB cannulae with
the PCPB set-up by perfusionists or ECMO-trained intensive care nurses. The time to
initiation of emergency PCPB depends on the team’s familiarity and experience with the
procedure. Faster initiation of bypass and improved results are noted as an institution
performs PCPB regularly.

COMPLICATIONS OF PCPB

Complications of PCPB are relatively rare. Bleeding at the cannulation sites is the
complication reported most often. Perfusion problems include arterial or venous injury,
air embolus, tubing disconnections, and embolization of arterial plaque. Ischemia of the
brain, myocardium, and kidney usually result from the original CA and delay before
institution of PCPB. However, femoral arterial perfusion is likely to be inadequate for
adequate cerebral perfusion if used for more than 4 to 6 hours and strong consideration
should be given to converting to an aortic cannula if continuing bypass support is needed.
Ischemic limb complications have been reported, sometimes requiring embolectomy or
amputation. Hemolysis and coagulopathy are rarely clinically significant with PCPB
times of less than 6 hours. A small-sized cannula presents significant risk factor for
hemolysis.

OUTCOME WITH USE OF PCPB

In 2002, Kurusz tabulated results from all case reports of PCPB use over a 10-year
period in the 1990s. Long-term (>30-day) survival was better in patients with CS (40.1%
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of 335 survived) vs those with CA (21.6% of 335). Other uses of PCBP were more
infrequent, but had comparable survival rates to that seen in patients with CS; 5 of 12
(41.7%) patients with pulmonary causes survived, 5 of 9 (55.6%) patients with trauma
survived, and 5 of 13 (38.5%) patients with hypothermia survived (1). For patients with
fulminant myocarditis, survival rates were as high as 70 to 100%. Patients with cardio-
genic shock had the greatest benefit from PCPB, suggesting that PCPB is best applied
before CA occurs and hypoxic injury begins. However, there were survivors among
patients in CA who could not be resuscitated otherwise, a group with a 100% predicted
mortality.

There were no survivors of PCPB in patients with unwitnessed CA, except in profound
hypothermia. The duration of CPR prior to PCBP was predictive of survival, with only
5 to 14% of patients surviving who received greater than 30 minutes of CPR. In contrast,
25 to 50% of patients with less than 30 minutes of CPR survived. In one group of three
pediatric patients (6), two survived CPR for longer than 30 minutes, suggesting that
children may tolerate CPR better than adults. Immediate application of PCPB significantly
improves cardiac output, helping preserve myocardial and neurological function.

Survival is more likely in patients with correctable anatomic defects. Examples of
primary correctable lesions include CAD, ventricular rupture, and PE. In patients treated
with PCPB, survival was 15 to 40%, compared with 0 to 13% in patients without such an
intervention.

Several authors report comparable increased survival rates in patients undergoing
cardiac surgery soon after initiation of PCPB to correct anatomic defects. In 1991, Money
and colleagues reported a series of 11 patients who required CPB for CA (7). All of the
five patients who had complications in the cardiac catheterization lab and went to the
operating room survived. Of six patients on PCPB initiated outside the catheterization
lab, three had lesions amenable to surgery and two of the three survived. The nonsurvivor
was judged to be at a very high risk for surgery with marginally correctable anatomy. This
patient required biventricular assist devices and died 4 days later. Of the three patients
without surgically correctable problems, none survived. All patients were resuscitated
successfully, and all seven of the patients with clearly correctable lesions survived. The
authors concluded that rapid initiation of PCPB by an experienced team and rapid trans-
port to the operating room for definitive correction allows excellent survival in desperately
ill patients who would otherwise not survive.

Wittenmyer reported that 104 patients from 1987 to 1992 who received interventional
therapy soon after PCBP had better survival to hospital discharge than patients who could
not be so treated (8). Of 74 patients receiving interventional therapy, survival was 26%
for those treated in the cardiovascular lab (thrombolytics, angioplasty, and valvulo-
plasty) and 44% for those treated operatively (coronary bypass grafting, valve replace-
ment, pulmonary embolectomy, ventricular septal defect repair, and cardiac perforation/
rupture). Higher survival (52%) was noted in patients treated for CS than for those in CA
(24%). No patient with unwitnessed CA survived. None of the three patients transferred
from another hospital after PCPB initiation survived.

A more recent review of 43 patients treated with PCPB from 1992 to 1998 by Mitsui
et al. examined eight patients who had cardiac surgery (9). Only two of the patients
survived to be discharged from the hospital, although six were weaned from CPB suc-
cessfully. Three patients had coronary bypass surgery, but LV function did not recover
in two of those patients. The three patients with ventricular septal defects (VSD), LV
rupture, and both LV rupture and VSD, were weaned successfully but all had deteriora-
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tion of LV function. Two patients had aortic valve replacement (one with a Maze proce-
dure as well), both were weaned but both experienced postoperative ventricular
arrhythmias (VAs). One survived and one died from refractory VA.

In 1999, von Segesser reviewed cardiopulmonary support (PCPB) and ECMO, high-
lighting both the usefulness and difficulties associated with PCPB (10). PCBP is portable
and rapidly available, with less technological demands for initiation. However, because
of the small-bore cannulae, PCPB is a temporary measure, best used to support the
circulation until a definitive anatomic repair can be performed or a more permanent
circulatory support system (VAD) can be implanted. PCBP is most useful in patients with
CS who have not progressed to CA.

CONCLUSION

PCPB is best used in patients with cardiogenic shock (before cardiac arrest occurs)
who have anatomically correctable lesions amenable to surgical intervention. Patients
with unwitnessed arrest and those with greater than 30 minutes of CPR prior to PCBP are
unlikely to survive despite aggressive management of their underlying disease.

PCBP is a temporary measure designed to support the circulation until definitive
diagnosis and treatment can be accomplished. In particular, cardiac deterioration as a
result of CAD, ventricular rupture, ventricular septal defect, aortic stenosis, and PE has
been successfully treated with PCPB. In these patients who were previously considered
to have near 100% mortality, rapid initiation of PCPB, and definitive surgical correction
may provide up to 35% survival to hospital discharge.

Much of the work on this technique was done in the late 1980s and early 1990s. Today,
as hospital budgets get ever more trimmed it the maintenance of teams for PCPB repre-
sent a very large outlay of personnel. Technology will be ever improving for CPB and,
with smaller machines, better anticoagulation and improved systems, it may be possible
for survival statistics to improve further.
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INTRODUCTION

The time from onset of cardiopulmonary arrest until restoration of an effective, spon-
taneous circulation is the single most important determinant of long-term, neurologically
intact survival from cardiopulmonary arrest. Prompt defibrillation of ventricular fibril-
lation (VF) or pulseless ventricular tachycardia (VT), when either rhythm is present, is
more likely to alter patient outcome than is immediate pharmacological management (1).
However, treatment with pharmacological agents is frequently required in patients with
VF or VT that is refractory to electrical countershocks, and in patients with asystole or
pulseless electrical activity (PEA).

Because patients who require drug therapy during cardiopulmonary rsuscitation (CPR)
often have a poor clinical outcome, there is some skepticism regarding the value of drug
therapy during CPR (2,3). The limited success observed following drug therapy during
CPR may result from interventions that are administered too late or that are administered
under suboptimal conditions (4).The use of pharmacological agents during resuscitation
must frequently proceed without adequate knowledge of the patient’s history, preexisting
conditions, or current medications. The interval prior to initiation of resuscitative efforts
may be highly variable or may not be known with precision. Problems with vascular
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access may delay initial drug administration, and the delivery of drugs to their target
end organs may be compromised by the poor blood flow generated during closed-chest
compression.

The biological actions of drugs given during resuscitation may be altered by acidosis,
hypoxemia, down-regulation of receptors, target end-organ damage, impaired metabo-
lism and excretion, and drug interactions. We know that the pharmacokinetic properties
and the pharmacodynamic response of drugs may be altered by the presence of
hypoperfusion, hypoxia, and acidosis during cardiac arrest (CA). Although we lack
concrete information describing the pharmacokinetic and pharmacodynamic profile of
drugs in this setting, information obtained from animal models and clinical studies in the
area of CPR has increased our understanding of the delivery and absorption of medica-
tions during CPR. Today, the theory that corpora non agunt nisi fixata (substances only
act when they are linked to their site of action) is essential in understanding why drugs
may fail to produce their desired effect during CPR and advanced cardiac life support
(ACLS). This chapter discusses the link between the administration of a drug and its
subsequent pharmacokinetics and pharmacodynamics during CPR.

PHARMACOKINETIC CONSIDERATIONS IN CARDIAC ARREST

After the administration of a drug, its efficacy and safety are maintained by selective
interaction with the pharmacological site of action coupled with the body’s normal detoxi-
fication and excretion processes to eliminate unwanted drug and its metabolites. These
dose-related events define the drug’s therapeutic index and recommended dosage regi-
men. Apart from coupling of the drug to its endogenous pharmacological receptor, the
absorption, distribution, and elimination of the drug usually occur through passive dif-
fusion. These processes are partly dependent of the molecular species of the drug, cardiac
output, hepatic enzymatic activity, and glomerular filtration and secretion; and may be
described by mathematical construct (i.e., pharmacokinetics) that define the agent’s
concentration–response curves.

The relationship between a drug and the body is described by its pharmacodynamic
response (i.e., the drug’s effects on the body) and its pharmacokinetic properties (i.e., the
relationship between the amount of drug administered and its resultant plasma concen-
tration over time [5]). Pharmacokinetics uses mathematical models and equations to
describe the rate processing of drugs (rate of absorption, rate of distribution from the
plasma compartment to tissues, rate of metabolism, and rate of excretion) by the body.
In clinical practice, the pharmacokinetic parameters of ACLS drugs can be described by
first-order (i.e., linear), two-compartment, pharmacokinetic models (5). Drugs enter the
bloodstream directly after intravenous administration, and distribute between the central
compartment (i.e., blood and highly perfused tissue) and the peripheral compartment
(e.g., fat and other tissue). As plasma drug concentrations increase, the rate of drug
elimination increases. Therefore, mathematical models and equations can be used to
calculate “pharmacokinetic parameters,” which represent the average values for the rates
of absorption, distribution, metabolism, and elimination of a drug in a given sample
population (i.e., normal volunteers). These estimates are used by the clinician to predict
the serum drug concentration after a given dose.

However, pharmacokinetics parameters derived from “healthy volunteers” may not
accurately predict the disposition of drugs during CPR (6).The absence of spontaneous
circulation and subsequently a dramatic fall in myocardial and cerebral blood flow
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occurs during sudden cardiac death. Studies in swines show that during closed-chest
CPR, myocardial blood flow is less than 5 mL per minute per 100 g (normal value = 40–
100 mL per minute per 100 g [7,8]). Circulatory collapse causes redistribution of blood
to highly perfused organs (brain and myocardium), and alters the volume of distribution
(9). Because of the reduced blood flow and increased circulation time, the method of
drug administration also affects pharmacokinetic and pharmacodynamic profiles during
CPR (6,10).

BIOAVAILABILITY AND BINDING TO THE SITE OF ACTION

Bioavailability defines the fraction of the administered dose that reaches the systemic
circulation. During CPR, drugs must have rapid and complete bioavailability to promptly
reach their sites of action. The route of drug administration greatly influences a drug’s
bioavailability. In theory, an intravenously administered drug should have 100%
bioavailability, whereas other routes of administration (e.g., oral, intramuscular, or en-
dotracheal) may alter absorption of drugs and produce incomplete bioavailability. There-
fore, during CPR, drugs should be given by intravenous bolus injection, to ensure the
highest concentration of drug in the bloodstream. Once drugs reach the bloodstream,
numerous issues affect the amount and rate of binding to the sites of action.

Lipid Solubility and Volume of Distribution
First, the lipid solubility, volume of distribution, and the size of the drug’s molecular

structure affect the ability of drug to diffuse passively across cell membranes to reach the
intracellular site of action. Although cell membranes have a semi-permeable, phospho-
lipid layer, drugs with high lipid solubility have an increased likelihood of penetrating
into the site of action. However, drugs with increased lipid solubility and low plasma
protein bindings may not reach the site of action in sufficient quantities because of a large
volume of distribution throughout the body. Volume of distribution is a pharmacokinetic
parameter that describes the proportionality of the amount of drug found in the plasma
to the total amount of drug that enters the systemic circulation. If the volume of distribu-
tion of a given drug is 500 L, then a dose 500 mg will produce in a concentration of 1 mg
per liter of blood. The 500 L exceeds the total volume of body water (i.e., 42 L); therefore,
the drug distributes extensively into tissue as well as body fluids. Drugs with large
volumes of distribution (e.g., digoxin, amiodarone) usually distribute into many tissue
compartments.

The tissue compartment of the target organ greatly impacts the dosing regimen of a
given agent. For example, lidocaine follows a two-compartment pharmacokinetic model
with the heart (i.e., the site of action) located in the initial compartment (11–13).  Popu-
lation estimates for lidocaine’s distribution half-life (i.e., 8–10 minutes) suggest that in
a normal patient, half the concentration of drug in the initial body compartment will
redistribute to other tissues within 8 to 10 minutes after a given dose of lidocaine (11).
When lidocaine is administered during CPR, a second dose should be given no later than
8 minutes after the first dose to account for redistribution of drug away from the target
organ to other areas.

Theoretically, if a drug is to redistribute to other tissues the rate and extent of this
phenomena will depend on organ perfusion. Although organ perfusion is primarily depen-
dent on arterial pressure, theoretically, left ventricular dysfunction or vasodilatation would
limit organ perfusion and reduce the effective volume of distribution of a given drug.
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Chandra et al. documented that within 1 minute after the onset of CA, perfusion to vital
organs is reduced to approx 25 to 50% of pre-arrest values (12). Severe hypoperfusion
explains the decrease in the volume of distribution of lidocaine into the initial compart-
ment (0.69 ± 0.38 L/kg vs 0.06 ± 0.07 L/kg) and the tissue compartment (1.67 ± 0.49
L/kg vs 0.14 ± 0.06 L/kg) during CPR in dogs (12).

McDonald measured serum lidocaine concentrations in the peripheral blood follow-
ing an intravenous dose of 1.9 mg/kg in patients undergoing CPR. The results showed
that serum lidocaine concentrations within the range of 1.6–4.0 mg/L (mean value = 2.3
mg/L) could be achieved approx 23 minutes after administration (14). McDonald con-
cluded that the clearance of lidocaine from the initial compartment was reduced during
CPR in humans. McDonald suggested that a second dose of lidocaine would likely not
be necessary during CPR unless spontaneous circulation was re-established (14).

Epinephrine is the classic example of a small polar molecule that rapidly equilibrates
in the bloodstream where it binds to albumin (i.e., small volume of distribution) until it
readily attaches to adrenergic receptors inside cell membranes. Epinephrine’s small
volume of distribution and wide therapeutic index, explain why weight dependent dosage
adjustments are not needed during CPR. In contrast, amiodarone is a large nonpolar
molecule that slowly equilibrates in the bloodstream. It is minimally protein bound and
distributes widely throughout the body (large volume of distribution) until it reaches the
site of action, and then redistributes away from it site of action back into peripheral organs
(e.g., liver, eyes, lungs, thyroid, skin [15]).During CA, it is important to dose amiodarone
on a weight-dependent basis (i.e., 5 mg/kg/dose) to sustain adequate concentrations in the
myocardium during CPR. Furthermore, amiodarone’s lipid solubility explains its redis-
tribution properties and the need to administer a constant infusion to sustain adequate serum
drug concentrations at the site of action.

Changes in plasma protein binding can also alter volume of distribution. Although
drugs bind to blood cells and plasma proteins within the circulation, only the unbound
drug can cross cell membranes to exert it’s pharmacodynamic effects or undergo biotrans-
formation. Reduced plasma protein binding via displacement or alterations in binding
proteins increase the free fraction of drug and enlarge the drug’s volume of distribution.
Although the effect of altered plasma protein binding on the volume of distribution of
lidocaine during CA has not yet been studied, patients with acute coronary syndromes
have increased binding of lidocaine to plasma proteins and a subsequent reduction in
volume of distribution (16,17). These changes are caused by a rise in -1-acid glycopro-
tein, the primary binding protein for lidocaine. Theoretically, the total plasma lidocaine
concentration may be disproportionately elevate during CA, but the concentration of free
(active) lidocaine may be disproportionally low due enhanced -1-acid glycoprotein
binding. Therefore, CA patients may require plasma lidocaine concentrations in the
upper range of normal to achieve a therapeutic effect.

Central vs Peripheral Intravenous Drug Administration

A second factor that affects the ability of drugs to reach sites of action during CPR is
administration via central venous access or peripheral venous access. Kuhn and cowork-
ers studied circulation time during closed-chest cardiac compression using indocyanine
green injected in either the right antecubital vein or right subclavian vein during CPR
in six patients (18). Blood samples were obtained via right femoral artery catheters at
30-second intervals for 5 minutes following injection. Arterial blood indocyanine green
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concentrations after central venous injection revealed a high concentration of the dye at
30 seconds and an emerging second peak at 5 minutes (18). After peripheral injection,
peak dye concentrations were not achieved during the 5-minute sampling period. The
authors concluded that recovery of indocyanine green from femoral arterial blood was
significantly greater after it is administered centrally vs peripherally (18).

Talit and colleagues compared the pharmacokinetics of radioisotopes administered
via peripheral vs central venous access during resuscitation in nine mongrel dogs (19).
Bolus injection of two different radioisotopes were given simultaneously through a periph-
eral vein and a central vein. Isotope activity was sampled through a catheter in the femoral
artery at 5-second intervals for the first 90 seconds and at 30-second intervals for the
remaining 210 seconds. The most prominent difference between central venous and
peripheral venous injection was the difference in peak concentration of radioactive tracer.
Central venous injection produced a 270% higher peak concentration (p < 0.001) and a
significantly shorter time to peak concentration (13 + 5 vs 27 + 12 seconds, p < 0.01 [19]).
Because of the additional venous blood admixture for peripheral drug injection, this
route of administration prolonged the time to peak concentration and significantly
enlarged (p < 0.01) the central compartment volume of distribution of the radioisotope
(19). Venous admixing also explains differences in peak concentrations produced by
the two methods of intravenous administration. Although the method of intravenous
administration does not alter the absolute bioavailability, there were no significant dif-
ferences in area under the concentration time curve, steady state volume of distribution,
and total body clearance. These data show that route of administration would influence
peak concentrations and time to peak concentration, but not the amount of drug ultimately
available at the site of action during CPR.

Talit and colleagues’ (19) work was confirmed by Keats (20) and Barsan(21) who used
animal models of CA to demonstrate that time to peak drug concentrations, peak drug
concentrations, and time to onset of biological effects for epinephrine and lidocaine were
greater after central venous administration compared to peripheral venous administra-
tion. Although survival rates drop 10% for every minute that elapses between the onset
of CPR and successful defibrillation, the benefits of central venous drug administration
during CPR are obvious because central venous drug administration shortens the lag time
to peak drug concentrations.

Reductions in total blood flow and prolonged circulatory time decrease venous return
and slow the distribution of medications from the peripheral circulation into the central
circulation. During CPR, central venous administration produces rapid delivery of drug
to the site of action when compared with peripheral drug administration (10,19–24).

Dilution of Bolus Injection

The volume of fluid used to dilute and administer the intravenous bolus dose is a third
factor affecting the rate and amount of drug delivered to the central compartment during
CPR. Emerman and colleagues studied the effect of a 20-mL saline bolus flush on peak
indocyanine green dye peak concentration and circulation time in a canine CA model
(25). Circulation time and peak dye concentration were significantly improved by the
administration of a 20-mL flush following peripheral injection in this animal model. In
summary, when drugs are administered from a peripheral intravenous site during CPR,
the extremity should be elevated and a 20-mL bolus of normal saline should be given to
facilitate access of the agent to the central circulation (25).
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Endotracheal Drug Administration

Atropine, epinephrine, lidocaine, naloxone, and vasopressin may be administered
via endotracheal route when intravenous access has not been established. However, the
rate and extent of absorption of drugs following endotracheal administration offers
another example of unresolved pharmacokinetic variability during CPR. Although,
lidocaine, epinephrine, and atropine are agents that are administered routinely via the
endotracheal route, only a few clinical studies have described the pharmacokinetic
profile of drugs administered in this manner during CPR (26–31). Endotracheal admin-
istration produces a lower and slightly delayed peak plasma concentration, and the
onset of action may be delayed, but the magnitude of response is similar (28–31).
Differences in bioavailability between intravenous drug administration and endotra-
cheal drug administration are explained by: (a) incomplete absorption of aerosolized
drug, (b) metabolism of drug by lung parenchymal cells (i.e., epinephrine), and (c) poor
pulmonary blood flow (32).

Administration technique and dilution volume are important to assure good
bioavailability following endotracheal drug administration (33–36). Ralston and coworkers
observed that the use of a catheter to deliver drug via an endotracheal airway enhanced the
response to epinephrine (33). When epinephrine (0.2 mg/kg) was administered via an
endotracheal airway without a catheter, the drug did not increase blood pressure during
CPR. When epinephrine (0.1 mg/kg) was administered via an endotracheal airway, with
the aid of a catheter wedged deep into the bronchial tree, there was a significant increase
in blood pressure (33).

Mace confirmed the value of endotracheal drug delivery and documented the impor-
tance of doubling the dose of drug and the need to use a 10–20 mL volume of dilution for
achieving the highest serum drug concentrations following endotracheal drug adminis-
tration during CPR (33,34). Drug dilution is important in the delivery of drugs via an
endotracheal airway, but the question of whether sterile water (SW) or normal saline (NS)
should be the preferred remains unanswered. Greenberg and coworkers compared the
effects of endotracheally administered SW vs NS on arterial blood gases in dogs (35).
Endotracheal administration of SW significantly (p < 0.05) depressed arterial pH and
PaO2 when compared with NS. Greenberg concluded that endotracheal administration
of NS produces fewer detrimental effects on arterial blood gases when compared with
endotracheal administration of SW (35). However, these results were questioned by the
evidence produced by Hahnel, who compared the effects of SW vs NS in 12 patients who
received lidocaine via the endotracheal route (36). Serum lidocaine concentrations at 5
and 10 minutes postdose were significantly higher (p < 0.05) in the SW group (2.35 and
2.67 mg/L) when compared with the NS group (1.59 and 1.88 mg/L). The PaO2 dropped
by 60 mmHg in the NS group and by 40 mmHg in the SW group (p < 0.05). Hahnel
concluded that SW produced better absorption of lidocaine and less impairment of oxy-
genation than NS (36).

In summary, the dose of drug to be administered via an endotracheal tube should be
2.5 times the recommended intravenous dose. The exception is vasopressin. This drug
should be given as a 40-unit endotracheal dose (i.e., the same as the intravenous dose
[37]). The endotracheal dose should be diluted in 10-mL to 20-mL of NS or SW and
injected via a catheter that extends beyond the level of the carina. Cardiac compressions
should be halted temporarily and the dose of drug should be followed by five rapid
insufflations to disperse the drug throughout the pulmonary mucosa.
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ALTERATIONS IN BIOTRANSFORMATION DURING CPR

Biotransformation of drugs used during CPR occurs via the liver for all drugs except
epinephrine. Epinephrine is metabolized by the catechol-o-methyltransferase and
monoamine oxidase enzymes present in the circulation and the mucosa of the lungs and
the gut. Hepatic biotransformation depends the drug’s intrinsic clearance rate, the frac-
tion of unbound drug in the blood, and the rate of blood flow to the liver (38). For
lidocaine, the rate-limiting step in biotransformation is the rate of blood flow to the liver
(5). Therefore, circulatory collapse, reduces the biotransformation of lidocaine. Studies
show that during CA, hepatic blood flow markedly reduced (39). Chow and colleagues
demonstrated that the clearance of lidocaine is reduced 10-fold during closed-chest CPR
in dogs (40). A series of case reports in humans show that the elimination half-life of
lidocaine increased threefold to 6 hours during CA (40).This observations does not affect
the bolus dose of lidocaine (i.e., 1.5–3.0 mg/kg) because drug clearance does affect
loading dose, but it does suggest that the maintenance dose of lidocaine should be decreased
by 50–75% because of circulatory shock (41–44). Furthermore, if lidocaine is used in the
postresuscitation period, serum drug concentrations should be monitored to reduce the
risk of lidocaine toxicity, especially in patients over 70 years of age (41,44–45). In
patients with renal failure, there is no need to adjust the dose of lidocaine because its
clearance and volume of distribution are unchanged. However, renal failure leads to the
accumulation of MEGX and GX, lidocaine’s metabolites, which have little pharmaco-
logic activity but can produce significant neurotoxicity (42).

PHYSIOLOGICAL APPROACH TO OPTIMAL
DRUG DELIVERY DURING CPR

As stated earlier, compartmental pharmacokinetic analysis is commonly used to
describe how drugs are distributed in and eliminated from the body. This approach does
not provide any information about the relationship of these kinetic compartments and
rate constants to anatomic structures or physiological function; it assumes instanta-
neous distribution in each compartment. Compartmental analysis, typically, uses first-
order differential equations or polyexponential equations containing distribution and
elimination rate constants to describe the pharmacokinetic behavior of a drug. CA is
a complex physiological state resulting from a hemodynamic collapse further compli-
cated by augmentation of blood flow via chest compression and vasoactive pharmaco-
therapy. The assumption of instantaneous compartmental distribution may not be valid
in this setting. This limits the usefulness of compartmental pharmacokinetic modeling
in the CA setting.

Recently, physiologically based pharmacokinetic modeling (PBPK) has been studied
as alternative approach to compartmental pharmacokinetic modeling in the CA patient
(46). This approach uses sets of nonlinear differential equations to provide a description
of the time course of drug concentrations in any organ tissue and describes drug move-
ment in the body based on organ blood flows and organ penetration (47–50). Changes in
hemodynamics or blood–tissue partitioning will thus affect the disposition kinetics of the
drug under study (47–52). Physiological parameters used in the model can be obtained
from invasive animal studies and scaled to humans (47–52).

Grillo et al. designed a flow-dependent PBPK model representing nine body tissues
for lidocaine (see Fig. 1 [46]).Physiological organ flow rates, tissue volumes, and plasma–
tissue partition parameters for lidocaine in humans were taken from the literature. Data
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Fig. 1. PBPK model. SET, slowly equilibrating tissue (long bone, skull, spine, skin, and chest
wall); Q, organ blood flow. (Used with permission from ref. 46.)

from published animal studies were used to estimate loss of organ blood flow during CA
and lidocaine tissue partition coefficients. The model assumed a 70-kg CA patient. The
following five lidocaine dosing regimens were simulated: (a) 4 mg/kg IV push (IVP) (b)
1.5 mg/kg IVP then 1.5 mg/kg IVP in 4 minutes, (c) 3 mg/kg IVP, (d) 2 mg/kg IVP, and
(e) 1.5 mg/kg IVP.

This PBPK model of lidocaine in CA predicted that lidocaine distribution is dramati-
cally prolonged during resuscitation. Shunting of blood during CA results in reduced
flow to muscle, adipose, and other slowly equilibrating tissues. If this model prediction
is correct, relatively higher than expected lidocaine concentrations will be present in
relatively well-perfused tissues (e.g., brain, heart, lungs, and so on).

A simulation of regimen 2, which at the time of the study was the current American
Heart Association (AHA) recommendation, suggested that the concentration of lidocaine
was suboptimal at the decision point (3–5 minutes) to administer another dose. Regimen
4 offered a slightly more rapid optimization of cardiac concentrations and more accept-
able brain concentrations compared to regimens 1 through 3. The authors concluded that
simulations from this PBPK model suggest that the then AHA lidocaine-dosing regimen
for CA may not result in optimal lidocaine concentrations in the heart and brain. Simu-
lations suggested that 2 mg/kg IVP may be the most acceptable lidocaine dosing regimen
during CA.

Potential shortcomings of this method may involve the assumptions made and the
estimates of the physiological parameters that were derived from animal studies. This is
an area for future research.

SUMMARY

The ideal route of drug administration during CPR is one that combines rapid access
with quick delivery of drug to the central circulation. Hemodynamic changes during
CPR make central venous access the ideal route for drug delivery. The expediency
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required in drug administration cause peripheral venous access to be used most fre-
quently, especially in the prehospital setting. When drugs are administered via periph-
eral venous access, the site of drug administration should be elevated above the level of
the heart and a 20-mL bolus of NS should be administered to expedite the delivery of
drug to the central compartment. If venous access cannot be readily obtained, atropine,
epinephrine, lidocaine, and vasopressin may be administered via an established endot-
racheal airway. Except for vasopressin, which is administered at the conventional intra-
venous dose, the dose of drug should be increased by 2.5 times the recommended
intravenous dose. The drug should be diluted to 10 to 20 mL with SW or NS, and injected
via catheter that extends beyond the tip of the endotracheal tube. Cardiac compressions
should be held temporarily as the drug is administered and five insufflations are deliv-
ered to aerosolize drug throughout the pulmonary mucosa. Once intravenous access is
achieved, the dose should be repeated via the intravenous route.
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INTRODUCTION

The primary goal of cardiopulmonary resuscitation (CPR) is to restore spontaneous
circulation and manage postresuscitation myocardial dysfunction, including myocardial
contractile failure and life-threatening ventricular ectopic dysrhythmias. During CPR,
blood flow is determined primarily by two issues: the pump (driving force) and the periph-
eral vascular resistance. The mechanical interventions are intended to generate maximal
cardiac output and perfusion pressure. A second issue is that of vascular tone. Accumulation
of metabolic vasodilator substances, including adenosine, carbon dioxide, lactic acid, and
hydrogen ions, and diminished neurovascular vasoconstriction decrease peripheral arterial
resistance by causing (or allowing) arterial vasodilation. Additionally, there are variable
increases in venous capacitance such that venous return to the right atrium is reduced.
This has been the basis for the use of vasopressor agents, especially -adrenergic agents.
Quite distinct, however, is immediate postresuscitation management, which has as a
primary goal the mitigation of postresuscitation myocardial failure. Pharmacological
interventions are designed to improve myocardial systolic function by increasing stroke
volume, reducing ventricular filling pressures, and controlling arrhythmias.
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Pharmacological interventions during and immediately following CPR are restrained
by impaired perfusion (e.g., delivery of drugs or their metabolites to target sites is impaired)
and changes in the pharmacological actions of the drugs as a result of acidosis, hypercarbia,
hypoxemia, down-regulation of receptors, and altered organ functions. There is also
altered drug metabolism during and following CPR. In clinical settings, the history of
underlying diseases and concurrent drug treatment may not be known, thereby further
thwarting the precision of pharmacological interventions.

ROUTES OF DRUG ADMINISTRATION

Most drugs are given by intravenous injection to ensure complete distribution as well
as rapid pharmacological action. Alternative routes (i.e., endotracheal) are usually less
predictable with respect to absorption, distribution, and pharmacologic response and
their use is limited to settings in which an intravenous line cannot be established.

Intravenous
The peripheral venous route has the advantage of minimal invasiveness, technical

ease, and ready physical access. However, peak blood drug concentrations and their
pharmacological actions are more predictable when given by central venous injection
or infusion. In a dog model of CPR, the circulation time of a dye tracer was 63 seconds
after central, compared to 94 seconds after peripheral, venous injection. The peak dye
concentration after central venous injection is correspondingly greater (1). Central venous
access may be facilitated through the femoral vein. However, the internal jugular vein and
subclavian vein are appropriate alternatives but are strategically less accessible during
CPR (especially during chest compression and airway manipulation). Local complica-
tions of venous cannulation include hematoma, cellulitis, thrombosis, and phlebitis.
Systemic complications, including sepsis and pulmonary thromboembolism, are likely
to be of little import in the CPR setting. Air embolism is best avoided with jugular or
subclavian cannulation by maintaining the patient in a 10% head-down position.

Endotracheal
When an endotracheal tube is in place, drugs can be administered without the typical

several minute delay to start an intravenous line. In such settings, endotracheal admin-
istration has advantages, particularly in children or in obese and/or drug abuse cardiac
arrest (CA) victims in whom venous access may be difficult.

The pulmonary circulation receives the entire cardiac output and the lungs provide
approx 70 square meters of capillary surface for drug absorption. A significantly pro-
longed pressor effect the so-called “depot-like” effect, persists for up to 30 minutes
following endotracheal epinephrine administration. After intravenous injection,
epinephrine’s pressor effects persist for only 3 to 5 minutes. Only a single dose of
epinephrine should be administered by the endotracheal route because tachycardia,
hypertension, dysrhythmias, and a reduced fibrillation threshold can follow successful
resuscitation as a result of its persistent effects when given by this route.

No drug other than epinephrine is approved in the United States currently for endo-
tracheal administration during CPR. A dose of 3 mg should be diluted in 10 mL of either
normal saline or sterile water. Injection is best followed by two or three forceful lung
inflations. Additionally, atropine and potentially, lidocaine can be administered through
the tracheal tube as well, in doses that are twice that recommended intravenously. Only
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a minor and transient decrease in arterial PaO2 and increased arterial PaCO2 follow
intratracheal injection of these drugs.

VASOPRESSOR AGENTS

Adrenergic Agents
MECHANISMS OF ADRENERGIC AGENTS

The primary effect of adrenergic agonists is to activate adrenergic receptors. In 1948,
Ahlquist first hypothesized that catecholamines acted through two principal receptors
( - and -receptors [2]). This hypothesis proved to be both correct and led to the devel-
opment of selective  - and -agonists and their corresponding antagonists. In the years
that followed, subgroups of both  - and -receptors were identified (Table 1).

-Adrenergic receptors were subsequently classified into two subgroups. The 1-
receptors (presynaptic -receptors) were identified in the heart, vascular, and intestinal
smooth muscle and 2-receptors (postsynaptic -receptors) in vascular smooth muscle,
pancreatic islets (  cells), and platelets. The 1-receptors have been further subcategorized
into 1A-, 1B-, and 1D- and 2-receptors into 2A-, 2B-, and 2C-adrenergic receptors
(3,4). Most recently, the systemic vasoconstriction effects after activation of 2-adren-
ergic receptors were traced to 2B-adrenergic receptors (5).

1-receptors were identified primarily in the heart and 2-receptors in vascular and
bronchial smooth muscle and skeletal muscle. A 3-receptor was subsequently identified
in adipose tissue (6).

Activation of -adrenergic receptors is followed by release of intracellular Ca2+ from
endoplasmic stores, activation of G protein-gated K+ channel and inhibition of voltage-
sensitive Ca channels. These actions account for increases in the intracellular availability
of Ca2+, which produce contraction of vascular smooth muscle (3,4). The number of
adrenergic receptors is variable contingent on the pathophysiological condition of the
organism. Global myocardial ischemia increases the number of both 1- and 1-adren-
ergic receptors at the myocyte surface. These increases in the number of adrenergic
receptors account for greater arrhythmogenic effect of exogenous catecholamines during
myocardial ischemia (7).

Table 1
Adrenergic Receptor

Receptors Tissue Responses

1 Myocardium • Inotropic and chronotropic effects
• Oxygen utilization

Smooth muscles • Contraction
2 Vascular smooth muscles • Contraction
1 Myocardium • Inotropic and chronotropic effects

• Oxygen Utilization
2 Myocardium • Inotropic and chronotropic effects

• Oxygen Utilization
Smooth muscles • Relaxation
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Both 1- and 2-agonists activate adenylate cyclase and thereby convert adenosine
triphosphate (ATP) to cyclic adenosine monophosphate. This is the so-called second
messenger, which activates protein kinase and voltage-sensitive calcium channels. In the
heart, -agonists induce inotropic and chronotropic effects with increases in myocardial
oxygen consumption. In vascular smooth muscle, they induce relaxation and therefore
reduced peripheral vascular resistance. It is not as yet clear whether 3-receptors have
cardiovascular actions (8).

EFFECTS OF ADRENERGIC AGENTS DURING CPR

The primary goal of pharmacological interventions during CPR is to increase coronary
perfusion pressure by increasing peripheral vascular resistance. Optimally, an adrenergic
drug would maximize arterial blood flow to the coronary and cerebral circuits by increas-
ing arterial pressure during both compression and relaxation phases of the chest compres-
sion. In effect, there would be maximal pressor effect in the proximal aorta with reduced
peripheral run-off. These benefits would be likely to accrue primarily from -adrenergic
agonists. Epinephrine, which has been the most widely used agent, however, has major

1-effects, and to a much lesser extent, 1-effects. Accordingly, epinephrine produces a
pressor effect along with -adrenergically induced increases in myocardial oxygen con-
sumption. Accordingly, myocardial ischemia and postresuscitation myocardial dysfunc-
tion are increased during resuscitation. This may explain, at least in part, the disappointing
outcomes after resuscitation with epinephrine (9,10).

We therefore have focused increasingly on increases in peripheral vascular resistance
as the result of 1- and 2-mediated vasoconstriction during CPR. Theoretically, agents
with predominant -effects would be more effective. However, it is now recognized that
vasoconstrictor efficacy during CPR also depends on the subtype activity of the -receptor.
During CPR, adrenergic agents with predominant 2 effects are more effective vasocon-
strictors because extrajunctional 2-receptors are more accessible to circulating catechola-
mines than postjunctional 1-receptors (11). This may explain why the predominant

1-agonists methoxamine and phenylephrine have not replaced epinephrine as drugs of
choice (12,13).

EPINEPHRINE

Epinephrine has been the preferred adrenergic agent for the treatment of human CA
for more than 40 years. There is unequivocal evidence that its efficacy is as a result of its

-adrenergic vasopressor effects. Increases in ventricular fibrillation (VF) wavelet am-
plitude reflect -adrenergically induced increases in coronary blood flow. Such is now
known to allow for more effective defibrillation with lesser electrical power (15,16). Yet,
the adverse effects of epinephrine caused by its inotropic actions, as already noted,
provoke disproportionate increases in myocardial oxygen consumption. Accordingly, it
increases the demand of the globally ischemic myocardium for oxygen during CA. If the
heart is resuscitated, the greater ischemic injury accounts for greater postresuscitation
myocardial dysfunction.

Epinephrine is a complex agent. It is a powerful agonist of 1-, 2-, 1-, and 2-
adrenergic receptors and its pharmacologic effects are correspondingly complex. Its
primary effects on the myocardium are the 1- and 1-actions that are both inotropic and
chronotropic. During VF, the contractile force of the fibrillatory segments is increased
and this accounts for the increases in myocardial oxygen consumption at a time when the
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heart is not doing any effective work (14). The -adrenergic actions also account for
postresuscitation tachycardia and recurrent VF.

Epinephrine induces disproportionate increases in systolic pressure. Accordingly, the
pulse pressure is increased. The effect of epinephrine on small arterioles and precapillary
sphincters accounts for altered blood flow distribution to tissues and organs. Increases in
cutaneous and renal vasoconstriction account for reduced blood flow to these sites.
Cerebral and coronary blood flows are increased disproportionately at the expense of
cutaneous and renal blood flows because neither cerebral nor coronary arterioles are
constricted. High-dose epinephrine may increase pulmonary artery, pulmonary capil-
lary, and pulmonary venous pressures. Excessive increases in pulmonary capillary filtra-
tion pressure may precipitate pulmonary edema. For the same reason, pulmonary
ventilation/perfusion defects appear and these are characterized by pulmonary arterio-
venous admixture with decreases in arterial oxygen tension and increases in arterial CO2
tension with decreases in end-tidal PCO2 (17). The 2-actions of epinephrine are pre-
dominantly bronchodilator. More recent studies also implicate stimulation of 2-recep-
tors in the myocardium, further increasing oxygen consumption during CPR and the
severity of myocardial ischemic injury after successful resuscitation (18). Although
epinephrine has been recommended by the American Heart Association (AHA) as the
drug of choice for CPR since 1974 and continues to be in wide use, there is as yet no
confirmation that ultimate outcomes are improved, either for in-hospital or out-of-hospital
CA. Understandably, a placebo-controlled clinical study is both ethically and legally prob-
lematic. Until well-designed clinical studies indicate otherwise, the authors of this chap-
ter personally believe that the administration of epinephrine should not be routine and that
it should be withheld during the initial resuscitative efforts.

The optimal dose of epinephrine for the treatment of CA was not addressed until 1974
when the Guidelines and Standards of the AHA specified a bolus injection of 0.5–1.0 mg
independent of weight. In 1985, Ralston et al. (19) reported that higher doses of epineph-
rine, namely 0.01–0.1 mg/kg improved the resuscitation rate from 40 to 90%. A series of
studies subsequently addressed the role of “high-dose” epinephrine. Both experimental
studies and clinical reports suggested that high doses of epinephrine produced greater
coronary perfusion pressure, myocardial and cerebral blood flow, and thereby improved
outcomes of the initial resuscitation effort. Nevertheless, there was no proof of improved
survival to hospital discharge.

These reports triggered three large randomized clinical studies to evaluate high dose
epinephrine’s potential benefits (9,10,20). Standard and high doses of epinephrine
were compared in both out-of-hospital and in-hospital CA. No statistically significant
improvement was documented following high-dose epinephrine, compared to standard
dose epinephrine. Most disappointing, however, was failure to confirm even benefits in
terms of initial resuscitation or early neurologic outcome. Guided by these controlled
human trials, current Guidelines for Advanced Cardiac Life Support call for 1 mg of
intravenously injected epinephrine as an appropriate initial dose. There has also been
disappointing experience with repetitive doses of epinephrine because these have but
little added pressor effect (21).

When epinephrine is administered during CPR the severity of myocardial ischemic
injury is also caused by its 1-effects. Previously, unknown was the presence of 1-
receptors in the myocardium which, like -receptors, increase the myocardial inotropic
state, myocardial oxygen requirements and therefore the severity of postresuscitation
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myocardial failure. Epinephrine increases myocardial lactate concentration and decreases
myocardial ATP content even though coronary blood flow may be doubled (22). Epineph-
rine also increases the severity of postresuscitation myocardial dysfunction and decreases
postresuscitation survival when compared with epinephrine combined with the 1-block-
ing agent, esmolol (14). Epinephrine increased the incidence of ventricular arrhythmias,
ventricular tachycardia (VT) and (recurrent) VF. These ventricular arrhythmias were
significantly decreased after -adrenergic blockade. When victims are resuscitated after
a relatively short duration of CPR, a brief period of epinephrine-induced hypertension
may occur, this increases afterload and further decreases cardiac output. Accordingly, the

-adrenergic actions of epinephrine increase the severity of myocardial ischemic injury
and thereby the likelihood of re-entrant and ectopic ventricular dysrhythmias.

NOREPINEPHRINE

Norepinephrine is the major mediator of mammalian postganglionic adrenergic func-
tion. Its chemical structure is identical to that of epinephrine except that it lacks methyl
substitution in the amino group of the phenylethylamine nucleus (Fig. 1). Between 10
and 20% of the catecholamine content of human adrenal medulla is composed of
norepinephrine.

Norepinephrine is a potent -adrenergic agonist that stimulates both 1- and 2-
receptors. It has only minor 2-receptor actions. Like epinephrine, norepinephrine also
acts on 1-receptors and thereby increases myocardial oxygen consumption and the risk
of ischemic injury during CPR. In contrast to epinephrine, it produces greater arterial
constriction than epinephrine such that total peripheral resistance is increased signifi-
cantly. Both arterial systolic and diastolic pressures are increased (more the latter than the
former) leading to a more narrow pulse pressure. Blood flow to skeletal muscles, liver,
and kidneys is decreased disproportionately. Like epinephrine, norepinephrine produces
coronary artery dilation and, together with increases in arterial blood pressure, augments
coronary blood flow. The circulating blood volume is reduced after administration of
norepinephrine primarily as a consequence of peripheral vascular constriction, resulting
in an increased capillary hydrostatic pressure. Accordingly, there is increased filtration
of protein-free fluid from the capillaries into the extravascular space. Both myocardial
and cerebral blood flows are increased to a degree that is comparable to that produced by

Fig. 1. Structural formulae of epinephrine, norepinephrine, and phenylephrine.
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epinephrine. A major advantage may be that the inotropic and chronotropic effects are
less and myocardial oxygen consumption is significantly less after norepinephrine
(23,24). Accordingly, we would anticipate fewer myocardial dysrhythmias and recurrent
VF and less postresuscitation myocardial ischemic injury.

Lindner et al. (25) compared the effect of equal doses of norepinephrine and epineph-
rine during CPR in a randomized study on 50 out-of-hospital CA victims. The initial
success of resuscitation was significantly greater in the norepinephrine group. Yet, these
investigators were again unable to demonstrate significant increase in neurologically
intact hospital survivors. In a larger randomized study on 816 victims of out-of-hospital
CA, Callaham et al. (10) failed to demonstrate significant differences between norepi-
nephrine- and epinephrine-treated patients with respect to initial success of resuscitation
and hospital survival. Accordingly, there are no convincing data at the time of this writing
to support the routine use of norepinephrine as an alternative for epinephrine for cardiac
resuscitation.

PHENYLEPHRINE

Phenylephrine is an 1-adrenergic agonist. However, it is also a weak activator of
-adrenergic receptors. The pharmacological effects of phenylephrine are similar to

those of methoxamine and, specifically, increase peripheral vascular resistance. Redding
and Pearson (26) observed universal success with defibrillation after intracardiac admin-
istration of 10 mg phenylephrine during VF. However, no significant differences between
epinephrine- or phenylephrine-treated animals were observed with respect to myocardial
blood flow, myocardial oxygen delivery and consumption, the initial success of resusci-
tation, duration of survival, and postresuscitation neurological recovery (27,28).

 Ditchey et al. (29) reinvestigated the benefits and detriments of -adrenergic block-
ade. These investigators initially compared the effects of epinephrine and phenylephrine
with the -adrenergic blocking agent, propranolol, on postresuscitation myocardial ATP
and lactate concentrations. They demonstrated a significantly higher myocardial ATP
concentration and lower myocardial lactate concentration in animals that were resusci-
tated after treatment with both phenylephrine and propranolol compared to epinephrine
alone. Phenylephrine with propranolol therefore improved the balance between myocar-
dial oxygen supply and demand during CPR. After successful resuscitation from CA, our
group found better systolic and diastolic myocardial function in experimental animals
treated with phenylephrine together with significantly greater long-term survival. With
longer durations of untreated CA, disproportionately greater myocardial contractile func-
tion and postresuscitation survival were again observed with phenylephrine (14). Only
one randomized, double-blind study has compared the effects of epinephrine and phe-
nylephrine on the success of clinical resuscitation. In 65 out-of-hospital CA victims no
differences in the success of initial resuscitation were observed between epinephrine- and
phenylephrine-treated victims (30).

Nonadrenergic Vasopressors
VASOPRESSIN

The effects of vasopressin are mediated by activation of the two principal types of
receptors, V1 and V2. The V1-receptor has been further subclassified as V1a and V1b. V1a-
receptors are located in vascular smooth muscle, myometrium, kidney, spleen, and cen-
tral nervous system. V1b receptors are located only in the adenohypophysis and the
V2-receptors are predominantly located in the principal cells of the renal collecting duct
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system. V1-receptors primarily mediate pressor responses and V2-receptors primary
mediate antidiuretic responses.

The cardiovascular effects of vasopressin are complex and are not defined well.
Vasopressin is a potent vasoconstrictor. Vascular smooth muscle in the skin, skeletal
muscle, fat, pancreas, and thyroid gland are most sensitive, with significant vasoconstric-
tion also occurring in the gastrointestinal tract, coronary vessels, and brain. However,
during spontaneous circulation, vasoconstriction is induced only after much higher con-
centrations of vasopressin are administered than those that produce maximal antidiuresis.
During spontaneous circulation, vasopressin reduces cardiac output and heart rate. These
effects are largely indirect through increases in peripheral vasoconstriction and corre-
sponding increases in arterial pressure. A less optimal effect is coronary vasoconstric-
tion, accounting for decreased coronary blood flow.

The effects of vasopressin as a vasopressor during CPR have been investigated exten-
sively by Dr. Karl Lindner and his associates. Their series of studies were prompted by
the observations that patients who had higher levels of endogenous vasopressin during
cardiac resuscitation had better outcomes. This contrasted with endogenous levels of
epinephrine and norepinephrine in which greater serum levels predicted poor outcomes
(31). The effects of low (0.2 U/kg), medium (0.4 U/kg), and high (0.8 U/kg) doses of
vasopressin were then compared with epinephrine (0.2 mg) on coronary perfusion pres-
sure and myocardial blood flow during CPR in a porcine model. Medium and high doses
of vasopressin produced significantly better myocardial blood flow and coronary perfu-
sion pressure than epinephrine (32). After intravenous epinephrine and external defibril-
lation had failed to resuscitate eight patients, 40 U of vasopressin restored spontaneous
circulation in each instance and three of the patients were discharged from the hospital
with normal neurological function (33).

Unfortunately, the increases in arterial vasoconstriction produced by vasopressin also
were associated with even more severe postresuscitation myocardial dysfunction than
epinephrine in the early hours after restoration of spontaneous circulation (34). In pigs,
postresuscitation systemic vascular resistance of the vasopressin group was twofold
greater than that of the epinephrine group. This explained why there was significantly
lower cardiac output and reduced myocardial contractility in the first 4 hours following
successful resuscitation.

These considerations not withstanding, another study on 40 patients indicated better
initial resuscitation and 24-hour survival after vasopressin compared with epinephrine.
However, again no difference in survival to hospital discharge was demonstrated (35).
In a just completed, large, randomized multicenter clinical study that included more than
1200 out-of-hospital cardiac arrests, Wenzel et al. (36) reported that vasopressin had no
benefit on outcomes over epinephrine when used for resuscitation from VF or pulseless
electrical activity. The hospital discharge rate was greater in patients who presented
with asystole and who were treated with vasopressin. Yet, 40% of the patients resusci-
tated using vasopressin after asystole remained in coma or in vegetative states. Accord-
ingly, the evidence that vasopressin has ultimate benefit when administered during CPR
remains unconfirmed in human patients.

ANGIOTENSIN II
Angiotensin II is approx 40 times more potent than norepinephrine. Angiotensin II

increases peripheral vascular resistance through its direct and indirect vasoconstrictor
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effects on precapillary arterioles and postcapillary venules. Vasoconstriction is induced
by activation of AT1-receptors on vascular smooth muscle cells. Angiotensin II also
prompts release of endogenous catecholamines from the adrenal medulla by depolarizing
chromaffin cells. When angiotensin II was injected intravenously during CPR, the already
greatly increased serum concentrations of endogenous epinephrine were further increased
by more than sixfold and endogenous norepinephrine by more than threefold (37).

As yet, the effectiveness of angiotensin II as a vasopressor for CPR is largely unex-
plored. Administration of angiotensin II to pigs doubled myocardial blood flow produced
by open-chest cardiac massage (38) and during closed chest compression (39) when
compared with saline placebo. At the time of this writing, however, there are no objective
outcome data favoring the use of angiotensin II in settings of CPR.

ANTI-ARRHYTHMIC AGENTS

Mechanisms of Arrhythmias
When the normal sequence of cardiac impulse and propagation is disturbed, an

arrhythmia occurs. Three major underlying mechanisms have been identified: enhanced
automaticity, triggered automaticity, and re-entry.

Enhanced Automaticity
Enhanced automaticity usually occurs in the sinus node, AV node, and the His-Purkinje

system, which normally display spontaneous diastolic depolarization. In these pace-
maker systems, increases in the phase 4 slope of action potential increase pacemaker rate.
Decreases in the phase 4 slope of action potential decrease pacemaker rate. Changes in
automaticity may occur at sites that normally do not display spontaneous depolarization.
For example, during myocardial ischemia, spontaneous depolarization of ventricular
cells produces “abnormal automaticity,” which is clinically manifest as ventricular
arrhythmias.

TRIGGERED AUTOMATICITY

When a normal action potential is interrupted or followed by an abnormal depolariza-
tion that reaches the threshold, triggered arrhythmias occur. There are two forms of
triggered arrhythmias.
1. A normal action potential is followed by a delayed after-depolarization (DAD). If this

after-depolarization reaches the threshold, a triggered action potential occurs. This is
usually seen under conditions of intracellular calcium overload, especially myocardial
ischemia and digitalis intoxication.

2. When an action potential is significantly prolonged, its phase 3 repolarization may be
interrupted by an early after-depolarization (EAD). This is commonly seen during brady-
cardia, after administration of anti-arrhythmic agents that prolong the action potential
duration, and after depletion of extracellular potassium.

RE-ENTRY

Re-entry is the mechanism that accounts for the majority of instances of cardiac
arrhythmias. When a normal impulse has traversed the ventricles, the impulse is usually
terminated because ventricular muscle remains refractory to conduction. Under special
conditions, however, the impulse may reenter into ventricular muscle and set up circus
movement if the pathway of the initial impulse is prolonged. Both dilation and hypertro-
phy of the ventricle predispose to re-entry together with a decrease in the velocity of
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electrical conduction. In each instance, the time for the impulse to travel through the
ventricles is prolonged. Conduction block through the Purkinje system, myocardial
ischemia, and increases in serum potassium concentrations may be precipitating causes.
Following administration of 1- and -adrenergic agents, and especially epinephrine, the
refractory period is shortened and thereby increases the likelihood of re-entry.

Classification of Anti-Arrhythmic Agents
The classical Vaughn Williams classification of anti-arrhythmic agents (40) classifies

the anti-arrhythmic agents into four major classes, based on the relationship between
basic electrophysiological action and anti-arrhythmic effects:

Class I. Sodium channel block: based on the rates of recovery from drug-induced block
under physiological conditions; this class is further divided into three sub-
classes:

Class IA: the rate of recovery is 1–10 seconds. This subclass includes
procainamide and quinidine.

Class IB: the rate of recovery is less than 1 second. This subclass includes
lidocaine and mexiletene.

Class IC: the rate of recovery is greater than 10 seconds. This subclass
includes propafenone and flecainide.

Class II. -Blockade: The common agents of this class include propranolol, esmolol, and
sotalol.

Class III. Action potential prolongation: Most agents produce this effect by blocking
potassium channels. The common agents of this class include amiodarone,
sotalol (D-L), and bretylium.

Class IV. Calcium channel blockade: The common agents of this class include verapamil
and diltiazem.

Anti-Arrhythmic Agents for CPR
In past years, during CA especially when manifested by VF or pulseless VT, anti-

arrhythmic agents were routinely advised on the assumption that these agents would
facilitate electrical defibrillation and minimize recurrence of VF. However, there is no
secure support for such use of anti-arrhythmic drugs. Immediate defibrillation, securing
the airway and breathing, and monitoring forward blood flow by chest compression have
remained the principal interventions. Drugs, and most especially anti-arrhythmic drugs,
have but questionable benefit (21). As yet, there is also limited information but somewhat
greater enthusiasm for the use of anti-arrhythmic drugs in the interval that follows suc-
cessful restoration of spontaneous circulation.

LIDOCAINE

Lidocaine was developed initially as a local anesthetic. It was subsequently introduced
for intravenous injection and infusion for ventricular arrhythmias. Lidocaine blocks the
myocardial sodium channels, which often account for automaticity. Its effects are dispro-
portionate in ischemic tissue (41). The electrophysiological action of lidocaine is to
decrease cardiac automaticity by reducing the phase-4 action potential slope and thereby
the threshold for excitability. The duration of action potential is usually unaffected such
that lidocaine produces no delay in conduction and therefore no significant effect on the
PR or QRS duration. To the contrary, the QT duration is typically unchanged or slightly
shortened.



 Chapter 18 / Pharmacological Interventions 297

An initial bolus of 1.0–1.5 mg/kg by intravenous injection is currently recommended
for rapidly achieving therapeutic levels of lidocaine. For refractory VT/VF, an additional
bolus of 0.5–0.75 mg/kg may be repeated at 5- to 10-minute intervals after the initial dose.
The total recommended dose should not exceed 3 mg/kg. A continuing infusion of
lidocaine in amounts of 1–4 mg per minute maintains therapeutic levels. There is no
secure evidence that the administration of lidocaine, and especially its continued use after
restoration of spontaneous circulation improves outcomes of CPR.

The major adverse effects of lidocaine are in the central nervous system and include
seizures, tremor, dysarthria, and altered levels of consciousness in close relationship to
excessive plasma levels. Nystagmus is an early sign of lidocaine toxicity.

In one prominent study in which lidocaine was administered to all patients with sus-
pected myocardial infarction, the incidence of VF was reduced (42). However, fewer
patients survived to be discharged from the hospital. A meta-analysis of eight randomized
clinical studies confirmed that the in-hospital death rate was increased, probably as a
result of lidocaine-exacerbated heart block or congestive heart failure (43). Lidocaine is
still viewed as possibly helpful for treatment of (a) persistent VF and pulseless VT after
defibrillation and epinephrine; (b) hemodynamically compromised premature ventricu-
lar beats; and (c) hemodynamically stable VT. However, current evidence would favor
other anti-arrhythmic agents, and specifically amiodarone, procainamide, or sotalol (21).

BRETYLIUM

Bretylium is a quaternary ammonium compound. It prolongs cardiac action potentials
and prohibits reuptake of norepinephrine by sympathetic neurons. Bretylium reduces
heterogeneity of repolarization times and may therefore suppress re-entry. Although
bretylium prohibits norepinephrine reuptake, it produces hypotension. Indeed, this drug
was initially introduced as an antihypertensive agent. By the same mechanism, the con-
current administration of adrenergic vasopressors after administration of bretylium may
induce marked hypertension.

Although bretylium has been used for the treatment of persistent VT and VF after
attempted defibrillation and after administration of epinephrine, its benefits are unproven.
Bretylium has been unavailable from the manufacturer since 1999, and there is no ratio-
nale for including it in the armamentarium for pharmacological management of CA (21).

AMIODARONE

Of all available agents, amiodarone remains the best single choice for management of
both atrial and ventricular dysrhythmias in life-threatening settings. Amiodarone is a
structural analog of thyroid hormone and has a multiplicity of pharmacological effects.
Its effects on sodium and calcium channels are generally favorable. It also exerts a
nonselective adrenergic blocking effect. Electropharmacological actions of amiodarone
include inhibition of abnormal automaticity, prolongation of action potential duration,
and decreases in conduction velocity. PR, QRS, and QT durations are prolonged and
sinus bradycardia is typically induced (44).

When CA is as a result of pulseless VT or VF, an initial 300-mg rapid intravenous
infusion may be administered. Alternatively, a rapid infusion of 150 mg may be followed
by a continuous infusion of 1 mg per minute for 6 hours, 0.5 mg per minute thereafter,
and a maximum daily dose of 2 g (21). Early conversion to oral therapy is advised.
Following its intravenous administration, hypotension is induced as a result of peripheral
arterial vasodilation. This may be intensified by decreases in myocardial contractility.
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Side effects are less common after oral administration although corneal micro-deposits,
hepatic dysfunction, hypothyroidism or hyperthyroidism, photosensitivity, and, most
seriously, pulmonary fibrosis can follow prolonged administration.

After out-of-hospital CA, administration of amiodarone has been beneficial to the
extent that patients survive in larger numbers up to the time of hospital admission. In a
randomized clinical study on victims of sudden death as a result of VF out-of-hospital,
patients received 300 mg of intravenous amiodarone (45). In comparison with patients
receiving placebo, of whom only 34% were admitted alive to hospital, 44% of the indi-
viduals who received amiodarone were so admitted. Even though this difference was
significant (p = 0.03), no significant differences in the hospital discharge rate could be
documented. In another study on victims of out-of-hospital CA, Dorian et al. demon-
strated that the hospital admission rate of patients receiving amiodarone was significantly
greater when compared to that of patients receiving lidocaine (23 vs 12%, p = 0.009), yet
once again no impact on ultimate survival was proven (46).

We are therefore left with limited optimism for the use of amiodarone but recognize
the option of its use in settings of (a) persistent pulseless VT or VF after initial ineffective
defibrillation and vasopressor therapy; and (b) hemodynamically stable VT, polymor-
phic VT, and wide-complex tachycardia of uncertain origin. It has potential as an adjunct
to electrical cardioversion of refractory PSVTs, atrial tachycardia, and pharmacological
conversion of atrial fibrillation. More remotely, amiodarone has been employed for
control of rapid heart rates in settings of supraventricular tachycardia, especially when
ventricular function is impaired and digitalis is contra-indicated. Finally, it may be used
in settings of tachycardia as a result of aberrant atrioventricular conduction through
accessory pathways (21).

PROCAINAMIDE

Procainamide is an analog of the local anesthetic, procaine. It is a sodium channel
blocker with an intermediate time constant of recovery from block. It also blocks the
outward potassium current so that the cardiac action potential is prolonged. Procainamide
decreases automaticity, increases refractory period, and reduces conduction velocity.

The loading dose of procainamide is 1 g, administered at a rate of 20 mg per minute
by intravenous injection. Its maintenance dose ranges from 1 to 4 mg per minute. Although
the drug must be administered slowly, its role for life-threatening ventricular arrhythmias,
including pulseless VT and VF is correspondingly limited. Procainamide is an acceptable
pharmacological intervention for (a) supraventricular tachycardia, (b) reducing ventricu-
lar rate as a result of accessory pathway conduction in preexcited atrial arrhythmias, and
(c) wide-complex tachycardias of unknown origin (21).

Hypotension and significant slowing of cardiac conduction, especially during rapid
intravenous infusion, are major adverse effects. When plasma concentrations of
procainamide exceed 30 mg/mL, there is high likelihood of torsade de pointes. Long-
term oral administration also has frequent side effects, including acquired systemic lupus
erythmatosis, facial and body rash, arthralgias of the small joints, and pericardial effusion
with tamponade.

ATROPINE

Atropine is a muscarinic receptor antagonist. It competes with acetylcholine (Ach)
and other muscarinic agonists for a common binding site on the muscarinic receptor.
Atropine produces increases in heart rate by blocking the vagal effects on M2 receptors
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on the SA nodal pacemaker. Its therapeutic value is in the abolishment of reflex vagal
cardiac slowing or asystole, including the effects of parasympathomimetic drugs. In
settings of CA and resuscitation, an initial dose in settings of asystole or pulseless
electrical activity is 1 mg by intravenous injection. The same dose may be repeated at
intervals of 3–5 minutes. These potential benefits notwithstanding, there is no evidence
that outcomes of CA, including patients with asystole and pulseless electrical activity,
are improved.

BUFFER AGENTS

Sodium bicarbonate has been administered during CPR with the assumption that
reversal of metabolic and, especially lactic acidosis would favor cardiac resuscitation. In
1961, Jude et al. proposed that blood pH would best be maintained within the normal
range during CPR by administration of sodium bicarbonate (47). This was intended to
improve cardiac action and augment responsiveness to vasopressor agents. This practice
was subsequently reinforced by anecdotal reports, which suggested that reversal of
severe metabolic acidosis during CPR by the administration of sodium bicarbonate was
time-coincident with return of spontaneous circulation. However, subsequent experi-
mental and clinical studies failed to demonstrate a significant decline in arterial blood pH
during the initial 10 minutes of CPR. Although the blood bicarbonate content was reduced,
hyperventilation accounted for a simultaneous decline in arterial blood PCO2 such that the
pH was typically maintained within a normal range or even increased during the initial
6 minutes of CPR.

We subsequently demonstrated in pigs that neither CO2-generating buffers nor CO2-
consuming buffers reversed myocardial hypercarbic acidosis during an 8-minute inter-
val of CPR that followed 4 minutes of untreated CA (48,49). Each of these hypertonic
solutions induced systemic vasodilation, independently of their buffer effect, and
thereby decreased coronary perfusion pressure. The consequent reduction in myocar-
dial perfusion explained, at least in part, the lesser success of resuscitation attempts
after infusion of the alkaline buffer. Other unfavorable effects of hypertonic buffer
agents were demonstrated, including hyperosmolal states, leftward shifts in oxyhemo-
globin dissociation, and coronary and systemic venous hypercarbia. Contrary to earlier
assumptions, buffer agents fail to increase the vasopressor effects of epinephrine in
settings of CPR (50).

A study by Vukmir et al. (51) suggested that a combination of drugs, including sodium
bicarbonate, improved outcome in dogs after CA when untreated for 15 minutes. This
finding reawakened the controversy, and further stimulated the search for additional
understanding of the effects of buffer agents on the postresuscitation course.

There is also evidence that buffer agents may be of benefit after resuscitation from CA
by ameliorating postresuscitation myocardial dysfunction. The organic buffer,
tromethamine, was especially effective, possibly related to its ability to reduce myocar-
dial hypercarbia and its anti-inotropic effect (52). Yet, in clinical trials, no objective
evidence of benefit from the use of hypertonic buffer agents has been secured. These
considerations prompted the more recent CPR Guidelines of the AHA to forego routine
administration of buffer agents (especially sodium bicarbonate) except when hyperkale-
mia or certain drug intoxications are suspected (21). The possibility that CO2-consuming
buffers and sodium bicarbonate administered during CPR may have favorable effects
after restoration of spontaneous circulation was subsequently investigated by our group
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(53).  Tromethamine (TRIS) served as the organic CO2-consuming buffer and Carbicarb
(an equimolar concentration of Na2CO3 and NaHCO3) served as the inorganic CO2-
consuming buffer. Postresuscitation left ventricular (LV) function was significantly
decreased in all animals. However, both of the CO2-consuming buffers Carbicarb and
TRIS, significantly reduced the severity of postresuscitation myocardial dysfunction and
this was associated with prolongation of postresuscitation survival. When the duration of
untreated CA was increased and the severity of postresuscitation LV dysfunction was
magnified, the benefits of improved postresusci-tation myocardial function and survival
of the TRIS- and Carbicarb-treated animals was even more impressive. However, the
applicability of these observations to human patients has not as yet been proven. We may
conclude that buffer agents administered as the only pharmacological intervention during
CPR do not have proven benefits with respect to return of spontaneous circulation. To the
contrary, they have potential adverse effects. With respect to postresuscitation myocar-
dial dysfunction, the “CO2-consuming” buffers TRIS and Carbicarb may be useful in
contrast to CO2-generating sodium bicarbonate. A mixture of TRIS, acetate, sodium
bicarbonate, and phosphate buffer solution, named “Tribonat” may have advantages over
alkaline buffers, based on experimental studies. Nevertheless, there is no conclusive
evidence that Tribonat has improved outcomes (54).

NOVEL PHARMACOLOGICAL AGENTS FOR RESUSCITATION

With the recognized limitations of epinephrine for management of cardiac resuscita-
tion, including the adverse - and to a lesser extent 1-adrenergic effects together with
the potential limitations of vasopressin, our group has focused on more selective adren-
ergic agonists. This prompted our trials with selective 2-adrenoceptor agonists. Three
subtypes of 2-receptors are now identified, namely 2A, 2B, and 2C (55). 2A-Ago-
nists, acting centrally on the medulla, mediate a tonic sympatho-inhibitory effect account-
ing for reductions in arterial blood pressure, myocardial contractility, and heart rate. This
contrasts with a2B peripheral vasoconstrictor actions. 2B-Subtype receptors, which are
less abundant in brain tissue, provoke a predominant peripheral vasoconstrictor response
(56,57). A third receptor, namely 2C, has a predominant central nervous system effect
like 2A, but its cardiovascular actions are not as yet well-defined (58). As of the time of
this writing, the focus is on the 2-receptors, which have selective peripheral vascular in
contrast to central nervous actions and therefore have potential as selective non-inotropic
and non-chronotropic arterial vasoconstrictors. Although 2-adrenoceptor agonists have
centrally acting vasodilator effects and peripherally acting vasoconstrictor effects, it is
only the peripheral action that is of relevance in the initial management of CA. We
therefore sought a selective 2-agonist, which does not gain entry into the brain. It is in
this context that we demonstrated that one selective 2-agonist, -methylnorepinephrine
( MNE), is as effective as epinephrine for initial cardiac resuscitation but without the

1- or -effects by which myocardial oxygen consumption is increased. Accordingly,
adverse effects on postresuscitation myocardial function and survival are avoided (11).
Additionally, there is evidence that 2-adrenergic agonists increase endothelial nitric
oxide production which mitigates the -adrenergic vasoconstrictor effects on coronary
arteries and thereby potentially improve coronary blood flow (59). When MNE was
compared to epinephrine in a rat model of CA and resuscitation, MNE significantly
improved the likelihood of initial resuscitation, postresuscitation myocardial function
and survival. The incidence of postresuscitation ventricular arrhythmias was reduced
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strikingly (Fig. 2; 11). We then compared the effects of MNE on postresuscitation
myocardial function with vasopressin. We again demonstrated that myocardial function
was significantly better in animals treated with MNE (60). Based on these preliminary
studies, we recognize that the selective 2-adrenergic agonist has the following advan-
tages for CPR: (a) the oxygen requirements of the fibrillating heart are not increased
and therefore the severity of myocardial ischemic injury is lessened, (b) postsynaptic

2-adrenergic receptors do not desensitize during systemic ischemia in contrast to 1-adren-
ergic receptors allowing for a more persistent vasoconstrictor, (c) increases in endothelial
nitric oxide production in the coronary circuit favors improved coronary blood flow.
Nevertheless, the ultimate utility of these classes of agents remains to be established.

REFERENCES

1. Emerman CL, Pinchak AC, Hancock D, Hagen JF. Effect of injection site on circulation times during
cardiac arrest. Crit Care Med 1988; 16:1138–1141.

2. Ahlquist RP. A study of the adrenotropic receptors. Am J Physiol 1948; 153:586–600.
3. Strader CD, Fong TM, Tota MR, Underwood D, Dixon RA. Structure and function of G protein-coupled

receptors. Ann Rev Biochem 1994; 63:101–132.
4. Bylund DB: Subtypes of a1- and a2-adrenergic receptors.  FASEB J 1992; 6:832-839.
5. Cai JJ, Morgan DA, Haynes WG, Martins JB, Lee HC. Alpha2-adrenergic stimulation is protective

against ischemia-reperfusion-induced ventricular arrhythmias in vivo. 2002; 283:H2606–H2611.
6. Emorine LJ, Marullo S, Briend-Sutren MM, et al. Molecular characterization of the human 3-adrener-

gic receptor. Science 1989; 245:1118–1121.
7. Schoming A, Richardt G, Kurz T: Sympatho-adrenergic activation of the ischemic myocardium and its

arrhythmogenic impact. Herz 1995; 20:169–186.
8. Ihl-Vahl R, Marquetant R, Bremerich J, Strasser RH. Regulation of beta-adrenergic receptors in acute

myocardial ischemia: subtype-selective increase of mRNA specific for beta1-adrenergic receptors. J
Mol Cell Cardiol 1995; 27:437–452.

9. Brown CG, Martin DR, Pepe PE, 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.

10. Callaham ML, Madsen CD, Barton CW, Saunders CR, Pointer J. A randomized clinical trial of high-
dose epinephrine and norepinephrine vs standard-dose epinephrine in prehospital cardiac arrest. JAMA
1992; 268:2667–2672.

11. Sun S, Weil MH, Tang W, Kamohara T, Klouche K. Alpha-methylnorepinephrine, a selective alpha2-
adrenergic agonist for cardiac resuscitation. J Am Coll Cardiol 2001; 37:951–956.

Fig. 2. Selective 2-agonist reduces the severity of postresuscitation myocardial dysfunction
(measured as dp/dt40 mmHg/s). BL, baseline; VF, ventricular fibrillation; MNE, -methyl-
norepinephrine. *p < 0.05 vs epinephrine.



302 Cardiopulmonary Resuscitation

12. Brown CG, Katz SE, Werman HA, Luu T, Davis EA, Hamlin RL. The effect of epinephrine versus
methoxamine on regional myocardial blood flow and defibrillation rates following a prolonged cardio-
respiratory arrest in a swine model. Am J Emerg Med 1987; 5:362–369.

13. Brown CG, Davis EA, Werman HA, Hamlin RL. Methoxamine versus epinephrine on regional cerebral
blood flow during cardiopulmonary resuscitation. Crit Care Med 1987; 15:682–686.

14. Tang W, Weil MH, Sun SJ, Noc M, Yang L, Gazmuri RJ. Epinephrine increases the severity of post-
resuscitation myocardial dysfunction. Circulation 1995; 92:3089–3093.

15. Marn-Pernat A, Weil MH, Tang W, Pernat A, Bisera J. Optimizing timing of ventricular defibrillation.
Crit Care Med 2001: 29:2360–2365.

16. Povoas H, Weil MH, Tang W, Bisera J, Klouche K, Barbatsis A. Predicting the success of defibrillation
by electrocardiographic analysis. Resuscitation 2002; 53:77–82.

17. Tang W, Weil MH, Gazmuri RJ, Sun S, Duggal C, Bisera J. Pulmonary ventilation/perfusion defects
induced by epinephrine during cardiopulmonary resuscitation. Circulation 1991; 84:2101–2107.

18. Sun S, Weil MW, Tang W, Povoas HP. Combined effects of buffer and adrenergic agents on
postresuscitation myocardial function. J Pharmacol Exp Ther 1999; 291:773–777.

19. Ralston SH, Tacker WA, Showen L, Carter A, Babbs CF. Endotracheal versus intravenous epinephrine
during electromechanical dissociation with CPR in dogs. Ann Emerg Med 1985; 14:1044–1048.

20. Stiell IG, Herbert PC, Weitzman BN, et al: High-dose epinephrine in adult cardiac arrest. N Engl J Med
1992; 327:1045–1050.

21. AHA Guidelines 2000 for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circu-
lation 2000; 8(Suppl):I-129.

22. Ditchey RV, Lindenfeld J. Failure of epinephrine to improve the balance between myocardial oxygen
supply and demand during closed-chest resuscitation in dogs. Circulation 1988; 78:382–389.

23. Lindner KH, Ahnefeld FW, Schuermann W, Bowdler IM. Epinephrine and norepinephrine in cardio-
pulmonary resuscitation. Effects on myocardial oxygen delivery and consumption. Chest 1990; 97:
1458–1462.

24. Lindner KH, Ahnefeld FW, Pfenninger EG, Schuermann W, Bowdler IM. Effects of epinephrine and
norepinephrine on cerebral oxygen delivery and consumption during open-chest CPR. Ann Emerg Med
1990; 19:249–254.

25. Lindner KH, Ahnefeld FW, Grunert A. Epinephrine versus norepinephrine in pre-hospital ventricular
fibrillation. Am J Cardiol 1991; 67:427–428.

26. Redding JS, Pearson JW. Evaluation of drugs for cardiac resuscitation. Anesthesiology 1963; 24:203–207.
27. Brillman JA, Sanders AB, Otto CW, Fahmy H, Bragg S, Ewy GA. Outcome of resuscitation from

fibrillatory arrest using epinephrine and phenylephrine in dogs. Crit Care Med 1985; 13:912–913.
28. Brown CG, Taylor RB, Werman HA, Luu T, Ashton J, Hamlin RL. Myocardial oxygen delivery/

consumption during cardiopulmonary resuscitation: a comparison of epinephrine and phenylephrine.
Ann Emerg Med 1988; 17:302–308.

29. Ditchey RV, Rubio-Perez A, Slinker BK. Beta-adrenergic blockade reduces myocardial injury during
experimental cardiopulmonary resuscitation. J Am Coll Cardiol 1994; 24:804–812.

30. Silfvast T, Saarnivaara L, Kinnunen A, et al. Comparison of adrenaline and phenylephrine in out-
of-hospital cardiopulmonary resuscitation. A double-blind study. Acta Anaesthesiol Scand 1985;
29:610–613.

31. Lindner KH, Haak T, Keller A, Bothner U, Lurie KG. Release of endogenous vasopressors during and
after cardiopulmonary resuscitation.  Br Heart J 1996; 75:145–150.

32. Lindner KH, Prengel AW, Pfenninger EG, et al: Vasopressin improves vital organ blood flow during
closed-chest cardiopulmonary resuscitation in pigs.  Circulation 1995; 91:215–221.

33. Lindner KH, Prengel AW, Brinkmann A, Strohmenger HU, Lindner IM, Lurie KG. Vasopressin admin-
istration in refractory cardiac arrest. Ann Int Med 1996; 124:1061–1064.

34. Prengel AW, Lindner KH, Keller A, Lurie KG. Cardiovascular function during the post-resuscitation
phase after cardiac arrest in pigs: A comparison of epinephrine versus vasopressin. Crit Care Med 1996;
24:2014–2019.

35. Lindner KH, Dirks B, Strohmenger HU. Randomized comparison of epinephrine and vasopressin in
patients with out-of-hospital ventricular fibrillation. Lancet 1997; 349:535–537.

36. Wenzel V, Krismer AC, Arntz HR, Sitter H, Stadbauer KH, Lindner KH. A comparison of vasopressin and
epinephrine for out-of-hospital cardiopulmonary resuscitation. N Engl J Med 2004; 350(2):105–113.

37. Lindner KH, Prengel AW, Pfenninger EG, Lindner IM. Angiotensin II augments reflex activity of
the sympathetic nervous system during cardiopulmonary resuscitation in pigs. Circulation 1995;
92: 1020–1025.



 Chapter 18 / Pharmacological Interventions 303

38. Lindner KH, Prengel AW, Pfenninger EG, Lindner IM. Effect of angiotensin II on myocardial blood flow
and acid-base status in a pig model of cardiopulmonary resuscitation. Anesth Analg 1993; 76:485–492.

39. Little CM, Brown CG: Angiotensin II improves myocardial blood flow in cardiac arrest. Resuscitation
1993; 26:203–210.

40. Vaughan Williams EM. Classifying antiarrhythmic actions: by facts or speculation. J Clin Pharmacol
1993; 32:964–977.

41. Balser JR, Nuss HB, Orias DW, et al. Local anesthetics as effectors of allosteric gating. Lidocaine effects
on inactivation-deficient rat skeletal muscle Na channels. J Clin Invest 1996; 98:2874–2886.

42. Lie KI, Wellens HJ, van Capelle FJ, Durrer D. Lidocaine in the prevention of primary ventricular fibril-
lation. A double-blind randomized study of 212 consecutive patients. N Eng J Med 1974; 291:1324–1326.

43. Hine LK, Laird N, Hewitt P, Chalmers TC. Meta-analytic evidence against prophylactic use of lidocaine
in acute myocardial infarction. Arch Intern Med 1989; 149:2694–2698.

44. Levine JH, Moore EN, Kadish AH, et al. Mechanisms of depressed conduction from long-term
amiodarone therapy in canine myocardium. Circulation 1988; 78:684–691.

45. Kudenchuk PJ, Cobb LA, Copass MK, et al. Amiodarone for resuscitation after out-of-hospital cardiac
arrest due to ventricular fibrillation. N Engl J Med 1999; 341:871–878.

46. Dorian P, Cass D, Schwartz B, Cooper R, Gelaznikas R, Barr A. Amiodarone as compared with lidocaine
for shock-resistant ventricular fibrillation. N Engl J Med 2002; 346:884–890.

47. Jude JR, Kouwenhoven WB, Knickerbocker GG. Cardiac arrest: report of application of external cardiac
massage on 118 patients. JAMA 1961; 178:1063-1070.

48. Von Planta M, Weil MH, Gazmuri RJ, Rackow EC. Myocardial acidosis associated with CO2 production
during cardiac arrest. Circulation 1989; 80:684–692.

49. Kette F, Weil MH, von Planta M, Gazmuri RJ, Rackow EC. Buffer agents do not reverse intramyocardial
acidosis during cardiac resuscitation. Circulation 1990; 81:1660–1666.

50. Bleske BE, Warren EW, Rice TL, Gilligan LJ, Tait AR. Effect of high-dose sodium bicarbonate on the
vasopressor effects of epinephrine during cardiopulmonary resuscitation. Pharmacotherapy 1995; 15:
660–664.

51. Vukmir RB, Bircher NG, Radovsky A, Safar P. Sodium bicarbonate may improve outcome in dogs with
brief or prolonged cardiac arrest. Crit Care Med 1995; 23:515–522.

52. Tang W, Weil MH, Gazmuri RJ. Sun S, Bisera J, Rackow E. Buffer agents ameliorate the myocardial
depressant effect of carbon dioxide. Crit Care Med 1990; 18:S182.

53. Sun SJ, Weil MH, Tang W, Fukui M. Effects of buffer agents on post-resuscitation myocardial dysfunc-
tion. Crit Care Med 1996; 24:2036–2041.

54. Bjerneroth G. Alkaline buffers for correction of metabolic acidosis during cardiopulmonary resuscita-
tion with focus on Tribonat – a Review. Resuscitation 1998; 37:161–171.

55. Lomasney JW, Cotecchia S, Leftkowitz RJ, Caron MG. Molecular biology of a-adrenergic receptors:
implications for receptor classification and for structure-function relationships. Biochim Biophys Acta
1991; 1095:127–139.

56. Link RE, Desai K, Hein L, et al. Cardiovascular regulation in mice lacking a2-adrenergic receptor
subtypes b and c. Science 1996; 273:803.

57. Kable JW, Murrin LC, Bylund DB. In vivo gene modification elucidates subtype-specific function of
a2-adrenergic receptors. J Pharmacol Exper Ther 2000; 293:1.

58. Gavras I, Gavras H. Role of alpha2-adrenergic receptors in hypertension. 1: Am J Hypertens 2001;
14(Pt 2):171S.

59. Ishibashi Y, Duncker DJ, Bache RJ. Endogenous nitric oxide masks alpha2-adrenergic coronary vaso-
constriction during exercise in the ischemic heart. Circ Res 1997; 80:196.

60. Klouche K, Weil MH, Tang W, Povoas H, Kamohara T, Bisera J. A selective -adrenergic agonist for
cardiac resuscitation. J Lab Clin Med 2002; 140:27–34.



Chapter 19 / Vasopressor Drugs During CPR 305

305

From: Contemporary Cardiology: Cardiopulmonary Resuscitation
Edited by: J. P. Ornato and M. A. Peberdy © Humana Press Inc., Totowa, NJ

19 Use of Vasopressor Drugs
in Cardiac Arrest

Anette C. Krismer, MD, Norman A. Paradis, MD,
Volker Wenzel, MD, and John Southall, MD

CONTENTS

INTRODUCTION

BASIC SCIENCE

MECHANISM OF ACTION

A NEW APPROACH: A COMBINATION OF VASOPRESSIN

AND EPINEPHRINE

THE FUTURE OF VASOPRESSORS IN CPR MANAGEMENT

REFERENCES

INTRODUCTION

The importance of vital organ perfusion in patients suffering cardiac arrest (CA)
makes arterial vasomotor tone, and the resultant perfusion pressure, critical in resuscita-
tion from sudden death. After failure of countershock, ventilation, and oxygenation, the
target organ for resuscitative pharmacotherapy becomes the arterial vascular smooth
muscle cell. Selective stimulation of various vascular smooth muscle cell surface recep-
tors is accomplished through administration of exogenous agents with the intention of
altering blood flow away from nonvital organ beds toward the myocardium and brain.

Although there are multiple mechanisms that may affect arterial vascular tone, histori-
cally the therapy most commonly used has been catecholamine-induced adrenergic recep-
tor stimulation, with catecholamine epinephrine being the most common drug utilized.
However, over the last decade it has become widely known that the utility of epinephrine
during cardiopulmonary resuscitation is undefined. There has always been concern that
its -receptor mediated effects, in particular its effects on myocardial oxygen consump-
tion, may actually be deleterious in the setting of ischemia. Of particular note, so-called
“high-dose” epinephrine therapy, which had appeared effective with respect to return of
spontaneous circulation in laboratory models and uncontrolled clinical trials to, has not
been found to improve neurologic outcome in prospective controlled clinical trials. This
has led to research into alternative agents, in particular non-adrenergic vasoactive pep-
tides. Other agents, both new and old appear promising. These include -methyl-nore-
pinephrine and phenylephrine. Recently, vasopressin has been the focus of considerable
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research. In laboratory models of cardiopulmonary arrest (CPA), vasopressin improves
vital organ blood flow, cerebral oxygen delivery, rate of return of spontaneous circula-
tion, and neurological recovery compared to epinephrine. In a single study of patients
with out-of-hospital ventricular fibrillation (VF), a larger proportion of patients treated
with vasopressin survived 24 hours compared with epinephrine. The most recent CPR
guidelines of both the American Heart Association (AHA), and European Resuscitation
Council recommend 40 units vasopressin or 1 mg epinephrine intravenously in adult
patients with VF refractory to electrical countershock.

History
The history of pressor drugs and adrenergic agonists is, to a great extent, synonymous

with research on epinephrine and its uses. It was observed in the mid-18th century that extracts
of the suprarenal gland raised blood pressure. Starting in 1894, Szymonowicz et al. used
adrenal gland extracts to enhance peripheral vasoconstriction and latter to revive asys-
tolic isolated animal hearts (1). In 1896, Gottlieb used adrenal gland extract and thoracic
compressions to resuscitate an asystolic rabbit (2) and proposed its use to treat CA in
humans.

During the first 60 years of the 20th century, epinephrine was used as a vasopressor,
with anecdotal use during CA (3–6). Starting in the early 1960s, Redding et al. undertook
a series of experiments that are the foundation of modern research on resuscitation. A
number of their studies demonstrated the utility of vasoactive amines in the treatment of
CA of more than a few minutes duration. Many of their recommendations were incorpo-
rated in the AHA guidelines of 1974.

BASIC SCIENCE

The autonomic nervous system is dedicated to maintenance of homeostasis through
neuroendocrine changes in visceral function. It is divided into affector and effector limbs,
and many autonomic nerves are organized into regional plexuses located outside the
central nervous system (CNS). The efferent limb of the autonomic nervous system con-
sists of sympathetic and parasympathetic divisions. Drugs may affect the autonomic
nervous system at multiple locations, including the affector limb, the CNS, ganglia, and
peripheral innervations of visceral structures.

Preganglionic autonomic fibers, postganglionic parasympathetic fibers, and some
postganglionic sympathetic fibers all respond to the neurotransmitter acetylcholine and
are termed cholinergic fibers. Most postganglionic sympathetic fibers are termed adren-
ergic because the neurotransmitter is noradrenaline (norepinephrine). Stimulation of
adrenergic or cholinergic tissue receptors, either through autonomic outflow or drug
administration, results in typical end-organ responses. Generally, stimulation of one limb
of the autonomic nervous system, either the parasympathetic or sympathetic, antagonizes
the effects of the other. It is not known, however, if this relationship is significant during
CA, which is a state of extreme sympathetic stimulation (7). Modulation of parasympa-
thetic tone, for instance, has not been clearly demonstrated to be important during CA (8),
and atropine may have limited utility in treatment of adult VF.

The binding of an adrenergic drug to its receptor causes characteristic changes in the
intracellular concentration of second-messenger molecules, which result in the physi-
ologic effects characteristic of the drug. Second messengers include cyclic adenosine
monophosphate (cAMP), phosphatidylinositol, and calcium (9–11).
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Epinephrine, produced by the chromaffin cells of the adrenal medulla, is stored in
chromaffin granules. These cells are innervated by the sympathetic nervous system and
release stored epinephrine in response to stimulation. The degree of sympathetic outflow
is a function of homeostatic feedback mechanisms and is responsive to various stimuli,
such as changes in blood pressure, tissue oxygenation, and environmental stress. The
most important endogenous neurohumoral event in CA is the release of adrenomedullary
catecholamines as a massive sympathetic response to extreme hypotension (7). It is
reasonable to conclude that exogenous epinephrine is not required during early treatment
of sudden death as endogenous levels are extraordinarily high.

The first systematic study of adrenergic agonists was performed by Ahlquist (12), who
examined the effects of sympathomimetic amines on tissues and delineated two distinct
classes of physiologic effect. The first, which he termed -effects, were excitatory; the
second, termed -effects, were inhibitory. Stimulation of -receptors typically caused vaso-
constriction, and stimulation of -receptors causes vasodilation. Ahlquist also described an
order of potency in each class in descending order for the excitatory -receptor, were epi-
nephrine, norepinephrine, and isoproterenol; for the inhibitory -receptor the order was
isoproterenol, epinephrine, and norepinephrine.

With apparent contradiction, cardiac stimulation was found to be an “inhibitory”
-receptor stimulation. The -subtype was later subdivided into smaller classes, 1

and 2, with different physiologic effects. Stimulation with 1-agonists increased car-
diac inotropy and chronotropy.

It is important to know that the pathophysiology and pharmacology of the autonomic
nervous system during global ischemia and CPR have not been studied beyond simple
measurement of levels of circulating hormone. Other than a dramatic increase in circu-
lating catecholamines, it is not known how global ischemia affects autonomic outflow
and target organ receptor number and function.

MECHANISM OF ACTION

The treatment of CA with adrenergic agonists predated understanding of their pos-
sible mechanisms of action, and our knowledge of these drugs remains incomplete.
Although during spontaneous circulation, sympathetic stimulation results in diverse
autonomic effects, including changes in inotropy and chronotropy, the importance of
the processes during the treatment of CA remains unknown.

CPR is a state of extreme global ischemia, tissue hypoxia, and acidosis. Successful
resuscitation depends on reversal of organ hypoxia by improving the supply/demand
equilibrium for oxygen. Studies in animal models indicate that the fibrillating myocar-
dium may require blood flow in excess of 40 to 50 mL per minute per 100 g to achieve
return of spontaneous circulation (13). Because the oxygen debt increases with the
duration of CA, greater blood flows are likely to be required later in resuscitation.
Importantly, cellular changes late in resuscitation may interfere with oxygen utiliza-
tion within the mitochondria and mask the relationship between blood flow and out-
come.

Myocardial blood flows during CPR fall rapidly below the needs of the myocardium
as the time from loss of circulation increases (14,15). Pressor drugs are administered
during CPR to raise arterial pressure and redistribute blood flow to vital organs. Studies
in animal models and patients have shown a high correlation between the relaxation phase
aortic-to-right-atrial pressure gradient, myocardial blood flow, and return of spontaneous
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circulation (15–17). It is now widely accepted that this gradient is the de facto coronary
perfusion pressure during standard external CPR. External chest compression alone is
often unable to achieve a perfusion gradient of sufficient magnitude to achieve return of
spontaneous circulation after the first few minutes of CA, possibly because vascular
smooth muscle cell hypoxia and loss of cellular energy charge cause in a diffuse
vasorelaxation. Without exogenous agents, a large fraction of forward flow is directed to
organs other than the brain and heart.

Redding and Pearson observed that CPR was only minimally effective without admin-
istration of adrenergic agonists (18). In one study, all animals treated with methoxamine
or epinephrine had return of spontaneous circulation (19), although the pure -agonist
isoproterenol was less effective than placebo. More recent studies have supported the
conclusion that vasoconstriction resulting in increased aortic pressure in the relaxation
phase may be the principal mechanism of action by which vasopressor therapy achieves
return of spontaneous circulation (13,17).

Redding et al.’s research suggested that -adrenergic stimulation was of critical impor-
tance, although stimulation of -receptors was not beneficial, possibly even detrimental. In
a landmark series of studies, Yakaitis et al. examined the effect of selective combinations
of - and -receptor stimulation and blockade on resuscitation in an asphyxial-electro-
mechanical dissociation (EMD) model of CA (20,21). Their work supported the hypoth-
esis that peripheral -receptor stimulation is crucial to the efficacy of adrenergic agents
and that epinephrine’s -agonism was of little therapeutic benefit. Recently, Ditchey et al.
found that pre-arrest -receptor blockade resulted in significantly higher aortic and coro-
nary perfusion pressures (22).

Efficacy of Pressors
Although Crile and Dolley had observed that epinephrine improved their ability to

restore a heartbeat to dogs in CA around the turn of the century (23), the utility of
sympathomimetic amines in the treatment of CA was first systematically studied by
Redding and Pearson starting in the 1960s (19,24–26). Research standards at the time,
combined with orientation toward treatment of cardiovascular collapse secondary to
anesthetic induction, resulted in studies that were limited in size and had a number of
methodological limitations. Nonetheless, they convincingly demonstrated the efficacy
of adrenergic agents as adjuncts during CPR, a finding that continues to be supported by
laboratory research to this day. Redding and Pearson found epinephrine-treated animals
were up to nine times more likely to achieve return of spontaneous circulation than those
treated with placebo. Indeed, in most laboratory models there is return of spontaneous
circulation after the first few minutes of CA by external chest compression alone (25).
Addition of pressor drugs extends the window of efficacy for external chest compression
to at least 15 minutes (27). Although clinical trials have not clearly demonstrated the
efficacy of epinephrine, the preponderance of laboratory studies has confirmed Redding
and Pearson’s landmark insights.

Brown’s research during the 1980s led to a series of studies investigating the efficacy
of higher dosages of epinephrine, but there has been no well-controlled clinical trial to
investigate the actual utility of epinephrine vs placebo. A small number of studies had
purported to demonstrate that use of epinephrine or high-dose epinephrine is correlated
with a worse outcome. These studies appear to be fundamentally flawed by the bias that
results from total epinephrine dosage being a covariant with total arrest time. Meta-
analysis of the controlled high-dose epinephrine clinical trials found little or no decre-
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ment in outcome, a finding that, although not supporting use of the drug, militates against
there being significant toxicity overall. Nonadrenergic vasoactive peptides, such as
vasopressin, hold considerable promise. They may raise perfusion pressure without the
increase in oxygen utilization that accompanies administration of drugs such as epineph-
rine. An intriguing possibility is that they may act synergistically when administered with
catecholamines and that concomitant use of adrenergic drugs and vasoactive peptides
may allow a lowering of the dosage of each agent.

Individual Adrenergic Agents
A number of sympathomimetic agonists have been considered in therapy for CA.

Typically, these drugs have undergone extensive evaluation in animals and humans
during spontaneous circulation (28,29), and assessment in CA has been incomplete. The
paucity of laboratory studies and direct comparison in controlled clinical trials make
choice of a specific drug difficult.

A wide range of adrenergic-receptor agonists is available. Currently, the mixed - and
-agonist epinephrine is almost universally used. Pure -agonists such as methoxamine

and phenylephrine have been studied and are occasionally used clinically. The -recep-
tor-agonist isoproterenol was once popular, but is now almost never used in the treatment
of CA because of concern that it may decrease perfusion.

There are also a number of vasoactive peptides available. However, at this time, only
vasopressin is used clinically (30).

Epinephrine
Epinephrine is the best studied and most widely administered adrenergic agonist used

for the treatment of CA. It stimulates 1- and 2-receptors almost equally (31), and 1-
and 2-receptors in a ratio of approx 1:4 (28,29,32,33).

There are no prospective clinical trials that demonstrate the efficacy of epinephrine
in improving the outcome of patients suffering CA. Since at least the 1970s, epinephrine
has been administered almost universally to patients who have failed basic life support
and electrical countershock. This de facto “standard” has made performance of placebo-
controlled clinical trials extremely difficult. There is, however, a report of a study in
which this was done. Woodhouse et al. assigned patients in asystole, or who had failed
countershock, to 10-mg epinephrine or placebo (34). Another group was given a stan-
dard 1-mg dose of epinephrine. The rates of “immediate survival” and hospital dis-
charge were similar in each group, and these investigators concluded that the use of
epinephrine makes “no difference to the outcome of asystole or after two countershocks
in those remaining in ventricular fibrillation.” They did, however, note that a “change
of rhythm to a potentially treatable rhythm occurred more significantly in the 1 mg and
10 mg groups,” compared to placebo.

A number of limitations raise doubts about these conclusions. Thirty-eight percent of
eligible patients were not randomized because of the concerns of the supervising physi-
cians about entering into the placebo arm of the study (35). Most likely, this study reflects
the difficulty of studying therapies that are also predictors of poor prognosis because they
are markers of downtime.

There are reasons to be concerned that epinephrine salutary effect on perfusion and
the rate of return of spontaneous circulation are counterbalanced by the toxicity of its

-adrenergic effects. Weil and Tang have shown in a series of experiments that use of
epinephrine can result in postreperfusion myocardial dysfunction including stone heart.
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Berg et al. found a worse 24-hour survival in one animal model. Failure of the randomized
clinical trials of high-dose epinephrine to demonstrate an improvement in outcome are
also worrisome as effective therapies usually have a detectable dose–response relation-
ship. A reasonable synthesis of the homogenous laboratory data and the heterogenous
clinical data is that epinephrine is effective in restoring circulation in patients who have
failed CPR and countershock, but that this is at the cost of occasionally significant
postreperfusion toxicity.

Epinephrine’s Pharmacology in CA
The physiochemistry, bioavailability, volumes of distribution, protein binding, metabo-

lism, elimination, and other standard pharmacological indices have not been delineated for
epinephrine during CPR. Almost all that is known about this drug is from laboratory
models and humans with spontaneous circulation. It has been so common to extrapolate
from the spontaneous circulation to the arrested state that physicians often forget that this
has no scientific basis.

The common US formulations of epinephrine as hydrochloride have pH values rang-
ing from 2.5 to 5.0 (36). A potentially important interaction may be that of epinephrine
with alkalinizing agents. The AHA guidelines have stated that “epinephrine is inacti-
vated in alkaline solutions and should never be mixed with sodium bicarbonate” (2).
Although the use of sodium bicarbonate in CA may be declining, this potential incom-
patibility remains important, especially for patients with only a single route of intrave-
nous access. In one study, the biological activity of epinephrine decreased 13% after
injection through a cannula containing 0.6 mmol/L sodium bicarbonate (42). Although
the absolute dictum against mixing of epinephrine and bicarbonate does not appear to
be supported by the available data, it seems prudent to avoid the theoretical stoichiomet-
ric inactivation if two routes of administration are available. The multidose vial of 30
mL of 1 mg/mL epinephrine commonly used in the United States for high-dose epineph-
rine therapy contains 0.15% sodium bisulfite. Some decrement in concentration, per-
haps 10%, may occur with this particular formulation after storage (37). There are also
unpublished reports of up to 30% variability in epinephrine concentrations in the stan-
dard 1-mg bolus ampoules, with a tendency toward less than 1 mg. Intravenous admin-
istration during CPR is a dynamic and poorly quantified process, in which drugs are
injected rapidly, and the admixture space, volume of the intravenous tubing, and admix-
ture site are variable. Whenever possible, it is perhaps best to administer epinephrine to
some therapeutic endpoint such as the change in aortic pressure.

Epinephrine and VF
Redding and Pearson noted that dogs in VF were more quickly defibrillated after

epinephrine therapy (18), yet Yakaitis found the drug important for achieving return of
spontaneous circulation after countershock (38).

“After two minutes of fibrillation epinephrine [becomes] increasingly important for
restoration of circulation. The technique of immediate countershock was effective [only]
for episodes of fibrillation limited to approximately three minutes.”

Niemann and Cairns studied the need for perfusion before defibrillation in a laboratory
model with a duration of CA comparable to that seen in human out-of-hospital sudden
death (39). Animals were given either immediate countershock or were treated with
epinephrine followed by 5 minutes of CPR before countershock. Animals that received
epinephrine had a higher rate of return of spontaneous circulation despite longer arrest



Chapter 19 / Vasopressor Drugs During CPR 311

times. Animals countershocked without adrenergic therapy develop pulseless electrical
activity (PEA; 40).

Epinephrine and Neurological Outcome
Adrenergic agonists improve cerebral blood flow (15) in laboratory models. Because

the time from onset of arrest to return of spontaneous circulation is the primary determi-
nant of neurological outcome, early use of drugs like epinephrine may shorten arrest time
and thus improve outcome. Although preliminary reports from animal models indicate
that adrenergic drugs may have a direct neuroprotective effect (41), other studies do not
find this effect. Of particular concern, postreperfusion myocardial dysfunction may
contribute to a secondary CNS injury. There has been concern that restoration of spon-
taneous circulation in patients who have suffered irreparable CNS injury may result in
a significant burden on families and society (42). In particular, high-dose epinephrine,
with its potential to resuscitate patients after prolonged arrest, raises the concern that
patients with irreversible brain damage may be revived. Although methodologically
limited studies have purported to detect this phenomenon, meta-analysis of the high-dose
epinephrine randomized clinical trials has failed to detect this.

Epinephrine's Toxicity
The potential toxicity of epinephrine during and after CA has been of concern since

it was advocated as therapy almost 40 years ago, largely as a result of reports of the
alarming effects of accidental epinephrine overdoses in patients with intact circulations
(43–46). The importance of these effects to patients with arrested circulation is unclear.
The severe hypertension that occurs with epinephrine overdose in intact patients is not
applicable during CA, and increased oxygen utilization unmatched by increased perfu-
sion would be deleterious. Early concerns that epinephrine might trigger intractable
ventricular tachydysrhythmias in CA have not been substantiated. However, this may be
because these events are difficult to separate from primary VF.

In some studies, epinephrine increases myocardial oxygen consumption more than
supply (30,47,48), and deleterious changes in the ratio of endocardial to epicardial blood
flow and in the distribution of pulmonary blood flow have also been reported (49,50).
The importance of these effects during resuscitation from CA is unclear because they
have been demonstrated in some animal models and patients, but not in others (42,47,
51). The drug’s clear ability to improve the rate of return of spontaneous circulation
indicates that overall these potential toxicities are more than compensated by improved
perfusion (52).

A pattern of myocardial injury, called contraction-band necrosis, has been associ-
ated with exposure to high plasma levels of catecholamines (53,54). -Receptor block-
ade appears to protect the myocardium from contraction-band necrosis, supporting the
hypothesis that pure -receptor agonists, such as phenylephrine, may be attractive
agents. Recently, Weil and Tang have demonstrated that compared to alternative agents,
epinephrine is correlated with decrements in myocardial function during the postresus-
citation period (55). This has particular import clinically as it may contribute to the
refractory shock that often kills patients who have been resuscitated from CA.

During spontaneous circulation, catecholamines may also injure the vascular system
(56,57) and it is reasonable to conclude that the high doses used in the treatment of CA
may injure the vasculature. Although this injury may also contribute to postreperfusion
shock, it has not been well studied.
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Epinephrine has a well described stimulatory on platelet aggregation. This is particu-
larly worrisome in the treatment of sudden cardiac death as a large fraction of these
patients have acute coronary occlusion that results, at least in part, from formation of a
coronary thrombus. Platelet aggregation may also play a role in the “no reflow” phenom-
ena, which is felt to contribute to the CNS injury of postanoxic encephalopathy. The effect
of epinephrine on platelets is one of the drugs least attractive pharmacologic properties.

The potential of epinephrine to harm pulmonary function has received considerable
attention. Pulmonary arteriovenous admixture and alveolar dead space may increase
after epinephrine administration (58). In the laboratory, this may cause relative arterial
hypoxia and hypercarbia (59). Treatment with the -agonist methoxamine apparently
does not produce similar changes, suggesting that epinephrine may mediate this effect via

-agonism. Clinical experience, however, indicates that such toxicity is hypothetical, as
arterial hypocarbia and increased arterial O2 content are the norm during CPR in humans.

There is longstanding concern that administration of epinephrine during resuscitation
might result in untoward effects during the important postresuscitation period (60). Meta-
analysis of the high-dose epinephrine randomized clinical trials supports this concern as
it indicates that higher dosages of epinephrine may slightly decrease survival. Again,
these concerns have focused on -receptor-mediated injury to the myocardium, vascu-
lature, and some formed elements of blood (61,62). Patients resuscitated after CA of
relatively short duration often manifest a brief period of hypertension, most probably
from residual epinephrine of adrenal or exogenous origin. In patients who have received
large amounts of exogenous epinephrine, hypertension may reach alarming levels and
may be associated with tachydysrhythmias. This hypersympathetic state lasts only a few
minutes and is usually supplanted by hypotension. Failure to treat this hypotension may
result in secondary organ injury.

Epinephrine’s Dosage in Cardiac Arrest
Few of the early investigations of epinephrine in CA addressed the issue of dosage,

with many studies using a single dose independent of body weight. In 1906, Crile and
Dolley gave “one to two cubic centimeters of 1–1000 solution of adrenaline” to dogs (23).
This was adrenaline chloride, and the dose has been estimated to have been comparable
to approx 0.4 mg/kg. In their early work, Redding and Pearson gave a dose of 1.0 mg and
found it to be effective in dogs weighing approx 10 kg, equivalent to 0.1 mg/kg (26). In
commenting on epinephrine’s use in patients, their 1-mg initial dose was described as
“satisfactory,” and it was recommended that this be the “standard.” Some patients, how-
ever, required either a second 1-mg dose or a 2-mg dose (24).

In a 70-kg patient, Redding and Pearson’s 1.0-mg dose is equal to 0.014 mg/kg, or
approximately an order of magnitude less on a milligram per kilogram basis than in their
animal studies. Interestingly, they mention that 1 mg was used “with benefit in children
down to 18 months of age” (24). A child of this age would weigh approx 12 kg, and would
have received a dose of approx 0.083 mg/kg, almost six times the adult 1-mg dosage.
Historically, the 1-mg dose suggested by Redding and Pearson was considered massive,
because much smaller doses were known to be dangerous in patients with intact circu-
lation. Indeed, they were “criticized by some for employing such a large dose.”

Between the mid-1960s and the 1980s, there were a small number of laboratory studies
with alternative dosages of epinephrine. The first, again by Redding and Pearson, used
a total dose of 0.2 mg (63). The second, by Jude and coworkers in 1968, used 0.02 and
0.08 mg/kg, and found that the arteriovenous pressure gradient was doubled by the higher
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dose (64). In the third study, a dose of 0.05 mg/kg produced increased cerebral and
myocardial blood flows, but not to levels considered necessary to meet the needs of the
myocardium in early fibrillation (65). Other than these studies, the possibility of a dose–
response curve for adrenergic agonists during CPR was largely ignored.

In 1985, Kosnik et al. reported the first laboratory study to evaluate the dose–response
relationship for epinephrine during CPR (55). They administered 0.015, 0.045, 0.075,
and 0.15 mg/kg of epinephrine and measured hemodynamic properties, such as aortic
diastolic and coronary perfusion pressures. Although the results were not statistically
significant, they did show that only the two higher doses raised and maintained aortic
diastolic pressure to approx 30 mmHg for 4 minutes. Shortly thereafter, Ralston et al.
demonstrated improved resuscitation rates in animals given progressively higher doses
of epinephrine (66). They found that intravenous doses of 0.001, 0.003, 0.01, 0.03, and
0.1 mg/kg produced resuscitation rates of 0, 10, 40, 80, and 90% respectively. Endotra-
cheal epinephrine doses, an order of magnitude higher, produced similar results. These
results were important because they clearly demonstrated that dose–response curves
could be developed for adrenergic agonists during CPR, and that the optimal dose might
be much larger than the standard dose of 1 mg.

Brown and colleagues systematically evaluated the effect of epinephrine and other
vasopressors on vital organ blood flow during CPR. These studies combined a radiola-
beled-microsphere technique for measurement of myocardial and cerebral blood flows
with simultaneous measurement of physiologic variables such as vital organ perfusion
pressures, oxygen delivery, and consumption.

These investigators studied the effect of epinephrine, in doses of 0.02, 0.2, and 2.0 mg/
kg, on myocardial and cerebral blood flow (67,68). Administration of 0.2 mg/kg was
associated with significantly greater organ blood flows than the lowest dose. All agonists
tested by Brown et al. improved myocardial O2 delivery. Only epinephrine 0.2 mg/kg and
norepinephrine 0.12 and 0.16 mg/kg, however, increased oxygen delivery to a greater
degree than the increase in oxygen consumption. Cerebral blood flow and the rates of
return of spontaneous circulation improved with higher dosages for all agonists except
methoxamine. Although important, Brown’s research was not definitive because long-
term neurologic survival was not uniformly evaluated. Nevertheless, they demonstrated
that there was a rational pharmacologic basis for use of these drugs during CPR. The
dose–response curves and pharmacokinetics may be dramatically different from those
during spontaneous circulation, but they are measurable.

Starting in 1987, Lindner et al. evaluated the effects of various epinephrine dosages
on hemodynamics and oxygen utilization (13,69–72). The results of these studies gen-
erally supported those of Brown et al. in that there was a dose–response relationship
between epinephrine and vital organ blood flow and oxygen delivery. Lindner et al.
however, found an optimal dosage lower than in the studies by Brown et al.

It seems intuitively reasonable to hypothesize that larger doses of epinephrine may be
required as the arrest time increases. Dean and associates addressed this question indi-
rectly when they measured regional blood flow during prolonged resuscitation and found
that it declined markedly after 10–20 minutes, despite the continuous infusion of vaso-
pressor (73). Progressively larger infusions of epinephrine were needed to maintain
myocardial blood flow late in resuscitation. This suggests that tachyphylaxis to adrener-
gic agonists occurs or that there is progressive derangement of the CPR circulatory pump
mechanism, or both. During the 1980s laboratory studies indicated that higher doses of
epinephrine might be effective in improving perfusion during CPR.
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The pharmacology of higher epinephrine doses in humans was first studied by Gonzalez
et al. (74). They measured changes in radial artery pressure after intravenous administra-
tion of 1, 3, and 5 mg of epinephrine in patients who had failed standard therapy and had
been transported to the hospital. Only the highest dose significantly raised relaxation-
phase pressure. Paradis et al. compared the standard 1-mg dose to 0.2 mg/kg in patients
who had failed conventional therapy, including standard dosages of epinephrine (75).
Coronary perfusion pressure increased only after administration of high-dose epineph-
rine. Although these studies were performed late in resuscitation, their applicability to the
more important early therapy remains unclear. They do indicate, however, that continued
use of 1 mg late in resuscitative efforts is without scientific basis.

Early human studies of high-dose epinephrine, which tended to be performed in patients
who had failed conventional doses, reported improvements in variables such as coronary
perfusion pressure and the rate of return of spontaneous circulation. In some of these
studies, as well as many of the case reports, the patients’ return of spontaneous circulation
was temporally related to administration of high-dose epinephrine.

In the first well-designed, large clinical trial of high-dose epinephrine, Brown and
associates compared 0.02 mg/kg to 0.2 mg/kg epinephrine in 1280 patients suffering
out-of-hospital CA (76). This study found no significant difference in clinical outcome
between the two groups. In patients with a witnessed arrest, it took approx 17 minutes
between the onset of arrest and the first epinephrine administration. Patients with
unwitnessed arrest must have received the drug even later. The small number of patients
who received their first dose of epinephrine within 10 minutes of CA had a trend toward
a higher rate of survival to hospital discharge (23 vs 11%). Patients with electromechani-
cal dissociation had return of spontaneous circulation rates of 47% with high-dose
epinephrine vs 33% with standard-dose. These were post hoc subgroups, so the results
should not be considered persuasive. There had been concern that administration of
high-dose epinephrine might result in an increase in survivors with severe neurologic
impairment, but this did not occur. The results in this study did not reach statistical
significance, nor do they have statistical power. So we are unable, using this data set,
to determine if high-dose epinephrine is better, worse, or the same as standard dose.

Callaham and associates performed a randomized, prospective, double-blind clinical
trial comparing standard-dose epinephrine and high-dose epinephrine and norepineph-
rine in the treatment of prehospital CA (77). They prospectively identified the outcome
variables of interest as return of spontaneous circulation in the field, admission to hos-
pital, hospital discharge, and Cerebral Performance Category score. Eight hundred and
sixteen patients met inclusion criteria. Thirteen percent of patients receiving high-dose
epinephrine regained a pulse in the field vs 8% of those receiving standard dose. Eighteen
percent of high-dose epinephrine patients were admitted to the hospital compared to 10%
of standard dose. Nevertheless, as in other large studies, there was no statistical difference
in hospital discharge. No benefit of norepinephrine compared with high-dose epineph-
rine was found. High-dose epinephrine did not result in longer hospital or critical care unit
stays. These investigators concluded that high-dose epinephrine significantly improves
the rate of return of spontaneous circulation and hospital admission without increasing
complications.

It is important to note that in the entire study population, 63% of the survivors were
among the 11% of patients who were defibrillated by first responders. Therapies that are
administered after failure of defibrillation are difficult to study because the sample sizes
needed to demonstrate efficacy, or lack of efficacy, are so large.
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The Brain Resuscitation Clinical Trial group (BRCT) studied more than 2000 CA
patients (78). These patients had either failed electrical countershock or presented with
PEA or asystole. Patients were randomly assigned to three doses of either standard- or
escalating high-dose epinephrine (5 mg, 10 mg, and 15 mg). Return of spontaneous
circulation occurred in 28% of patients receiving standard-dose vs 31% of those receiv-
ing escalating high-dose epinephrine. Again, however, high-dose epinephrine resulted in
a significant improvement in short-term resuscitation, but did not show a beneficial effect
on long-term outcome.

There have now been more than half a dozen randomized clinical trials of high-dose
epinephrine. Two recent meta-analyses have attempted to make some sense of this pool
of data. Vandycke et al. identified and reviewed five clinical trials with a total of 6339
(79), although Paradis et al. chose broader inclusion criteria and reviewed nine studies
for a total of 9497 (Table 1). Paradis notes that there is a small increase in return of
spontaneous circulation in the high-dose epinephrine vs standard-dose epinephrine
groups, with a number needed to treat of 27, that is, utilization of high-dose epinephrine
vs standard-dose epinephrine will cause an additional one return of spontaneous circu-
lation per 27 patients treated. However, neither meta-analysis demonstrated an increase
in survival to hospital discharge or improvement in neurological outcome, and Paradis
analysis indicated that high-dose epinephrine may slightly decrease the odds of survival.

Alternative Catecholamines: Phenylephrine
As discussed, laboratory studies indicate that it is epinephrine -adrenergic stimula-

tion that appears to be important in CA. This makes pure -adrenergic agents, such as
phenylephrine or methoxamine, attractive drugs in the treatment of CA. Because of
methoxamine’s longer half-life, which can result in organ hypoperfusion postresus-
citation, we limit our discussion of alternative catecholamines to phenylephrine.

Table 1
Original Data From the Nine Studies of Interest

No. patients Dose (mg) ROSC (%) Discharge (%)

Study HDE SDE HDE SDE HDE SDE HDE SDE

Abramson 1456 1459 5,10,15 1 451 (31)   402 (26) 42 (2.9) 46 (3.2)
Brown 648 632 14 1.4 217 (33)   190 (30) 31 (4.8) 26 (4.1)
Callaham 286 260 15 1 37 (13)     22 (8)   5 (1.7)   3 (1.1)
Choux 271 265 5 1 96 (35)     85 (32) 11 (4.1) a   5 (1.9) a

Gueugniaud 1677 1650 5 1 678 (40)   601 (36) 38 (2.3) 46 (2.8)
Lindner 28 40 5 1 16 (57)       6 (15)   4 (14)   2 (5.0)
Lipman 19 16 10 1 15 (79)     11 (69)   0 (0)   4 (25)
Sherman 78 62 7 0.7 15 (19)       7 (11)   0 (0)   0 (0)
Stiell 317 333 7 1 56 (18)     76 (23) 10 (3.2) 16 (4.8)

Totals 4780 4717 1129 (24) 1003 (21)

a These data are survival at 15 days, because discharge data was not available for this study.
HDE, high-dose epinephrine; SDE, standard-dose epinephrine; ROSC, return of spontaneous circulation.
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Phenylephrine is a short-acting selective -adrenergic agonist. It is used as a pressor
during anesthesia in patients with spontaneous circulation. Its receptor profile and short
half-life make it a theoretically attractive drug for the treatment of CA. The potential of
this drug to increase aortic pressure without significant myocardial excitation may be
optimal for entities such as VF. Its short half-life provides flexibility in the postresus-
citation period during which many patients may not need pressor support.

Animal studies indicate that, compared to placebo, it raises CPR perfusion pressure,
the fraction of animals with return of spontaneous circulation, as well as short-term
survival. The theoretical benefits of selective -agonism, as compared to mixed - and

-agonist such as epinephrine, however, have not been clearly demonstrated. Neverthe-
less, in situations in which excessive -receptor stimulation might be contraindicated,
such as CA complicating myocardial infarction (MI), phenylephrine is an attractive
pressor.

The first studies of phenylephrine were undertaken by Redding and Pearson (25).
Their realization that vasoconstriction was important in achieving return of spontaneous
circulation led them to study all available pressors, including phenylephrine, metarami-
nol, and methoxamine. In their asphyxial-electromechanical dissociation model, 10 mg
of intracardiac phenylephrine, a dose selected on “theoretical grounds and pilot experi-
ments,” resulted in return of spontaneous circulation in 80–90% of animals. In a VF
model, they achieved 100% return of spontaneous circulation.

Joyce et al. administered 5 mg of phenylephrine to dogs in an asphyxial-electrome-
chanical dissociation model and found that it raised aortic diastolic pressure and that all
animals were resuscitated (80). Holmes, however, found that a dose of 0.05 mg/kg actu-
ally lowered cerebral blood flow compared to placebo (65). Brown studied the effect of
phenylephrine on myocardial and cerebral blood flows in a porcine VF model (81,82),
and found that dosages of 0.1 and 1.0 mg/kg did not significantly improve hemodynam-
ics. A dosage of 10 mg/kg improved aortic diastolic pressure and central blood flow by
amounts similar to those with a high dose of epinephrine. Berkowitz found that phenyle-
phrine was able to maintain CPR hemodynamics and oxygen utilization as effectively as
epinephrine (42,83). Schleien, using a model with a very short arrest time, had return of
spontaneous circulation in 73% of animals, and 100% in a model with 8 minutes of CA
(42,84). Brillman had return of spontaneous circulation in 78% of animals using a dose
of 10 mg (85). A subsequent study with the same dose had a 75% return of spontaneous
circulation and 50% 24-hour survival (27). Ditchey et al. recently observed that the
balance between myocardial oxygen supply and demand during CPR could be improved
by administering a combination of phenylephrine and propranolol, and that pre-arrest

-blockade improved perfusion pressure (22,86).
Despite the theoretical advantages of phenylephrine, only a single clinical study has

been reported (87), the interpretation of which is complicated by a crossover design in
which all patients unresponsive to initial therapy received epinephrine. The ultimate rates
of return of spontaneous circulation were 31 and 28% for phenylephrine and epinephrine,
respectively. The investigators were of the opinion that there were no adverse reactions
in patients who had initially received phenylephrine. Unfortunately, this study also used
what may have been subtherapeutic and nonequipressor doses of each drug: 1 mg of
phenylephrine and 0.5 mg of epinephrine. Significant variability in the effective dose in
different laboratories precludes recommendation of a specific dosage. An initial dose of
10 mg appears reasonable. Doses as high as 10 mg/kg, have some basis according to the
literature, but until additional clinical trials are performed, the inability to recommend a
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particular dosage may limit phenylephrine’s use. Because this is a generic drug additional
research on its efficacy or dosage is unlikely.

Vasopressin: An Endogenous Stress Hormone
A number of fundamental endocrine responses of the human body to CA and CPR have

been investigated in the past 10 years (88–90). Circulating endogenous vasopressin
concentrations were high in patients undergoing CPR, and levels in successfully resus-
citated patients have been shown to be significantly higher than in patients who died (78).
This may indicate that the human body discharges vasopressin as an adjunct vasopressor
to epinephrine in life-threatening situations such as CA in order to preserve homeostasis.
In a clinical study of 60 out-of-hospital CA patients, parallel increases in plasma vaso-
pressin and endothelin during CPR were found only in surviving patients. Both before
and after epinephrine administration, plasma epinephrine and norepinephrine concentra-
tions were significantly higher in patients who died when compared with surviving CA
victims (12). Thus, plasma concentrations of vasopressin may have a more important
effect on CPR outcome than previously thought; and prompted several investigations to
assess its role for possible CPR management in order to improve CPR management.

Physiology of Vasopressin
Arginine vasopressin, a hormone that is called antidiuretic hormone as well, has a long

evolutionary history. With the emergence of life on land, vasopressin became the media-
tor of a remarkable reguatory system for the conversation of water. It is an endogenous
hormone with osmoregulatory, vasopressor, hemostatic, and central nervous effects.
Arginine vasopressin is produced in the magnocellular nuclei of the hypothalamus, and
stored in neurosecretory vesicles of the neurohypophysis. The hormone is secreted on
osmotic, hemodynamic, and endocrinologic stimuli. Baroreceptor-mediated arginine
vasopresin secretion is the primary stimulation release in hypotensive states (91). In plasma,
arginine vasopressin is bound to proteins in a concentrations, which ranges from approx 2 to
approx 8 pg/mL; serum half-life time varies between approx 8 and approx 15 minutes.
Splanchnic and renal enzymatic degradation are primary pathways of inactivation.

Natural vasopressin is a nonapeptide with two cysteine residues forming a bridge
between positions 1 and 6. The integrity of this disulfid bond is essential for its biological
activity, and amino acid substitutions dictate physiologic actions such as alterations of
antidiuretic, or vasopressor function (Table 2). Interestingly, vasopressor effects were
observed as early as 1895; it is noteworthy that vasopressin acts directly via V1-receptors
on contractile elements—an effect that can not be reversed by adrenergic blockade or
denervation (92). Primary indication of vasopressin and its analogues so far is manage-
ment of hypothalamic diabetes insipidus, and treating bleeding esophageal varices in
some cases.

Vasopressin Receptors
Peripheral effects of arginine vasopressin are mediated by different vasopressin re-

ceptors; namely V1-(V1a), V2- (V2), and V3- (V1b) vasopressin-receptors (93). V1-recep-
tors have been found in arterial blood vessels, and induce vasoconstriction by an increase
in cytoplasmatic ionized calcium via the phosphatidyl–inositol–bisphosphonate cas-
cade (93). In contrast to catecholamine-mediated vasoconstriction, effects of arginine
vasopressin are preserved during hypoxia and severe acidosis (94). Physiologically,
most arterial beds exhibit vasoconstriction in response to arginine vasopressin (95,96).
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Similar to oxytocin-mediated paradoxical vasodilatation of vascular smooth muscle,
vasodilatation after arginine vasopressin has been described in the pulmonary, coronary,
and vertebrobasilar circulation (97–99). The underlying mechanisms seem to be nitric
oxide-dependent (97,100). Recently, there is increasing evidence of hemodynamically
relevant V1-receptors on cardiomyocytes. In vitro and animal experiments have demon-
strated an increase of intracellular calcium concentration and inotropy after stimulation
of myocardial V1-receptors (101,102).

Hemodynamic Effects of Vasopressin During CPR in Animal Models
During VF, a dose–response investigation of three vasopressin dosages (0.2, 0.4, 0.8 U/kg)

compared with the maximum effective dose of 200 μg/kg epinephrine showed that 0.8 U/kg
vasopressin was the most effective drug in regards of increasing vital organ blood flow
(103). Also, vasopressin significantly improved cerebral oxygen delivery, and VF mean
frequency during CPR when compared with a maximum dose of epinephrine (104).
Furthermore, effects of vasopressin on vital organ blood flow lasted longer after vaso-
pressin than after epinephrine (approx 4 vs approx 1.5 min); significantly more vaso-
pressin animals could be resuscitated; and vasopressin did not result in bradycardia after
return of spontaneous circulation (105). Interestingly, the combination of vasopressin
and epinephrine vs vasopressin only resulted in comparable left ventricular (LV) myo-
cardial blood flow, but in significantly decreased cerebral perfusion (Fig.1, [106]). The
binding of both vasopressin and epinephrine to its receptors causes characteristic changes
such as intracellular concentration of phosphatidylinositol and calcium (107,108). In
fact, a rodent study evaluating administration of vasopressin, norepinephine, and a com-
bination of vasopressin and norepinephrine showed that V1- and -adrenergic receptors
saturated the same intracellular transduction pathway (94). Although speculative, this
mechanism may have hampered nitric oxide release in the cerebral vasculature induced
by vasopressin, and therefore, suppressed cerebral perfusion in our animals receiving a
combination of vasopressin and epinephrine. These results are striking because epineph-
rine selectively spares the cerebral circulation from vasoconstriction when administered
during CPR alone.

Drug Delivery Routes of Vasopressin During CPR
Administration of endobronchial drugs during CPR may be a simple and rapid alter-

native, when intubation is performed before intravenous cannulation (109), and the time
interval for intravenous access is prolonged, or when attempts for intravenous access are
simply unsuccessful, such as in young children with poor peripheral perfusion. A labo-
ratory model showed that the same dose of intravenous and endobronchial vasopressin
resulted into the same coronary perfusion pressure 4 minutes after drug administration
(Fig 2.; 110). This investigation showed that endobronchial vasopressin is absorbed
during CPR, increased coronary perfusion pressure significantly within a very short
period, and increased the chance of successful resuscitation (110). In contrast, in an
animal model the equipotent endobronchial epinephrine dose is approx 10 times higher
than the intravenous epinephrine dose during CPR (66). However, endobronchial drug
administration may be less appropriate in children, who suffer CA as a result of respira-
tory disorders. For example, in children suffering CA mostly as a result of severe pneu-
monia, endobronchial drug delivery is not likely to result in adequate drug absorption,
and therefore, may be rather ineffective. In such cases, the endobronchial drug delivery
route may render drug absorption erratic as a result of pulmonary oedema and capillary
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Fig. 1. Combination of vasopressin and epinephrine on left ventricular myocardial blood and
cerebral perfusion pressure.

leak, and therefore, may further compromise oxygenation and ventilation in children.
Acordingly, the intraosseous route has been recommended for pediatric emergency situ-
ations, and is widely taught both in the Americas and internationally by the Paediatric
Advanced Life Support and Advanced Trauma Life Support courses (111). Additionally,
hypovolemia can be rapidly corrected with fluids via an intraosseous catheter, but not via
the endobronchial route. Therefore, intraosseous vasopressin may be a valuable alter-
native for vasopressor administration during CPR, when intravenous access is delayed,
or not available. Accordingly, our laboratory studies indicate that the same vasopressin
dosage may be administered intravenously, endobronchially, and intraosseously, render-
ing usage of this vasopressor during CPR simple, rapid, and inexpensive.
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Repeated Administration of Vasopressin and Epinephrine
Both the AHA and European Resuscitation Council continue to recommend repeated

administration of epinephrine during advanced cardiac life support (ACLS; 113,114),
although it is not proven whether repeated epinephrine given during CPR may be effec-
tive, or if this strategy may even result in inadvertent catecholamine toxicity. Repeated
dosages of vasopressin vs epinephrine were administered, coronary perfusion pressure
increased only after the first of three epinephrine injection, but increased after each of
three vasopressin injections; accordingly, all vasopressin animals survived, and all pigs
resuscitated with epinephrine died (115). Long-term survival after CA may be deter-
mined by the ability to ensure adequate organ perfusion during CPR, and in the
postresuscitation phase. In the early postresuscitation phase, vasopressin administration
resulted in higher arterial blood pressure, but a lower cardiac index; a reversible depres-
sant effect on myocardial function of the vasopressin pigs was observed when compared
with epinephrine. However, overall cardiovascular function was not irreversibly or criti-
cally impaired after the administration of vasopressin (116). Renal and splanchnic per-
fusion may be critically impaired during (117,118) and after (119) successful resuscitation
from CA. For example, 30 minutes after return of spontaneous circulation, renal and
adrenal blood flow were significantly lower in the vasopressin pigs as compared with the
epinephrine group; pancreatic, intestinal, and hepatic blood flow were not significantly
different in animals after receiving epinephrine or vasopressin (120).

Renal and Splanchnic Perfusion After Vasopressin
It is unknown whether the vasopressin-mediated pronounced blood shift during CPR

from the muscle, skin, and gut toward the myocardium and brain might be deleterious for
splanchnic organs, and whether this may contribute to multiorgan failure after return of
spontaneous circulation. Furthermore, it is unknown whether a high bolus dose of vaso-
pressin administered during CPR may result in oliguria or anuria as a result of its antidi-
uretic effects in the postresuscitation phase. In a porcine CPR investigation, vasopressin
impaired cephalic mesenteric blood flow during CPR and in the early postresuscitation
phase, but did not result in an antidiuretic response. Neither renal blood flow, nor renal
function was influenced by vasopressin or epinephrine in this investigation (121).

Fig. 2. Intravenous vs endobronchial basopressin.
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Continuous infusion of low-dose dopamine mediated a significant increase in superior
mesenteric blood flow after successful CPR with vasopressin by selective vasodilatation of
intestinal vessels. Accordingly, administering dopamine may improve gut perfusion, and
therefore, may improve gut function in the postresuscitation period (122).

Effects of Vasopressin on Neurological Recovery After CPR
In laboratory investigations of short (103) and prolonged (105) CA, vasopressin

resulted in significantly higher vital organ blood flow and cerebral oxygen delivery than
did epinephrine. This implies that vasopressin dilated cerebral arterioles and subse-
quently, resulted in superior brain perfusion throughout the neuroaxis. In the vasopressin
animals, the superior cerebral blood flow lead to a greater cerebral oxygen consumption,
but was not the result of an over stimulation of metabolism because cerebral oxygen
extraction fell, and oxygen uptake became independent of oxygen delivery (106). The
question arises, if increased cerebral blood flow during CPR with vasopressin is benefi-
cial in regards of neurological recovery, or detrimental as a result of fatal complications
such as cerebral oedema after return of spontaneous circulation. Although a Glasgow-
Coma Score rating was performed after successful CPR with vasopressin vs epinephrine
in preliminary clinical studies, the results could unfortunately not be attributed to a single
CPR-intervention as a result of many confounding variables. In a porcine model simu-
lating prolonged (22 minutes) of ACLS, all vasopressin animals had return of spontane-
ous circulation, and all pigs in the epinephrine and saline placebo group died (Fig. 3).
After 24 hours of return of spontaneous circulation, the only neurologic deficit of all
vasopressin pigs was an unsteady gait, which disappeared within another 3 days (123).
This observation confirms that in order to achieve full recovery after CA, both excellent

Fig. 3. Vasopressin vs rpinephrine vs saline placebo during prolonged CPR.
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management of basic and ACLS, and careful optimization of organ function in the
postresuscitation phase are of fundamental importance (124). Although neurodiag-nostic
tests such as evoked potentials, electroencephalogram, or positron emission tomography
may not be able to accurately detect pathology (125), we employed cerebral magnetic
resonance imaging after successful CPR. Although imaging was performed 4 days after
the experiment to ensure that cerebral ischemic regions as a result of extracellular edema
would be fully developed, the absence of cerebral cortical and subcortical edema,
intraparenchymal hemorrhage, ischemic brain lesions, or cerebral infarction confirmed
by T2-weighted magnetic resonance imaging indicates that the vasopressin pigs fully
recovered from CA in regards of both anatomical and physiological terms. Thus, labo-
ratory evidence suggests that vasopressin given during CPR may be a superior drug when
compared with epinephrine in order to ensure both return of spontaneous circulation and
neurological outcome.

Vasopressin as a Continuous Infusion During Vasodilatory Shock
The standard treatment of vasodilatory septic shock includes antibiotics, extracellular

volume expansion, vasopressors, and drugs that increase myocardial contractility. Adr-
energic catecholamines employed in this setting such as norepinephrine often have a
diminished vasopressor action in vasodilatory shock; therefore, alternatives may be very
useful. First reports with vasopressin in septic shock described a patient who was success-
fully resuscitated from CA, but subsequently developed bacterial septicemia, and needed
a continuous infusion of both epinephrine and norepinephrine to maintain systolic arte-
rial pressure of approx 90 mmHg. Continuous infusion of vasopressin (0.04 U per minute)
then easily improved mean arterial blood pressure, cardiac output remained stable, and
urine output increased from approx 6 to more than 50 mL per hour. Stepwise withdrawal
of vasopressin subsequently resulted in a decrease in arterial pressure, which again
required norepinephrine to maintain systolic arterial pressure at 90–100 mmHg; urine
output decreased to 30 mL per hour. Six hours later, systolic arterial pressure was main-
tained at approx 105 mmHg on vasopressin alone (126). In patients with vasodilatory
shock after LV assist device placement or postbypass vasodilatory shock, vasopressin
(0.1 U per minute) increased mean arterial pressure, although norepinephrine was
decreased (127,128). In the latter study, inappropriately low serum vasopressin con-
centrations were found before vasopressin administration, indicating endogenous vaso-
pressin deficiency. Thus, it is possible that endogenous vasopressin stores in these patients
were simply depleted, or not able to meet the demand to maintain cardiocirculatory
homeostasis. Another investigation studying patients on amiodarone and angiotensin-
converting enzyme inhibitors with refractory vasodilatation after cardiopulmonary bypass
revealed a beneficial potential for continuous vasopressin infusion (129). Similar observa-
tions were made in patients with milrinone-induced hypotension, when 0.03 to 0.07 U per
minute vasopressin caused an increase in systolic artery pressure from approx 90 to
approx 130 mmHg (130). In our experience, 2–4 IU per hour vasopressin as a continuous
infusion works best.

These observations may be similar to first experiences in CA patients, when high
endogenous vasopressin levels correlated with subsequent survival (131). As such, it is
likely that vasopressin as well as the well-established endogenous stress hormone epi-
nephrine plays an important role in regards of arterial blood pressure regulation during
shock states such as septicemia, and CPR. Currently, we do not exactly know whether
vasopressin acts simply as a backup of the backup vasopressor epinephrine during life-
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threatening shock states, whether vasopressin or epinephrine alone is better in certain
situations, or whether these two hormones have unique adjunct features that we are only
starting to understand. A better knowledge of these underlying mechanisms most likely
would save many patients—who at this point in time have a relatively small chance to
survive.

Clinical Experience With Arginine Vasopressin During Cardiac Arrest
In patients with refractory CA, arginine vasopressin induced an increase in arterial

blood pressure, and in some cases, return of spontaneous circulation, in which standard
therapy with chest compressions, ventilation, defibrillation, and epinephrine had failed
(132). In a small (N = 40) prospective, randomized investigation of patients with out-of-
hospital VF, a significantly larger proportion of patients treated with arginine vasopressin
were successfully resuscitated and survived 24 hours compared with patients treated with
epinephrine (30). This was not designed as a mortality study, but even with such small
numbers, there was a nonsignificant trend toward an improvement in hospital discharge
rate (p = 0.16). In a large (N = 200) in-hospital CPR trial from Ottawa, Canada, compa-
rable short-term survival was found in both groups treated with either vasopressin or
epinephrine, indicating that these drugs may be equipotent when response times of res-
cuers are short (133). In another clinical evaluation in Detroit, Michigan, 4 of 10 patients
responded to arginine vasopressin administration after approx 45 minutes of unsuccess-
ful ACLS, and had a mean increase in coronary perfusion pressure of 28 mmHg (134).
This is surprising, because an arterial blood pressure increase with any drug after such
a long period of noneffective CPR management would be normally not expeeted. In this
study, arginine vasopressin caused an increase in coronary perfusion pressure, and a
decrease of epinephrine plasma levels, which is similar to an animal study with increased
vital organ blood flow, but decreased catecholamine plasma levels after arginine vaso-
pressin (135). Although speculative, it is possible that baroreceptors in the arterial vas-
culature registered increased organ perfusion after vasopressin, and subsequently
down-regulated endogenous catecholamine secretion—whether this may decrease
epinephrine tachyphylaxis and therefore, improve subsequent catecholamine effects,
remains under investigation.

A NEW APPROACH: A COMBINATION
OF VASOPRESSIN AND EPINEPHRINE

In an experimental model of asphyxia CA in adult, we found that a combination of
arginine vasopressin with epinephrine was superior to either arginine vasopressin alone,
or epinephrine alone (Fig. 4; 136). This observation is entirely new and surprising, and
may suggest that the usual approach of pharmacological CPR management to administer
identical drugs and dosages for patients presenting with CA as a result of dysrhythmia or
asphyxia may have to be reconsidered. In fact, it is possible that when the degree of
ischemia is fundamental such as during asphyxia, or ACLS is prolonged, a combination
of arginine vasopressin with epinephrine could be beneficial. The laboratory experience
of this phenomenon may be confirmed by observations from CPR efforts in eight patients
who were unsuccessfully resuscitated with epinephrine for approx 10 to 20 minutes,
subsequently received 40 units of arginine vasopressin, and subsequently, all patients had
return of spontaneous circulation, with three of eight patients being even discharged alive
from the hospital (30). This explanation would be in agreement with a Canadian study (133)
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indicating comparable outcome with arginine vasopressin vs epinephrine in in-hospital
CA, with a short time of ischemia.

Thus, our usual strategy according to the current CPR guidelines of employing
vasopressors during CPR may not sufficiently address the cause of CA, and degree of
ischemia. Accordingly, it is possible that the ideal vasopressor and especially, the ideal
dosing regimen for CPR is yet to be discovered, rendering a combination of agents
possibly necessary; however, development of a CPR “cocktail” may be extremely
difficult as a result of multiple potential permutations of different drugs and dosages
whenever a combination therapy is employed (137). Laboratory experiments were
performed with a combination of arginine vasopressin, epinephrine, and nitroglycerin;
however, determining optimal dose–response effects is most likely difficult, and clini-
cal experience is pending (138). Furthermore, vasopressors that improve initial resus-
citation may not be the best drugs to improve survival in the postresuscitation phase.
The ideal vasopressor for CPR is a drug that significantly increases myocardial and
cerebral perfusion during CPR, and yet, if necessary, can be rapidly, but titratibly
reversed in the immediate postresuscitation phase (139).

The European Vasopressin Study
From June 1999 to March 2002, we conducted a large multicenter trial in Austria,

Germany, and Switzerland, and randomized 1219 out-of-hospital CA patients. Hospital
admission and discharge rates were comparable between treatment arms for patients with
VF and for PEA, but patients with asystole were more likely to survive when treated with
vasopressin. However, if patients could not be successfully resuscitated with the study
drugs, additional epinephrine (median dose 5 mg, interquartile range 2–10 mg) signifi-
cantly (p = 0.007) improved hospital admission and discharge in patients who were
initially treated with vasopressin first, but not in epinephrine-treated patients. There was
no difference in cerebral performance between groups for the entire trial. Our results did

Fig. 4. Asphyxia.
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not confirm earlier data showing vasopressin to be more effective than epinephrine in the
treatment of VF and PEA. Unfortunately, we are unable to state whether this phenomenon
may be similar to the observations described with high-dose epinephrine during CPR,
when increasing epinephrine dosages were effective in the laboratory, but not in clinical
practice. It is clearly a principal 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 are
hardly controllable factors of influence.

 In contrast to VF and PEA, vasopressin improved the likelihood of asystolic patients
reaching the hospital alive in the multicenter study by about 40% over epinephrine. A
possible explanation may be the profound ischemia in the asystolic patients. This is in
accordance with an in vitro study, where it was demonstrated that vasopressin has
vasoconstricting efficacy even in severe acidosis, when catecholamines are less potent.
Thus, vasopressin may be more effective than epinephrine in asystolic patients, thereby
resulting in better coronary perfusion pressure during cardiac resuscitation. Because
improved coronary perfusion pressure during CPR improves survival, vasopressin may
be a better option than epinephrine for asystolic patients, who normally have the worst
chance of survival. This post hoc observation should be tested in a prospective trial
restricted to such patients for whom few treatment options are available. Also, improve-
ment in hospital discharge after treatment with epinephrine following the vasopressin
may indicate that the interactions among 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 fun-
damental ischemia in pigs, vasopressin combined with epinephrine tripled coronary
perfusion pressure over either epinephrine or vasopressin alone. This suggests that the
presence of vasopressin may enhance the effects of epinephrine or vice-versa, especially
during prolonged ischemia. These laboratory CPR data are in agreement with the Euro-
pean clinical trial, when about 25 minutes after collapse, at a time that a severe degree of
ischemia must be assumed, vasopressin followed by epinephrine was effective, whereas
increasing dosages of epinephrine alone were not.

Although half of the survivors with good neurological outcome received the combi-
nation of vasopressin and epinephrine, this strategy also resulted in more, albeit not
statistically significant, patients in coma than after epinephrine alone. This indicates that
the combination of vasopressin 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. Although our hospital discharge rate (9.7%)
compares favorably with that in other reports, 2.2% of our patients had severe neurologi-
cal impairment. It has to be stated that combining vasopressin and epinephrine improved
survival rates, but resulted in unfavorable neurological outcome in some patients. This
strategy resulted into unfavorable neurological outcome in 5 of 10 patients who were first
found to be in asystole or PEA; in contrast, no asystole or PEA patient receiving 3 mg or
more of epinephrine had unfavorable neurological outcome because they simply all died
before being discharged. Whether combining vasopressin and epinephrine is beneficial,
especially when administered earlier as in our investigation, needs to be confirmed in a
prospective study, which is currently on its way in France. Naturally, there is no doubt
that we are not doing anybody a favor if we only increase the number of surviving patients
with unfavorable neurological outcome. According to the new data from the European
vasopressin study, we suggest administering 1 mg epinephrine followed alternately by
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1 mg epinephrine and 40 IU vasopressin every 3 minutes in adult cardiac arrest victims,
regardless of the initial electrocardiogram rhythm (147).

THE FUTURE OF VASOPRESSORS IN CPR MANAGEMENT

We have shown beneficial effects of arginine vasopressin vs epinephrine in special
CPR situations such as epidural anesthesia (140), hypothermia (141), and hypovolemic
shock (143,144) in the laboratory. In the clinical setting, we observed positive effects of
arginine vasopressin in some patients with life-threatening hemorrhagic shock with col-
lapsing arterial blood pressure, who did not respond anymore to adrenergic catechola-
mines. Although these observations in the laboratory and in individual patients are very
promising, they have to be yet confirmed in prospective, randomized clinical trials; how-
ever, as a result of the relatively rare occurrence of these special CPR situations, it is
unlikely that arginine vasopressin can be studied systematically under these circumstances.

Another area that is extremely complicated to investigate, but definitely needs to be
addressed, is the pediatric CA population. As a result of the lack of randomized clinical
trials in pediatric emergency cardiac care, some CPR recommendations had to be
extrapolated from adult or even laboratory studies. In a porcine preparation, epineph-
rine was superior to arginine vasopressin in a pediatric CPR model of asphyxia CA (145).
We have shown in this pediatric model that a combination of arginine vasopressin and
epinephrine was superior to either arginine vasopressin or epinephrine alone; however,
this may only apply to pediatric but not adult settings, and definitely warrants especially
clinical investigations.
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INTRODUCTION

The buffer therapy of acid–base changes during CPR is less controversial than in
previous years. Overwhelming experimental and some clinical data failed to demonstrate
an improvement in survival after buffer therapy. However, the scant data from random-
ized controlled trials still impede a clear-cut recommendation on how really to treat
cardiopulmonary resuscitation (CPR)-associated acid–base changes.

Conventional closed-chest CPR generates a cardiac output of approx 25% curtailing
organ perfusion and oxygen delivery to the tissues. Anaerobiasis with rapid CO2 genera-
tion and slower accumulation of lactic acid results. Continuous CO2 release from ischemic
tissues, decreased CO2 transport from the underperfused tissues to the lungs decreases
alveolar CO2 elimination accounting for the tissue CO2 accumulation. Reduced ETCO2
and hypercarbic venous and tissue acidemia and—under conditions of normal ventila-
tion—hypocarbic arterial alkalemia ensue together with arterial and venous lactic aci-
demia reflecting the “arterio-venous paradox.” The accumulation of tissue CO2 results
from local production of CO2, dissociation of endogenous bicarbonate when anaerobi-
cally generated H+ are buffered and reduced clearance of CO2 as a result of reduced blood
flow. In the heart, intramyocardial PCO2 drastically increases with low coronary blood
flow (Fig. 1).

Varying patterns of acid–base changes are related to the actual flow, the time windows
of CPR and the cardiac arrest (CA) location. Arterial pH during well-performed CPR is
usually normal, alcalotic (relative hyperventilation) and only late during CPR acidotic.
Acid–base changes during out-of-hospital CPR often present a combined metabolic and
respiratory acidemia. The triple low-perfusion acid–base abnormality makes the choice
of an optimal buffer agent difficult (Table 1). Protection of the airways, adequate venti-
lation and chest compression to restore oygenated blood flow are the first therapeutic
steps before any drug application may be evaluated. If CPR continues, various buffer
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Fig. 1. Low-flow acidemia during CPR. Acid–base changes during CPR with mechanical chest
compression and controlled ventilation in pigs. A triple acid–base defect is observed: venous and
tissue hypercarbia, arterial hypocarbia, and arterial and venous lactacidemia. pH units; PCO2
mmHg; lactate mmol/L. Based on refs. 22,24,83.

Table 1
Potential Buffer Substances for Use During CPR

Anorganic buffers
Sodium bicarbonate (NaHCO3)
Sodium carbonate (Na2CO3)

Organic buffers
THAM, tromethamine (CH2OH3 C-NH2)

Buffer mixtures
Carbicarb (Na2CO3 + NaHCO3)
Tribonate (NaHCO3 + Phosphate + THAM + Acetate)

agents are available of which sodium bicarbonate (NaHCO3) is the most widely used. To
date, very few randomized controlled trials are available and neither CO2-generating
(NaHCO3) nor CO2-consuming buffers (CARBICARB®, TRIBONATE®) were clini-
cally proven to increase return of spontaneous circulation (ROSC) or neurologically
intact long-term survival after CPR. In conclusion: the triple acid–base defect associated
with CPR is best corrected by restoration of the low-flow state.
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PATHOPHYSIOLOGY OF ACID–BASE CHANGES

Reduced Blood Flow and Acid–Base Changes During CPR

During the low-flow state of CPR only limited organ perfusion is maintained by
external chest compression with cardiac output around 25% and reduced oxygen delivery
to the tissues (1,2). The metabolism shifts from aerobic to anaerobic pathways with
production of anaerobic metabolites such as lactic acid and CO2. Hence, a complex low-
perfusion acid–base defect evolves that is only reversed after improvement of blood flow
and restoration of adequate tissue oxygenation.

The reduced systemic and pulmonary blood flows curtail alveolar CO2 elimination.
CO2 release from the tissues after endogenous lactic acid buffering and decreased CO2
transport from the underperfused tissues to the lungs results in reduced CO2 elimination
accounting for the accumulation of CO2 in the prepulmonary venous vascular bed and in
the tissues (Figs. 2 and 3).

Clinical studies demonstrated ETCO2 decreases with venous and tissue hypercarbic
acidosis and time coincident arterial hypocarbic alkalosis (3–7).

Predominantly, hypercarbia and lesser lactacidemia emerged as important acid–base
derangements during CPR presenting a therapeutic dilemma. Acid–base changes are an
additional epiphenomenon secondary to low flow and not a disease of its own. When
cardiac output is reduced, tissue and venous hypercarbia is common. The magnitude of
the arterio-venous pH and PCO2 gradients clinically indicate the severity of the perfusion
defect (8–13).

Systemic Acid–Base Changes

The highly diffusable CO2 molecules rapidly cross the cell membranes into the cap-
illaries increasing venous PCO2, thereby inducing hypercarbic venous acidemia. Part of
this excess CO2 is then removed during CPR by the small alveolar-capillary gas exchange.
The increased ventilation/perfusion ratio during adequate ventilation and decreased car-
diac output explains the less acidotic arterial blood than venous blood, i.e., the arterio-
venous paradox (3,14,15). Thus, early minor metabolic acidemia may be compensated
by concurrent respiratory alkalemia because severe arterial acidemia is usually as a result
of inadequate ventilation.

During adequate alveolar ventilation there is increased venous PCO2, decreased arte-
rial PCO2, and time coincident decreased ETCO2 (5,16,17). The arterio-venous gradients
of pH, PCO2, and HCO3

– clinically increased for pH and PCO2 but not for HCO3
–

(3,5,9,18,19). Differing patterns of arterial acid–base derangements are usually related
to the location of CA. Patients resuscitated in wards or in emergency departments had
more severe arterial acidemia and hypercarbia than patients resuscitated in intensive care
units. Thus, the acid–base changes of prolonged CA, such most out-of-hospital CPR
cases, present a combined metabolic and respiratory acidemia (20).

Myocardial Acid–Base Changes and Coronary Perfusion

During myocardial ischemia of CPR anaerobic metabolism generates myocardial H+,
CO2, and lactate with even greater pH and PCO2 gradients in the coronary veins (21–23).
The intramyocardial CO2 increases correlated with the coronary perfusion pressure dur-
ing experimental CPR when coronary blood flow was impaired (23,24).
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Fig. 2. Pathophysiology of low-perfusion acid–base defect during CPR with restoration of
blood flow.

The accumulation of CO2 within the myocardium reflects the balance of local CO2
production, dissociation of endogenous myocardial bicarbonate when buffering anaero-
bically generated H+ ions and reduced clearance of CO2 as a result of low blood flow. CO2
and lactic acid are the predominant determinants of intracellular pH during CPR. Extra-
cellular HCO3

–, i.e., NaHCO3, exerts its effects on intracellular pH only after a delay as
a result of low blood flow and prolonged transfer times from the blood into the intracel-
lular compartment. Bicarbonate buffers anaerobically generated lactic acid increasing
intracellular CO2 and explaining the significant intramyocardial CO2 increases.

Coronary perfusion pressure is the most important determinant of CPR successes cor-
relating with myocardial blood flow (25–27). Coronary perfusion pressures of 15 mmHg
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in patients predicted outcome (28). When intramyocardial PCO2 was above a value of
400 mmHg, coronary perfusion pressure was below 10 mmHg resulting in failure of
experimental CPR (24).

Myocardial PCO2 also correlates with the likelihood of successful recovery of heart
function. Critical threshold levels of myocardial PCO2 above 400 mmHg predicted
failure of cardiac recovery after anoxic CA (23). In patients with aortic valve replace-
ment, myocardial PCO2 predicted the recovery of cardiac function (29,30). Thus, myo-
cardial hypercarbia is a secondary acid–base derangement associated with reduced
tissue perfusion.

INTRAMYOCARDIAL HYPERCARBIA AND ITS RELATIONSHIP TO LACTATE METABOLISM

CO2 is the major determinant of acidosis and decreases in HCO3
– seem to be of minor

importance. In arterial and venous blood, HCO3
– remains almost unchanged during

experimental CPR. In the myocardium, the HCO3
– was calculated by using the

Hendersson-Hasselbach equation assuming the constancy of a pK value of 6.1 (31).
Only minor decreases of HCO3

– were documented, from 21 to 20 mEq/L after a tran-
sient increase to 32 mEq/L during the first 5 minutes of CA (24).

Myocardial lactic acidosis is also evident during CPR with increased great cardiac
vein lactate indicating either hypoxia or ischemia because lactate increases were con-
sistently identified during myocardial ischemia in experimental animals and in humans
(24,32).

Fig. 3. Normalized carbon dioxide and hemodynamic data during porcine CPR. Normalized PCO2
changes during CPR and mechanical chest compression and controlled ventilation in pigs. Drastic
increases in intramyocardial PCO2 are associated with lesser in the great cardiac vein and pulmo-
nary artery and aortic PCO2 decreases. Decreased MAP and CPP are associated with myocardial
CO2 production.MYOPCO2, intramyocardial PCO2; GCVPCO2, great cardiac vein PCO2;
PUAPCO2, pulmonary artery PCO2; ARTPCO2, aortic PCO2; MAP, mean aortic pressure; CPP,
coronary perfusion pressure. (Based on refs. 22 and 24.)
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Central Nervous System Acid–Base Changes
Brain tissue acid–base changes differ from those in the arterial or venous blood. The

rapidly diffusable CO2 molecules increase cerebrospinal hypercarbia during CPR (33).
This central hypercarbia may—when used with NaHCO3—contribute to the prolonged
post-CPR cerebral depression observed in resuscitated patients (34). Cerebrospinal CO2
increases after NaHCO3 induced a “paradoxical” central nervous hypercarbia (35).
However, NaHCO3 was not uniformly followed by intrathecal hypercarbia when NaHCO3
was titrated during CPR or with worse outcomes especially when epinephrine was added
(36). Continuous infusion of 1 mmol/kg NaHCO3 during canine ventricular fibrillation
(VF) and cardiopulmonary bypass was not associated with intracerebral acidosis deterio-
ration (37).

The efficacy of CO2 consuming buffers was not extensively studied. THAM improved
during porcine lactic acidosis cerebrospinal acidemia, but NaHCO3 failed to correct the
intrathecal acid–base disturbances (38). CARBICARB® increased and NaHCO3 further
decreased intracerebral pH during lactic acidosis (39). 31P magnetic resonance studies
demonstrated a paradoxical intracerebral acidosis after NaHCO3 but not after
CARBICARB® (40) and low dose CARBICARB® given during asphyxial CA reduced
neurologic deficits in rats (41).

Acid–Base Changes, Buffer Agents, and Defibrillation
Conflicting reports resulted when acid–base changes and the effects of buffer agents

on defibrillation were investigated. pH ranges from 7.03 to 7.71 were not associated with
VF threshold changes or with special defibrillation difficulties during respiratory or
metabolic acidosis and alkalosis. VF thresholds remained unchanged during respiratory
alkalosis or acidosis (42–46). During metabolic acidosis a reduction in VF thresholds
with increased incidence of VF was observed (47). Conversely, protective effects of
respiratory alkalosis against VF were demonstrated (48). Only when metabolic acidosis
was associated with hypoxia successful defibrillation was prevented (44,45,49). Buffer
agents mostly failed to help defibrillation.

Hypercarbia and Survival
Myocardial PCO2 is a determinant of cardiac resuscitability probably representing an

epiphenomenon of reduced blood flow. Thus, intramyocardial hypercarbia is a secondary
marker of reduced myocardial blood flow. However, experimental studies suggested that
hypercarbia adversely affected outcome even when coronary perfusion pressure was
maintained above the critical threshold for survival (50,51). During FiCO2 ventilation
concurrent arterial, venous and tissue CO2 increases as a result of the rapid equilibrium
of CO2 across the membranes were observed. PCO2 is selectively increased in the venous
blood and in the tissues and in the arterial blood only very late in the CPR process.
Increased intramyocardial CO2 levels induced myocardial “carbonarcosis” with decreased
contractility accounting for the failure of successful CPR. In this setting, buffer agents may
improve postCPR myocardial dysfunction (52).

TREATMENT WITH BUFFER AGENTS

The triple low-perfusion acid–base defect (venous hypercarbia, arterial hypocarbia,
and lactic acidemia) make the choice of any buffer agent a therapeutic dilemma. Para-
mount is the reduction of increased tissue CO2 and the increase of tissue oxygenation
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during reduced organ perfusion by adequate ventilation, chest compression, and early
defibrillation (53–55). Potentially, anorganic, organic and buffer mixtures are available
of which none were clinically proven to increase neurologically intact survival in patients
(Tables 1–3).

Sodium Bicarbonate

NaHCO3 dissociates to Na+ and HCO3
– converting with H+ to H2CO3 and then to CO2

and H2O, which are subsequently excreted by the lungs and kidneys. During normal
ventilation and perfusion, the easily excretable CO2 generated by NaHCO3 is eliminated
by the lungs effectively neutralizing excesses of H+ making NaHCO3 an efficient buffer:

H+ + HCO3
–  H2CO3  H2O + CO2

Because the pK of the bicarbonate system is 6.1, HCO3
– should poorly buffer within

the clinically relevant pH ranges. However, in 20 patients during CPR, the pK of carbonic
acid was equivalent to that of healthy controls (31).

As the transport of CO2 from the tissues to the lungs and its alveolar removal is
impaired during CPR, NaHCO3 may not act as efficient buffer (Figs. 2 and 3). NaHCO3
induced paradoxical tissue and intracellular hypercarbic acidosis (56–58) and decreased
myocardial contractility (58,59). Significant alkalemia is induced after NaHCO3 (14,60)
together with increased osmolal and sodium loads (14,61,62), and pediatric intracerebral
hemorrhage (63,64). NaHCO3 further induced left shifts of the oxyhemoglobin dissocia-
tion curve decreasing P50 (65,66). Most importantly is the failure of NaHCO3 to improve
defibrillation (14,25) or to increase neurologically intact long-term survival (60,67–72).
This may be as a result of simultaneous decreases in aortic diastolic pressure and in-
creases in right atrial pressure resulting in decreases in coronary perfusion pressure
(Table 4; 73).

Nevertheless, these findings are not unequivocal. Laboratory results vary widely as a
result of experimental settings, timing and dosages of buffers, timing of blood sampling
and perfusion magnitude after epinephrine. Better neurologic outcomes after 24 hours in
dogs treated with NaHCO3 and epinephrine were already demonstrated in 1968 (74). Con-
versely, during porcine CPR the failure of NaHCO3 to improve survival up to 20 minutes
of untreated VF was confirmed (75). Recent experimental studies demonstrated after
prolonged CAs improved outcomes when NaHCO3 was used in conjunction with epi-
nephrine (76–78). However, a multivariate regression analysis in 773 CA patients docu-
mented a significant association between failed CPR and the use of NaHCO3 as well as
other ACLS drugs (79). Recently, a retrospective analysis of the timing of NaHCO3 use
of a previous randomized clinical trial demonstrated better ROSC in patients when no
NaHCO3 was administered during CPR (80). Indeed, the use of NaHCO3 decreased in the
1990s after the publication of the 1986 American Heart Association (AHA) guidelines (81).

The magnitude of acid–base changes followed the dosage of NaHCO3 used during
CPR. With doses up to 1.5 mmol/kg, no changes in veno-arterial PCO2 gradients were
observed (60), with doses above of 2 mmol/kg, these gradients transiently increased (75).
Tissue pH—approximated by mixed venous pH—increased after NaHCO3 (9,16,25,70,72)
and paradoxical intracellular pH decreases were observed after high doses of NaHCO3
(35). With less NaHCO3 this effect was not observed (70,82) and intramyocardial pH was
not reversed but continued to decrease after NaHCO3 as after CARBICARB® and saline
placebo (83).
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Table 2
Effects of Buffer Agents During Experimental and Human CPR

Author Year Main observations

Effects on survival

Telivuo 1968 No better survival after NaHCO3
Minuck 1977 THAM, NaHCO3 and NaCl are equivalent during CPR
Guerci 1986 NaHCO3 failed to improve survival
von Planta 1988 NaHCO3, THAM and CARBICARB failed to improve survival
Gazmuri 1990 NaHCO3 and CARBICARB failed to improve survival
Roberts 1990 Significantly less surviving patients after NaHCO3
Wiklund 1990 THAM and NaCl improve resuscitability, but not NaHCO3
Levy 1992 NaHCO3 use in human CPR declined without decreases in survival
Dybvik 1995 TRIBONATE® failed to improve survival in humans
Bar-Joseph 1998 NaHCO3 and CARBICARB® promote ROSC
Van Walraven 1998 NaHCO3 in human CPR failed to improve survival
Leong 2001 NaHCO3 may improve survival after prolonged arrest in dogs

Effects on defibrillation

Turnbull 1966 pH of 7.14–7.60 without influence on fibrillation thresholds
Gerst 1966 During metabolic acidosis more ventricular fibrillation
Dong 1967 Respiratory alkalosis protects against ventricular fibrillation
Yakaitis 1975 pH of 7.03–7.71 without influence on defibrillation
Kerber 1983 Metabolic or respiratory acid–base changes without influence

on defibrillation of ventricular fibrillation

Cardiac effects

Reduction of coronary perfusion pressure (Arterial vasodilatation)
Huseby 1981 Hyperosmolal solutions are arterial vasodilators
von Planta 1988 THAM reduces coronary perfusion pressure
Kette 1991 Hyperosmolal solutions reduce coronary perfusion pressure

Myocardial acidosis

Kette 1990 Intramyocardial acidosis not improved after NaHCO3 or CARBICARB®

Myocardial contractility

Ng 1966 CO2 and NaHCO3 decrease and THAM increases contractility
Clancy 1967 Na2CO3 increases and NaHCO3 decreases contractility
Cingolani 1970 Contractility depends on CO2, not on pH or HCO3

–

Poole 1975 CO2 decreases contractility in isolated rabbit myocardium
Steenbergen 1977 CO2 decreases contractility in isolated rat myocardium
Graf 1985 Decreases in cardiac output and increases in lactate after NaHCO3
Bersin 1988 NaHCO3 reduces and CARBICARB® increases cardiac output
Sun 1996 Buffers improve post-CPR myocardial dysfunction

Proarrhythmia

Lawson 1973 Alcalizinization increases ectopic arrhythmias
Douglas 1979 Bolus of NaHCO3 induces ventricular fibrillation in pigs

Effects on the CNS

CNS acidosis
Posner 1967 Paradoxical CNS acidosis after NaHCO3 during CPR
Berenyi 1975 Severe hypercarbic acidosis in CNS liquor after NaHCO3
Bureau 1980 NaHCO3 increases CNS liquor lactate



Chapter 20 / Buffer Therapy 343

Table 2 (Continued)

Author Year Main observations

Wiklund 1985 THAM but not NaHCO3 corrects liquor acidosis
Kucera 1989 NaHCO3 reduces intracellular pH, but not CARBICARB
Rosenberg 1989 THAM and NaHCO3 have equivalent effects on brain pH
Katz 2002 CARBICARB® reduces neurologic deficit

CNS damage

Posner 1967 Prolonged cerebral dysfunction after NaHCO3 during CPR
Thomas 1976 Severe intracranial bleeding after NaHCO3
Huseby 1981 Bolus of NaHCO3 increases intracranial pressure

Metabolic effects

Alkalosis (Reduction of oxygen delivery, reduced P50)
Douglas 1979 NaHCO3 reduces arterial and venous oxygen concentration
Bureau 1980 Reduction of oxygen delivery to the CNS after NaHCO3
Bersin 1989 NaHCO3 reduces P50 in patients with heart failure

CO2 production
Case 1979 Myocardial CO2 increases during ventricular fibrillation >400 mmHg
Niemann 1984 50 mL 7.5% NaHCO3 liberate 260–280 mmHg CO2
Kette 1993 High intramyocardial CO2 is associated with failure of CPR

Hyperosmolality
Kravath 1970 NaHCO3 induces acute hyperosmolality
Ruiz 1979 Increased osmolality after NaHCO3

Hypernatremia
Mattar 1974 NaHCO3 induces severe hypernatremia and hyperosmolality

Liver acidosis
Graf 1985 Reduction of intrahepatic pH and increase of CO2 after NaHCO3
Bersin 1988 NaHCO3 increases intrahepatic acidosis more than CARBICARB®

The impact of the coronary perfusion pressure on patient survival is well-known (28).
Especially after epinephrine, coronary perfusion pressure increased (84) and NaHCO3
may be advantageous when combined with epinephrine (74).

Thus, restraint in the initial use of NaHCO3 is advised during CPR (Table 5). NaHCO3
should be abandoned for initial “conventional” CPR, it is not recommended for routine
use in CPR! When arrest and CPR times are prolonged, NaHCO3 in reduced dosages
(0.5–1.0 mmol/kg iv bolus; half the dose thereafter) guided by actual bicarbonate con-
centration or base excess may be used. With preexisting metabolic acidemia, hyperkale-
mia, overdoses, or need to alkalize the urine, NaHCO3 may also be useful (53–55).

Carbicarb® (Na2CO3 + NaHCO3)
CARBICARB® is composed of equimolar amounts of NaHCO3 and Na2CO3 consum-

ing CO2 (85). In dogs with hypoxic lactic acidosis, this buffer mixture normalized arterial
pH without increasing arterial CO2 (58). In a porcine model of CPR, arterial and venous
PCO2 decreased after CARBICARB® (70). Neither mean arterial pressure nor cardiac
index decreased after CARBICARB® but significant decreases in the coronary perfusion
pressure—attributed to a vasodilator effect of the hyperosmolal buffer mixture with an
increase in the right atrial pressure—were observed (70,73). Furthermore, CARBICARB®
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Table 3
Composition and Physico-Chemical Properties of Buffer Agents

Tribonate®

Bicarbonate Carbicarb® NaHCO3 + Na2HPO4
Substances and properties NaHCO3 NaHCO3 + Na2CO3 + THAM + Acetate

Na+, mmol/L 1000 1000
HCO3

–, mmol/L 1000 333
CO3 =, mmol/L 0 333
Osmolality, mOsmoL/L 2000 1667 750
pH of solution 8.0 9.6 8.1
Effect on CO2
NaHCO3, mmol/L 160
Disodium phosphate, mmol/L 20
THAM, tromethamine, mmol/L 300
Acetate, mmol/L 200

Tris-hydroxy-methyl-amino-methan (THAM):
Buffer capacity: 500 mmol/L

Table 4
Adverse Effects of Sodium Bicarbonate

Alkalemia
Reduced tissue oxygen availability
Increased risk of ventricular arrhythmias

Hyperosmolality
Irreversible cerebral damage
Arterial vasodilation
Decreased coronary perfusion pressure during CPR

CO2 production
Paradoxical intracellular acidosis
Cerebrospinal fluid acidosis
Decreased myocardial contractility

Survival
Failure to facilitate defibrillation
No improvement of neurologically intact long-term survival

failed to reduce intramyocardial acidosis, myocardial CO2 production, or to increase
ROSC and long-term survival (83). Conversely, CARBICARB® decreased intrahepatic
pH (58) and did not induce paradoxical intracellular acidosis in the rat brain (40). Hence,
these limited data and the lack of controlled human experience do not advise the use of
CARBICARB® as a potential buffer substance during CPR.

Tribonate (NaHCO3 + THAM + Phosphate + Acetate)
The buffer TRIBONATE® (TRIS) is a mixture of NaHCO3, THAM, phosphate and

acetate which also consumes CO2 is predominantly used in Scandinavia. A porcine CPR
study demonstrated that TRIBONATE® exerted better intracellular alkalizing effects
than NaHCO3, but survival was not better after TRIBONATE® than after NaCl (72).
In a prospective clinical trial, 245 TRIBONATE®-treated patients were compared with
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257 saline placebo controls. Only 10% of the TRIBONATE®-treated patients but 14%
of the control patients were discharged alive. A logistic regression demonstrated that
TRIBONATE® failed to improve survival (86). Thus, experimental and clinical data do
not recommend the use of TRIBONATE® during CPR.

Adverse Effects of Buffers
Table 4 summarizes the adverse effects of NaHCO3. Excesses of buffers may trans-

form acidosis into alkalosis. High pH levels decreased P50 reducing tissue O2 availability
because increased hemoglobin affinity impaired tissue oxygen utilization (87). Thus,
lactic acidosis may develop as a result of increased anaerobic glycolysis. Alkalemia also
has proarrhythmic effects inducing ectopic dysrhythmias potentially triggering fatal
ventricular arrhythmias (88).

Increased plasma osmolality above 350 mOsm/kg may induce permanent damage of
white matter and intraventricular hemorrhage precluding return of normal brain function
(61,89,90). Additionally, rapid osmolality increases are associated with hemodynami-
cally relevant decreases of vascular resistance with transient but marked decreases in
coronary perfusion pressures (73,91).

CO2 stemming from NaHCO3 paradoxically decreases intracellular and spinal fluid
pH (34,35,57,92). In vitro myocardial contractility also decreased after NaHCO3 (93).
However, these effects were not yet reported in intact animals or patients during CA. Few
data documented an improved post-CPR myocardial function after buffer agents (52).

The most important shortcoming of the use of NaHCO3 during CPR is its apparent
failure to improve defibrillation success or to increase survival rates after CA. This may
mostly be related to decreased oxygen availability, decreases in coronary perfusion pres-
sure, or paradoxical acidosis when NaHCO3 was administered as the only pharmacon.
Neither CO2-generating or CO2-consuming buffers were extensively tested in patients
and their impact on ROSC or long-term survival after CA was yet never conclusively
documented.

Table 5
Recommendations for NaHCO3 Use During CPR

AHA European Resuscitation Council

Class I: with pre-existing hyperkalemia Consider NaHCO3 (50 ml of 8.4%) to correct

Class IIa: with diabetic ketoacidosis, overdose severe metabolic acidosis. When blood gas

(tricyclics, cocaine, diphenhydramine) or need analysis is not available, consider NaHCO3

to alkalize the urine. after 20–25 minutes of CA.

Class IIb: with prolonged resuscitation and
effective ventilation; after ROSC and long
arrest interval.

Class III: in hypercarbic acidosis
(i.e., CPR without intubation).

Cave: Adequate ventilation and CPR as “major”
buffer agent.

NaHCO3 dose: 0.5–1.0 mmol/kg.
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Post-CPR Phase
During the initial minutes of ROSC, the acid–base abnormalities tend to normalize.

Sudden decreases in tissue and venous CO2 accompany the normalization of tissue and
venous pH. During the early phase of ROSC, ETCO2 increases above normal levels. This
“overshoot” represents the washout of the retained CO2 during CPR. Concurrently, arterial
blood demonstrates a transient hypercarbia consistent with ETCO2 increases. During con-
tinued sufficient ventilation CO2 normalizes within minutes and arterial pH remains low
as a result of the persistence of increased lactate. The slower lactate uptake by the liver,
kidney, myocardium, and gut account for the much slower return to normal in contrast
to the more rapid decreases of CO2. Thus, little if at all buffer agents are needed during
adequate perfusion and ventilation.

CONCLUSION

Given the fact, that few controlled clinical studies are available at this time, a balanced
evaluation of experimental studies with NaHCO3 demonstrated rather detrimental than
beneficial effects regarding survival. CARBICARB® failed to mitigate intramyocardial
acidosis and its hyperosmolal affected decreased coronary perfusion pressure. With
TRIBONATE®, clinical data clearly demonstrated its failure. Thus, alternative buffer agents
such as CARBICARB® or TRIBONATE® cannot be recommended for clinical use.

In CPR cases of short duration, adequate ventilation and efficient circulation elimi-
nates generated CO2. The restoration of sufficient blood flow provides oxygen and coun-
terbalances hypercarbic and metabolic acidemia by concurrent hypocarbic arterial
alkalemia obviating the need for a buffer agent. However, during prolonged CPR, or in
patients with preexisting hyperkalemia (class I), diabetic ketoacidosis, tricyclic, cocaine
or diphenhydramine overdose (class IIa), NaHCO3 together with epinephrine may be
indicated (NaHCO3: 0.5–1.0 mmol/kg; Table 5).

Alternative buffer agents such as CARBICARB® or TRIBONATE® cannot be rec-
ommend for patient use because there are not enough clinical data available. A random-
ized controlled trial examining and comparing CO2 generating or consuming buffer
agents during CPR is therefore mandated. Correction of the low-flow state remains the
primary therapeutic goal. The correction of the acid–base equilibrium will then follow.

In general, efficient CPR is the best buffer therapy. The acidemia of CPR (arterial
hypocarbia, venous and tissue hypercarbia and lactacidemia) is a symptom of low flow.
Thus, acid–base changes are a secondary phenomenon of CPR-associated low flow and
not a pathophysiologic entity of their own. No randomized clinical trials with buffer
agents documented improved ROSC or neurologically intact long-term outcome in
patients.
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INTRODUCTION

Cardiac arrest (CA) as a result of poorly tolerated ventricular tachycardia (VT) or
ventricular fibrillation (VF) is the most common cause of death in many developed
countries including the United States. Even with a steady decline in morbidity and mor-
tality from cardiovascular diseases over 30 years (1), approx 60% of the 489,171 deaths
attributable to coronary artery disease (CAD) in 1990 were out-of-hospital CA. In 1998,
63% of cardiac deaths were sudden and likely arrhythmic (2). Many of these deaths could
have been prevented if the responsible ventricular arrhythmia had been treated with
proper resuscitative efforts. Of 350,000 men who died in 1998, 41% had out-of-hospital
sudden death, and 22% had a cardiac death in the emergency department (ED) or were
dead on arrival. Of 369,000 women who died that year, 52% had out-of-hospital sudden
death, and 12% had a cardiac death in the ED or were dead on arrival (2).

Recent data indicate that the rate of VF causing out-of-hospital CA has decreased from
0.85/1000 to 0.38/1000 (3) over 20 years with a greater proportion of sudden cardiac
deaths as a result of asystole and pulseless electrical activity. Notwithstanding this decline,
VF is an enormous problem and a fail safe method to treat and prevent life-threatening
arrhythmias remains largely unsolved.
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A “chain of survival” strategy: early access, early cardiopulmonary resuscitation
(CPR), early defibrillation, and early advanced cardiac life support (ACLS), advocated
by the American Heart Association (AHA), is crucial for effective resuscitation (4).
Unfortunately, survival plummets despite defibrillation and cardiopulmonary resuscita-
tive attempts if “down time” interval exceeds 10 minutes (5). The odds of survival
decrease by 7–10% for each additional minute before resuscitation (Fig. 1; 6). A meta-
analysis of 10 studies demonstrated a 9.2% absolute increase in survival with the use of
automated external defibrillators (AEDs) by emergency medical technicians simply by
providing earlier defibrillation (7).

Resuscitation succeeds only if it is performed early after collapse (8). In Seattle, 27%
of patients with witnessed out-of-hospital CA survived to leave the hospital, however, in
Chicago, Becker and colleagues reported only a 2% survival rate from out-of-hospital CA
(9). Similarly, in New York City, only 1.4% survived to hospital discharge (10). In New
York, the mean time to first defibrillation shock was 12.4 minutes whereas in Seattle the
first defibrillation shock was delivered within 5.3 minutes after recognition of the CA
(9,11). If defibrillation had been provided within 3 to 4 minutes, even in the Seattle
experience, survival might have doubled. The chance of survival after an out-of-hospital
CA as a result of a ventricular arrhythmia is 40% if one shock is delivered, 30% if two
shocks are delivered, 5% if three shocks are delivered and 2% percent after four shocks
are delivered (12). Although defibrillation can be effective, the shock must be delivered
early, and other initiating conditions must be treatable and treated. Adjunctive therapies
may be required.

This chapter will focus on a rational approach to the use of one adjunctive therapy, anti-
arrhythmic drug use in the setting of resuscitation and recovery from VF and/or VT CA.
The ultimate goal in the use of an anti-arrhythmic drug, as with any resuscitative therapy,
is to have a living healthy patient with excellent potential for good quality of life. Other
surrogate endpoints such as return of spontaneous circulation or survival to hospitaliza-
tion alone are not optimal or even acceptable.

Fig. 1. The chance of successful resuscitation is related to time to defibrillation (6).
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Rationale for Using an Anti-Arrhythmic Drug

Early defibrillation, with proper electrode location, shock waveform, and energy
delivery, may be successful in terminating VF/VT, but return to a perfusing rhythm is
not always possible. Refibrillation is common and occurs in as many as 61% of those
who are defibrillated. Up to 35% refibrillate more than once requiring several defibril-
lation shocks (13). Multiple defibrillation shocks can cause myocardial dysfunction. A
drug that would prevent the need for multiple shocks and/or would reduce energy
requirements for defibrillation would be desirable (14). Episodes of nonsustained VT
can also cause hemodynamic collapse. Anti-arrhythmic drugs, in conjunction with
properly performed CPR and effective defibrillation, may facilitate return to a perfus-
ing rhythm and may help maintain it.

Despite the rationale for use of an anti-arrhythmic drug, there are several concerns:
(a) time wasted starting intravenous lines to administer the drug, instead of effective
CPR and prompt defibrillation, may eliminate any hope of defibrillating the patient
(15); (b) lack of uniform guidelines for drug administration can cause confusion and
improper management; (c) adverse drug–drug and drug–device interactions are pos-
sible; (d) pro-arrhythmia and side effects are frequent; and (e) proof of efficacy is
limited.

Pepe (16), in 1993, stated that “while animal data and logical inference support their
use, no clinical studies have yet validated advanced life support measures such as intu-
bation, epinephrine, bicarbonate, calcium or anti-arrhythmic drugs in cardiac arrest.” In
fact, these interventions may actually worsen prognosis in select settings (17). Still, anti-
arrhythmic drugs may help in the following specific situations:

• Patients with in- or out-of-hospital, poorly tolerated, VTs that cannot be defibrillated or
that recur. Present guidelines suggest use of anti-arrhythmic drugs after CPR, defibril-
lation attempts (at least three) and use of epinephrine or vasopressin (6,18).

• Patients at high risk for having a CA even if one has not yet occurred. Consider the
situation of a patient having prolonged episodes of nonsustained, poorly tolerated, VT or
sustained monomorphic VT. Such patients may have a life-threatening arrhythmia pre-
vented by a stabilizing drug.

• Patients with recurrent ventricular arrhythmias causing repeated implantable cardioverter
defibrillator shocks (19,20). The expectation is that the drug will facilitate defibrillation,
help decrease VF recurrence rates and ultimately stabilize the patient. In this setting, an
anti-arrhythmic drug may also facilitate antitachycardia pacing termination of a VT.

• Patients with CA as a result of a tachyarrhythmia that is not clearly VT. Some patients
may have a CA as a result of rapid ventricular rates in response to atrial fibrillation (e.g.,
the Wolff-Parkinson-White syndrome).

Causes of Ventricular Arrhythmias Causing Cardiac Arrest

The use of anti-arrhythmic drugs, and their benefit, depends on the underlying condi-
tion (Table 1). Treating the underlying cause may provide the greatest benefit. Such
causes include ischemia, electrolyte abnormalities, metabolic problems, and drug pro-
arrhythmia. An anti-arrhythmic drug would not be expected to help in these situations.
Polymorphic VT as a result of acute ischemia is best treated with anti-ischemic therapy,
not an anti-arrhythmic drug that may simply “fuel the fire.” Life-threatening ventricular
arrhythmias as a result of metabolic acidosis, drug toxicity, and electrolyte abnormalities
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may only become worse with anti-arrhythmic drugs. Any drug may be ineffective in the
setting of a severe metabolic problem such as acidosis.

Drugs may be responsible for the CA. Digoxin toxicity can cause VT (including
bidirectional VT) and VF (21–23). Head injury, (24) several types of drugs (25–33), and
electrolyte disorders prolong the QT interval (often in a rate-dependent manner) and can
cause torsade de pointes. Resolution of this problem requires stopping the offending drug
and/or correcting the electrolyte disorder. Anti-arrhythmic drugs generally do not help
in this setting, although lidocaine and phenytoin have been used acutely to stabilize some
patients with drug-induced torsade de pointes (34–36). Minimizing or eliminating ino-
tropic support may yield dramatic results.

If infarcted, scarred myocardium has created a myocardial substrate for a re-entry,
triggered automaticity or an automatic arrhythmia, an anti-arrhythmic drug would be
anticipated to have potential benefit. In some instances, the substrate is modified by acute
ischemia or sympathetic stimulation. In these cases, an anti-arrhythmic drug may also
have benefit. The presence of monomorphic VT suggests that the patient has an under-
lying substrate for reentry as cause for the problem. It is important to distinguish a
monomorphic VT from a supraventricular tachycardia with aberrant conduction so that
proper treatment is instituted. It can be difficult to diagnose the etiology of a wide QRS
complex tachycardia and even when it appears to have the same morphology as the
baseline QRS complex, it can be ventricular in origin (37–41). If the wide QRS tachy-
cardia etiology is not diagnosed, the patient should be treated as if it were VT.

The type of arrhythmia present may indicate the underlying substrate. VF or polymor-
phic VT may be as a result of ischemia, aortic stenosis, electrolyte abnormality, or drug
pro-arrhythmia. The presence of polymorphic VT in select patients such as young indi-

Table 1
Common Causes of Cardiac Arrest as a Result of Ventricular Arrhythmias

Coronary artery disease
Ischemia
Infarction

Idiopathic cardiomyopathy
Myocarditis
Drug toxicity
Electrolyte abnormality
Metabolic abnormality
Poisoning
Drug pro-arrhythmia
Infiltrative heart disease (sarcoidosis, amyloidosis)
Idiopathic ventricular fibrillation
Catecholamine-related ventricular fibrillation
Valvular heart disease
Hypertrophic heart disease including hypertrophic cardiomyopathy
Pulmonary embolus
Structural congenital heart disease
Congenital arrhythmic condition (Brugada syndrome, long QT interval syndrome, arrhythmogenic

RV dysplasia)
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viduals who have no obvious underlying structural heart disease suggests the presence
of a toxin, an underlying congenital problem such as the long QT interval syndrome,
hypertrophic cardiomyopathy or complex congenital heart disease. In the case of the
congenital long QT interval syndrome or the Brugada syndrome, anti-arrhythmic drugs
should be used sparingly as they may result in death when the patient has otherwise
stabilized. Anti-arrhythmic drugs, particularly amiodarone, may have benefit in patients
with hypertrophic cardiomyopathy or arrhythmogenic right ventricular dysplasia. Anti-
arrhythmic drugs must be considered in relation to the underlying problem responsible
for the CA and in light of other drugs being prescribed. There are few data supporting the
use of more than one anti-arrhythmic drug during a CA.

The patient and the underlying condition must be considered. Often the arrhythmia is
not primary. Aggressive anti-arrhythmic drug treatment of an asymptomatic patient with
a well-tolerated arrhythmia may spell disaster.

The Anti-Arrhythmic Drugs (Table 2)

Each anti-arrhythmic drug has specific actions, risks, side effects, and potential for
pro-arrhythmia (42,43). They must be considered individually; many have no proven
efficacy. Despite extensive basic research regarding anti-arrhythmic drugs as a group,
better understanding of mechanistic actions and more accurate classification based on
physiologic effects ([44,45] the Sicilian Gambit [46,47] and the Vaughn-Williams-
Singh classification [48]), the issue comes down to whether these drugs work in a CA.
Intravenous drugs tested include: lidocaine, procainamide, bretylium, amiodarone, and

-blockers.

LIDOCAINE

Lidocaine, as a class IB anti-arrhythmic drug, slows rapid inward sodium current in
ventricular myocardium, slows or eliminates conduction in ischemic myocardium and
inhibits abnormal automaticity. It does not alter potassium conductance. Lidocaine will
not lengthen, and may even shorten, the QT interval. In animal models, lidocaine affects
ischemic myocardium preferentially (49–52) but it may block AV conduction and halt
escape rhythms, such as idioventricular rhythm and therefore result in death from asystole.
Lidocaine may be antifibrillatory but compelling data showing benefit are scant (53).

In a CA, an initial bolus of 1.0 to 1.5 mg/kg IV followed by as second bolus (as there
is rapid peripheral distribution) is necessary to rapidly achieve, and then maintain thera-
peutic but prevent toxic levels. Lidocaine reaches the central circulation after bolus
peripheral administration in approx 2 minutes when perfusion is present. The drug can
also be given via a tracheal approach at 2–2.5 times the IV dose in 10 mL of saline.
Lidocaine may not reach the myocardium effectively in an arrest situation and even if it
does, it may not achieve therapeutic levels in the damaged or ischemic myocardium
responsible for the arrhythmia as that tissue may be isolated from the circulation by an
obstructed coronary artery and/or poor blood flow (this is true for any medications given
during an arrest).

Previously, lidocaine has been considered the “first” anti-arrhythmic drug. Its admin-
istration is based primarily on established use and historic precedent more than real data.
There are few supportive studies. Lidocaine is frequently ineffective and it can be asso-
ciated with neurological toxicity (Table 3). Patients remain at continued risk for death
despite its use. Although lidocaine is well tolerated hemodynamically, patients post-
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Table 2
Vaughan-Williams-Singh Anti-Arrhythmic Drug Classification

Class I
A. Procainamide a b, Quinidine a b, Disopyramide
B. Lidocaine a b, Phenytoin a b, Mexiletine, Tocainide
C. Flecainide, Propafenone

Class II– -Adrenergic blockers a b

Class III–Amiodarone a b, Sotalol, Dofetilide
Class IV–Verapamil a

aAvailable intravenously in the United States (intravenous sotalol, not available
in the United States).

b Possibly useful in cardiac arrest as a result of a life-threatening ventricular
arrhythmia.

Table 3
Side Effects of Anti-Arrhythmic Drugs

Class IA: Procainamide–QRS, QT widening, psychosis, hallucinations, anorexia, nausea,
hypotension, negative inotropic effect, agranulocytosis, torsades de pointes

Class IB: Lidocaine–neurologic toxicity (at high doses–seizures, confusion, disorientation,
fatigue), asystole, hemodynamic impairment (rare), potentiates succinylcholine, metabolism
can be impaired by -blockers

Class II: -Adrenergic Blockers – (metoprolol, propranolol, esmolol)–hemodynamic collapse,
hypotension, bradycardia

Class III: Bretylium–hypotension, hemodynamic collapse, torsade de pointes, increase in QT
interval, sinus bradycardia, nausea, vomiting

Amiodarone a Total
Event (N = 1836)

Hypotension 288 (16%)
Bradycardia 90 (4.9%)
Nausea 72 (3.9%)
Abnormal liver function tests 64 (3.4%)
Heart arrest 55 (2.9%)
Ventricular tachycardia 45 (2.4%)
Congestive heart failure 39 (2.1%)
Fever 37 (2%)

a From the Wyeth-Ayerst Database (>2% side effects).

myocardial infarction (MI) given lidocaine prophylactically do not have improved sur-
vival and may have worsened outcomes compared to placebo (49,50,52,54–56). There
are no randomized controlled trials demonstrating benefit of lidocaine. The lack of effi-
cacy may be as a result of time wasted in administration in lieu of other beneficial
therapies (circulation) or that it is given too late. Even considering these possibilities, it
is unlikely that lidocaine adds much benefit. Furthermore, lidocaine can increase the
energy requirements to defibrillate (57–60).

BRETYLIUM

Bretylium is a class III anti-arrhythmic drug (61) with a long history (62–64). Besides
lengthening repolarization (a class III effect) in ventricular myocardium, bretylium releases
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catecholamines presynaptically on injection followed by a postganglionic adrenergic block-
ing effect (65). Bretylium has been used for monomorphic and polymorphic VT but there
are limited data on efficacy and safety and significant problems with hemodynamic
instability and proarrhythmia. The loading dose is 5 mg/kg. Severe hypotension is a
common side effect of this drug after the initial release of catecholamines (Table 3; 66).
Since 1999, bretylium has been unavailable from the manufacturer as a result of lack of
available raw materials. Although once endorsed as an effective drug (65), it has been
removed from the AHA’s ACLS treatment algorithms and guidelines. Supportive evi-
dence for its benefit is weak (67,68).

PROCAINAMIDE

Procainamide, as a class IA anti-arrhythmic drug, slows conduction and lengthens
repolarization in atrial and ventricular tissue. It can be used for well-tolerated wide-QRS
complex tachycardias suspected to be VT or well-tolerated monomorphic VT. It is given
at a rate of up to 20 mg per minute until the arrhythmia is suppressed, hypotension ensues,
the QRS complex is prolonged by 50% or 17 mg/kg of the drug has been given.
Procainamide is potentially effective for monomorphic VT (more so than lidocaine) (69)
but there are limited data on effectiveness and, serious adverse effects, hemodynamic
compromise, negative inotropic effect, long-term and short-term toxicities, torsade de
pointes, and other proarrhythmic effects are possible (Table 3; 70). Like lidocaine,
procainamide can increase energy requirements to defibrillate.

Procainamide can lengthen the QT interval and can have a proarrhythmic effect.
Procainamide should be avoided in patients with preexisting QT prolongation and in
cases of torsade de pointes. It should be avoided in the setting of polymorphic VT if the
QT interval is prolonged or is not known. Polymorphic VT not as a result of torsade de
pointes, may respond to procainamide (although few data support this use).

AMIODARONE

Amiodarone is a complex drug with class I, II, III, and IV, and other, anti-arrhythmic
effects. It has physiologic effects in atrial, AV nodal, and ventricular tissue. The mecha-
nisms by which amiodarone works in a CA are not clear but it is the most effective drug
for patients with refractory or recurrent poorly tolerated ventricular tachyarrhythmias.
Acute intravenous amiodarone administration may have a different mechanism of action
than chronic oral dosing and the actual mechanism(s) of effect is not known. Part of the
effect may be a class IA anti-arrhythmic effect, a -blocking effect and even a class III
effect.

There are more controlled data on intravenous amiodarone than any other anti-arrhyth-
mic drug and although many suspect that this is the best anti-arrhythmic drug choice,
opinions vary (71). Recent ACLS guidelines incorporate use of intravenous amiodarone
in the pulseless VT/VF algorithm (6). Amiodarone can increase the chance to survival to
hospitalization but it has not yet been shown to increase survival to hospital discharge
(72,73). Amiodarone has potential benefits for control of hemodynamically stable mono-
morphic VT, polymorphic VT, and wide-complex tachycardia of uncertain origin.
Acutely, amiodarone, like bretylium, does not appear to increase the energy requirements
to defibrillate although chronically, it does (59,74,75). The drug may have a direct
antifibrillatory effect.

The metabolism of amiodarone is complex. When amiodarone is given intravenously,
the half-life of amiodarone is relatively short because the volume of distribution is large
(70 m/kg) and the dose will be re-distributed into fat, the liver, the heart, and the brain.
The half-life of redistribution is a few hours or days with the serum half-life being 12 to
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24 hours. There is a close relationship between the serum and the myocardial levels. The
presence of amiodarone in the myocardium does not ensure a physiologic effect as the
site of action is not well defined (76). Intravenous amiodarone will ultimately become
metabolized in the liver to the active metabolite desethylamiodarone, a class III anti-
arrhythmic drug. The site of action of intravenous amiodarone and its side effects may
in part be related to the metabolite but it is unclear the mechanism by which either works.

Intravenous amiodarone is associated with a 4.9% incidence of bradycardia, 3.9%
incidence of nausea, 3.4% incidence of abnormal liver function tests (even fulminant
hepatic necrosis and abrupt liver failure; Table 3). Other side effects, including pulmo-
nary toxicity during the acute phase of administration, are relatively rare. Most side
effects as a result of intravenous amiodarone are relatively easy to manage. If the patient
becomes hypotensive during IV amiodarone infusion, the best approach is to provide
intravenous fluid support and to decrease the rate of infusion of the drug. If possible, it
is preferential but not mandatory to give intravenous amiodarone via a central line.
Amiodarone has been associated with hypotension in up to 16% of patients. This
hypotension is usually less severe than that which occurs with procainamide.

Hypotension from intravenous amiodarone appears to be as a result of peripheral
vasodilatation but it also can have a negative inotropic influence. Both effects are as a
result of the vehicle (Tween-80, polysorbate). Amiodarone is not water soluble but it is
possible to make a micellar dispersion (77). However, trials evaluating aqueous intrave-
nous amiodarone have failed to demonstrate clear, convincing, benefit over the standard
formulation and there is risk of severe phlebitis. One randomized as yet unpublished trial
of aqueous intravenous amiodarone was stopped early as a result of severe adverse side
effects (potentially life-threatening phlebitis) and no evidence for additional benefit. The
present formulation has side effects that are manageable and acceptable. The drug is
available in vials but has a relatively short shelf life.

Amiodarone pro-arrhythmic effects include bradycardia, asystole, and torsade de
points but after cardiac arrest, risks appear to be less than for other anti-arrhythmic
drugs. Pro-arrhythmia (78) includes polymorphic VT or torsade de pointes. It may be
very difficult to distinguish the problem of “amiodarone deficiency” from drug pro-
arrhythmia. Assessment of the QT interval may help but if the arrhythmias are worsen-
ing despite the amiodarone dose, it may be best to with hold the drug. Some patients
require large doses of intravenous amiodarone to stabilize. If, after intravenous
amiodarone is given, the patient has recurrent episodes of polymorphic VT or VF and
does not seem to be stabilizing, the physician should consider the possibility that
amiodarone might be pro-arrhythmic and consider stopping the drug early. The issue is
confusing because amiodarone commonly increases the QT interval without inducing
torsade de pointes (79) and yet it can also cause polymorphic VT without even length-
ening the QT interval.

In an arrest situation, a bolus of 300 mg intravenously is appropriate but if the patient
is in sinus rhythm and is between episodes of recurrent CA, a dose of 150 mg is appropri-
ate. Repeat boluses may be needed to stabilize a patient. Although a total of six 150-mg
boluses are recommended additionally to intravenous infusion, some patient may require
more than nine boluses in a 24-hour period to achieve stability.

Most patients who survive a CA do not require an anti-arrhythmic drug but if
amiodarone was required to achieve initial stability, then continuation of amiodarone is
appropriate until other therapies can be implemented. Several algorithms have been
developed and recommended to transition from intravenous to oral amiodarone dosing.
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In the process of transition, the total intravenous dose given, the severity and recurrence
of the arrhythmia, the capability of the gastrointestinal tract to absorb the drug must be
considered. In general, if a patient was loaded well on intravenous amiodarone and has
continued on an infusion, there should be an overlap between the intravenous and the oral
doses. The oral dose given after 1 to 2 days of intravenous bolus and infusion should
generally begin at 800 to 1200 mg per day before the intravenous drug is stopped. Then,
after several days, if the patients remain stable, the dose can be decreased to 600 to 800 mg
a day in divided dosages. The rest of the load depends on all other clinical variables; total
loading may take up to 1 month.

The cost of amiodarone was once a concern but intravenous amiodarone has come
down substantially in price recently as it is now nonproprietary. The current cost is less
than $7 for a 150-mg vial.

INTRAVENOUS -BLOCKERS

-Blockers can prevent ischemia and reinitiation of VT and VF by several mechanisms
(80–82). Unfortunately, -blockers may impair hemodynamics and worsen heart failure
(Table 3). The drugs most commonly given in this setting are metoprolol and esmolol.
There are data describing the decreased mortality in patients with CAD in individual trials
(83–85) and in a meta-analysis (86). Data supporting -adrenergic blocker use for acute
treatment of ventricular arrhythmias are limited, but encouraging.

Case reports and patients with “electrical storm” (see section on Electrical Storm )
may benefit. -Blockers with concomitant atrial pacing may suppress exercise-induced
repetitive polymorphic ventricular ectopy, paroxysms of bidirectional VT, and bursts of
slow idiopathic polymorphic and monomorphic VT (87,88). High-dose propranolol was
used in conjunction with extra-corporeal life support and an intra-aortic balloon pump
to treat refractory VT (89). -Blockers may augment the efficacy of amiodarone as was
shown in a randomized crossover study of 20 patients with ejection fraction of 0.28 ± 0.8
and recurrent or incessant VT (90). Other data suggest this drug class may be
antifibrillatory and have additive effects to amiodarone (91).

It does not make sense to use a -adrenergic blocker with a -adrenergic stimulant.
Before starting a -blocker, dobutamine, isoproterenol or epinephrine should be with-
drawn. The side effects of -blockers—hypotension, bradycardia, and cardiovascular
collapse—may limit their use in the setting of a resuscitative effort.

DO ANTI-ARRHYTHMIC DRUGS HELP IN CARDIAC
RESUSCITATION? THE CLINICAL TRIAL DATA

The early data on anti-arrhythmic drug effects collected on resuscitated patients were
case reports or nonrandomized and retrospective trials. This, in part, is a result of the
difficulty in obtaining data and performing studies in such patients. Not surprisingly, by
the time the anti-arrhythmic is given, the chance of survival is vanishingly small. The
patient population and the resuscitation methods differ from the modern era of resusci-
tation. Also, the approach to resuscitation may have been overly aggressive; patients
received the “kitchen sink” so that it was difficult to determine the benefit, or lack thereof,
for any specific intervention.

Initial studies used bretylium and lidocaine (54,59,62–64,67,69). Lidocaine and
bretylium were ineffective in experimental cardiac arrest and in clinical resuscitation
(61). Lidocaine was “not useful for improving outcome in patients who persist in VF”
(15). It increased the chance for asystole and delayed the use of needed shocks. In 1989,
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Armengol studied 20 patients with 31 episodes of wide complex tachycardia treated with
lidocaine. Nineteen percent (six episodes in five patients) had successful termination of
tachycardia. However, in three of these five patients, lidocaine was ineffective against a
recurrence of tachycardia (92). Other studies evaluating lidocaine in monomorphic VT
show that it is relatively ineffective (69,93,94).

In 1994, Nasir evaluated the use of lidocaine in patients with spontaneous or induced
monomorphic VT but without MI. Of 128 patients, only 10 (8%) had successful termi-
nation with lidocaine. None of these drugs was remarkably beneficial (93).

In 1994, Ho compared the efficacy of lidocaine and sotalol in 33 patients with spon-
taneous sustained VT. The investigator crossed over the patients to the other drug if the
initial drug was ineffective after 15 minutes. VT was terminated by lidocaine in 18 % and
by sotalol in 69% (94).

Gorgels studied 29 patients comparing procainamide to lidocaine in 1996. Nineteen
percent of the lidocaine patients and 79% of the procainamide patients had successful
termination of VT (69). Procainamide is a difficult drug to use in a resuscitative effort
because it needs to be given relatively slowly. This is as a result of its negative inotropic
effect and its vasodilatory effect. The infusion can take more than 30 minutes. This drug
is best used for well-tolerated VT or for those patients who have intermittent episodes of
tachycardia.

One large trial evaluated 773 in-hospital CA patients, 245 of whom (32%) had VT or
VF (17). Of these, 585 could be resuscitated with return of spontaneous circulation. A
multivariate analysis of outcome vs anti-arrhythmic drug treatment in these 245 patients
controlling for age, gender, rhythm, cause of arrest, and chronic cardiorespiratory disease
indicated risk reduction with lidocaine (N = 42) OR 0.53 (95% CI = 0.31–0.90) and
possibly with bretylium (N = 36) OR = O.56 (0.26–1.23). These data, although relatively
scant, provide evidence for a positive benefit from these anti-arrhythmic drugs.

Initial reports focused on intravenous amiodarone after other drugs had failed. These
small trials showed that intravenous amiodarone had promise. Mostow (95) evaluated
intravenous amiodarone in the early 1980s, in 36 patients. In an uncontrolled trial, he
showed that intravenous amiodarone markedly reduced recurrent episodes of poorly
tolerated VT. In patients unresponsive, or resistant, to other anti-arrhythmic therapies,
Morady (N = 15; 96) showed an 80% response for VT, Helmy (N = 46; 97) showed a 59%
response for VT and VF, Klein (N = 13; 98) showed a 54% response for VT, Ochi (N =
22; 99) showed a 64% response for VT and VF, Schutzenberger (N = 15; 100) showed
a 60% response for VT and VF and Mooss (N = 350; 101) showed a 63% response for
VT. These small but compelling trials opened the way to controlled clinical trials of
intravenous amiodarone.

RANDOMIZED TRIALS EVALUATING ANTI-ARRHYTHMIC DRUG
EFFICACY IN CA: THE VALUE OF INTRAVENOUS AMIODARONE

Controlled trials assessed the potential benefit of intravenous amiodarone during
resuscitation. These trials have included in- and out-of-hospital episodes of VT and VF
and have included patients with various clinical presentations. The first controlled stud-
ies involved patients with recurrent VT and VF refractory to all other medical therapy.
These patients had exposure to many anti-arrhythmic drugs. The combination of these
drugs may have been synergistic or antagonistic. There are no randomized clinical trials
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assessing the survival benefit of a combination of anti-arrhythmic drugs or a -blocker
plus amiodarone (compared to no combination) in patients having out-of-hospital CA.
Later trials evaluated the use of intravenous amiodarone as the sole anti-arrhythmic drug.

Dose-Ranging Studies

Two multicenter trials were dose ranging, evaluating patients randomized to different
doses of intravenous amiodarone. The first trial, reported by Scheinman (Fig. 2; 102)
used intravenous amiodarone at 125 mg per 24 hours, 500 mg per 24 hours, and 100 mg
per 24 hours but patients could get additional boluses. To be enrolled in this trial, patients
had to experience two episodes of VT and/or VF over 24 hours. Most of these patients
were in-patients. The doses of IV amiodarone prescribed were: 125 mg (N = 117), 500
mg (N = 119), and 1000 mg (N = 106) over 24 hours. All patients were given lidocaine,
procainamide and often bretylium before amiodarone and all patients were refractory to
these drugs. This study did not achieve statistical significance in the mean number of VT
events per hour (total events = 342, p = 0.067 between groups, intention to treat) and
there was no survival difference. There was a trend to an improved outcome at the
highest dose of compared to the lowest dose of intravenous amiodarone (0.02 events per
hour at the highest dose compared to 0.06 events per hour at the lowest). Those taking
the higher dose needed fewer boluses of intravenous amiodarone and therefore consid-
ering the extra boluses, many patients in all three arms received similar total doses of
amiodarone (102). The mean additional 150 mg boluses for those with the lowest start-
ing dose was 2.44 (median = 2) doses compared to 1.75 (median = 1) doses for the
highest dose (p = 0.032). Patients in this trial were critically ill and refractory to all other
treatment. Many responded extraordinarily well to amiodarone and survived when they

Fig. 2. (A) IV amiodarone dose-ranging study (102). *Cochran-Mantel-Haenszel procedure.
(B) Total supplemental boluses of IV amiodarone.
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had no chance otherwise. The investigators who participated in the trial were often
pleased and surprised with patient outcomes.

A second dose ranging trial by the Intravenous Amiodarone Multicenter Trial Group
included 273 patients refractory to IV lidocaine, bretylium, and procainamide (103).
This study evaluated the response rate and safety of intravenous amiodarone in 273
patients with recurrent, hypotensive VT (blood pressure <80 mmHg systolic) or fibril-
lation refractory to lidocaine, procainamide, and bretylium. Patients were randomized
to receive 500 mg, 1000 mg, or 2000 mg over 24 hours by a 150 mg bolus followed by
an infusion. One hundred and ten of 237 patients (40%) who completed the 6-hour load
survived the 6- to 24-hour maintenance period without recurrent hypotensive ventricu-
lar tachyarrhythmias when intravenous amiodarone was used as a single anti-arrhyth-
mic drug. Twenty-nine of 237 patients (12%) responded to amiodarone in combination
with another drug. Thirty-six patients (15%) were withdrawn from the study during the
first 6 hours, 17 (7%) died, 14 (6%) were withdrawn as a result of adverse effects, and
5 (2%) were withdrawn as a result of intractable arrhythmias. There were no significant
dif-ferences between groups in the percentage in 24 hours with a successful response
but there was a trend to improved success in the higher dose group. Of patients whose
arrhythmias were not controlled during the 6- to 24-hour period, 14 (5%) died and 7
(3%) were withdrawn because of adverse effects. There was no clear dose–response
relationship in this trial with respect to success rates (primary end-point), time to first
tachycardia recurrence (post hoc analysis), or mortality (secondary end-point) over 24
hours.

Amiodarone vs Bretylium
In another multicenter trial (Fig. 3; 104), intravenous amiodarone was compared to

bretylium in patients who were refractory to procainamide (as possible to give) and
lidocaine (all patients). The study entry criteria included patients refractory to defibril-

Fig. 3. IV amiodarone vs IV bretylium (104).
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lation (at that time monophasic shocks) or with recurrent episodes of VT or VF. Patients
did not need to be refractory to procainamide and did not receive bretylium before study.
Doses of intravenous amiodarone (125 and 1000 mg over 24 hours) were compared to
bretylium 5 mg/kg. Three hundred and two patients were enrolled in this double-blind,
randomized trial. Recurrent ventricular arrhythmias were less for patients receiving the
higher dose of amiodarone compared to the lower dose but there were no differences
between the bretylium group and the group taking higher doses of amiodarone (p = 0.07).
In a post hoc analysis of this intention to treat study, patients placed on bretylium had
more frequent recurrences of VT. Nearly 50% were crossed over to amiodarone. Based
on these mainly in-patient studies without placebo control, it appears that intravenous
amiodarone is somewhat superior to bretylium. The intravenous amiodarone boluses
given in these trials were not necessarily given during a CA but were often given between
recurrent episodes of CA.

THE ARREST TRIAL

Data regarding resuscitation in the field came from the Amiodarone after Resuscita-
tion of Out-of-Hospital CA as a result of VF (ARREST) trial (Figs. 4,5; 72). This single-
center randomized placebo-controlled trial performed in Seattle involved patients who
experienced out-of-hospital CA and had persistent or recurrent episodes of VT or ven-
tricular and thus failed standard resuscitation measures including intubation, epineph-
rine, and defibrillation. Subjects were randomized blindly to a 300-mg intravenous
amiodarone bolus or a placebo bolus. The primary endpoint was the survival rate to
admission to the hospital as the study was not powered to assess mortality (Fig. 4).
Secondary endpoints included adverse drug effects, time to return of spontaneous circu-
lation, survival to hospital discharge, and neurological status at hospital discharge.

Of 504 patients enrolled, predictors of hospital admission included: initial rhythm of
VF (p < 0.001), dispatch to advanced life support unit (p < 0.001), transient return of

Fig. 4. The ARREST trial (72).
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spontaneous circulation before therapy (p < 0.001), arrest at home or at a nursing home
(p < 0.003), anti-arrhythmic drug before treatment (p < 0.04), and amiodarone (p < 0.02).
Amiodarone was associated with better survival to hospital admission whether the drug
was administered early or late (Fig. 5) (OR = 1.6, 95% CI, 1.1 to 2.4; p = 0.02).

Amiodarone was associated with more hypotension and bradycardia and there was no
survival benefit to hospital discharge. This raises the concern that amiodarone might
simply extend hospital stay and increase hospital cost with no palpable benefit.

In the ARREST trial, another concern was that the time the anti-arrhythmic drug was
given in the “field” was quite late, even in the circumstances of a planned trial. The drug
was given 15 to 25 minutes after the arrest. By that time, it would not be unexpected for
a patient to die from a CA despite administration of an effective drug. Even if amiodarone
were given centrally, it may have no effect as it might not ultimately reach the myocar-
dium.

Several issues became apparent: (a) an anti-arrhythmic drug may be beneficial but for
it to be effective, it must be given early; (b) the best method to give an anti-arrhythmic
drug remains uncertain; (c) even in the best of circumstances, the anti-arrhythmic drug
may not help improve survival; and (d) the best initial dose of amiodarone is not known
but 300 mg was associated with few side effects and this dose, larger than Food and Drug
Administration recommendations, may have additional benefits over 150 mg intrave-
nously (which may be better in less urgent situations).

In the ARREST Trial, intravenous amiodarone appears capable of facilitating return
of a perfused rhythm compared to placebo but lidocaine was not tested in a head-to-head
comparison.

THE ALIVE TRIAL

The Amiodarone vs Lidocaine In Pre-Hospital Refractory VF Evaluation (ALIVE) trial
(105) was also a single-center trial (Figs. 6,7). Patients experiencing out-of-hospital CA,
refractory to standard resuscitative maneuvers, were recruited similar to those in the
ARREST trial. Patients were given intravenous lidocaine 1.5 mg/kg and intravenous
amiodarone placebo (vehicle) or intravenous lidocaine placebo and intravenous
amiodarone 2.5 mg/kg (blinded double dummy as a result of differences in preparation

Fig. 5. The ARREST trial (72).
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Fig. 6. The ALIVE trial (105) subgroup survival.

of the two drugs). As in the ARREST trial, patients were required to fail three defibril-
lation shocks, intubation, and epinephrine and had to have persistent or recurrent hemo-
dynamically intolerable VT or VF to be enrolled.

The primary endpoint was survival to hospital admission (Fig. 6). The study was
powered to assess the primary endpoint to increase hospital admission from 25 to 40%
(  = 0.05;  = 0.2). The amiodarone group (N = 179) was compared to the lidocaine group
(N = 165). There were no differences in age, sex, weight, history of heart disease (present
in more than 60%), witnessed arrest (more than 75%) or bystander CPR (more than 25%).
The last recorded rhythm before drug administration was VF in more than 90%. On
average, five shocks were given before drug administration. The time to first defibrilla-
tion shock was 11 minutes, the time to the intravenous administration was 13, minutes and
the time to study drug was 25.2 ± 8.0 minutes in the amiodarone arm and 24.1 ± 7.0 minutes
in the lidocaine arm.

In the ALIVE trial, the number surviving to hospital admission was greater in the
amiodarone arm with a risk ratio of 2.17 (1.21, 3.23). The survival to hospitalization for
amiodarone patients was 25.2%, whereas with lidocaine it was 13.3 (p = 0.02) when the
rhythm was VF. When it was not, 13.5% of those given amiodarone survived compared
to 0% given lidocaine (p = 0.06). Those given amiodarone whether given early or
late (Fig. 7) were more likely to survive to hospitalization than those given lidocaine.
The rate of survival to hospital admission depended on the time between dispatch of the
emergency medical service and time of administration of the study drug. Those receiving
amiodarone fared better when the drug was given early. The treatment and the time
effects of amiodarone were both significant (treatment effect p = 0.005, time effect
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Fig. 7. Survival rate to hospital admission by time of dispatch of EMS crew to administration
of drug (105).

p < 0.001, interaction between time/treatment p = 0.26, multiple logistic-regression
analysis).

Survival and better outcomes were associated with earlier administration of an anti-
arrhythmic drug and amiodarone was better than lidocaine. The data were further strength-
ened by the fact that the use of an anti-arrhythmic drug is dependent on the time course
for administration. There was no mortality benefit from either anti-arrhythmic drug but
the study was not powered to assess this survival to hospital discharge.

WHEN SHOULD ANTI-ARRHYTHMIC DRUGS BE USED IN CARDIAC
ARREST?

Based on ACLS guidelines (6), anti-arrhythmic drug therapy is not high on the list of
first-line approaches to treat life-threatening ventricular arrhythmias (Table 4). There are
no class I indications for the use of anti-arrhythmic drugs. Based on the present data it is
reasonable to consider an anti-arrhythmic drug after defibrillation attempts and CPR
have been undertaken appropriately for those with CA as a result of a ventricular arrhyth-
mia. The rhythm causing the arrest must be scrutinized, as it may be a bradyarrhythmia
unresponsive to an anti-arrhythmic drug. It may be sinus tachycardia or a supraventricu-
lar tachycardia that will not respond to an anti-arrhythmic drug as expected. The rhythm
could be a wide QRS but “perfusing” rhythm that should not be suppressed. It is also
important to recognize that an anti-arrhythmic drug will not work effectively if it is given
too late in the course of the resuscitation effort as severely damaged cardiac muscle will
not respond to anti-arrhythmic drug.

A team effort in a resuscitation attempt should include proper defibrillation, proper
CPR, and simultaneous preparation for more advanced therapies such as anti-arrhythmic
drugs utilization, preferably via a central line.

Summary of Anti-Arrhythmic Drug Data (Table 4)
The greatest amount data available concerning the benefit of an anti-arrhythmic drug

in the face of resuscitation from ventricular tachyarrhythmia favors use of intravenous
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Table 4
ACLS Guideline Recommendations

Wide complex tachycardia, type unknown, stable

Attempt diagnosis: 12 lead ECG (adenosine de-emphasized)
If unable to make a diagnosis:

EF normal: cardioversion, procainamide or amiodarone
EF <40%, heart failure or unknown: cardioversion or amiodarone

Stable VT Monomorphic/Polymorphic

Monomorphic VT: cardioversion or

EF normal: procainamide (IIa), sotalol (IIa), amiodarone (IIb), lidocaine (IIb)
EF poor: amiodarone 150 mg IV/10 minute or lidocaine 0.5–0.75 mg/kg IV push
If ineffective, synchronized cardioversion

Polymorphic VT: cardioversion or

Normal QT (consider: ischemia, electrolyte or metabolic problem and treat).
EF normal: -Blocker or lidocaine or amiodarone or procainamide
EF impaired: amiodarone 150 mg/10 minute or lidocaine 0.5–0.75 mg/kg IV push
Then, cardioversion, as needed

Prolonged QT baseline (Torsade de Pointes)
Correct electrolytes, stop offending agent
Magnesium sulfate, overdrive pacing, isoproterenol, phenytoin (?), lidocaine (?)
If ineffective, cardioversion

VF/Pulseless VT

CPR, defibrillation three times (200 J, 200 J–300 J, 360 J) or equivalent biphasic shocks
(150 J–200 J). If unsuccessful: vasopressin 40 U IV (class IIb) or epinephrine 1 mg
q3–5 minute (class indeterminate) and then defibrillate at maximum output. If ineffective:

Anti-Arrhythmic drug

First: Amiodarone 300 mg IV push, can repeat 150 mg IV once (class IIb)
Second: Lidocaine 1.0–1.5mg/kg IV push q3–5 minutes up to 3 mg/kg (class indeterminate)

Mg+2SO4 1–2 g IV if polymorphic VT/hypomagnesaemia (class IIb)
Procainamide 30 mg per minute up to 17mg/kg (class IIb)

Bicarbonate prolonged arrest (class IIb), hyperkalemia (class I), bicarbonate responsive
acidosis (class IIa), tricyclic overdose (class IIa), or to alkalinize urine for aspirin overdose
(classIIa); not for hypercarbia

Defibrillate at maximal output

Summary of ACLS Guidelines – Use of Anti-Arrhythmic Drugs

Amiodarone (class IIb) and procainamide (class IIb) before lidocaine and adenosine for
hemodynamically stable wide-complex tachycardia, and unstable VT/VF.

Amiodarone for stable monomorphic and polymorphic VT (class IIa).
Amiodarone – more evidence-based support than any other anti-arrhythmic drug.
Lidocaine – acceptable for shock-refractory and/or pulseless VT (evidence is poor, studies are

weak). (“Indeterminate” recommendation). Not for routine prophylaxis.
Magnesium sulfate – hypomagnesemia and Torsade de Pointes (class IIb)

ACLS, advanced cardia life support; EF, ejection fraction; VT, ventricular tachycardia; IV, intravenous;
VF, ventricular fibrillation. (From ref. 6.)
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amiodarone. The AHA ACLS guidelines give intravenous amiodarone a class “IIb”
indication. Lidocaine has an “indeterminate” indication but it is not contraindicated (6).

This recommendation is based on data from randomized controlled clinical trials in
various settings. No trial has yet demonstrated survival benefit of amiodarone or any
other anti-arrhythmic drug in CA. Clearly, the benefit of resuscitation comes from aggres-
sive cardiopulmonary resuscitation and appropriate and rapid defibrillation. This must be
the first-line approach.

On the other hand, if this approach is ineffective despite appropriate delivery of
defibrillation shocks and appropriate CPR, it is possible that an anti-arrhythmic drug will
improve the outcome. If it is to help, the anti-arrhythmic drug must be given early and must
be given so that the drug can reach the myocardium at risk. No study has yet demonstrated
that an alternative delivery approach would be beneficial (such as injection directly into
the left ventricle).

Thus anti-arrhythmic drugs are second line therapies: intravenous procainamide in
relatively well-tolerated sustained monomorphic VT, IV lidocaine when there is a pro-
longation in the QT interval, and IV amiodarone as for patients with recurrent or refrac-
tory VT or fibrillation despite appropriate defibrillation attempts.

Is Intravenous Magnesium Sulfate Effective?
Magnesium use is controversial but most data do not support its use in CA (106–111).

One report was a randomized placebo-controlled trial of patients without clinical need for
magnesium (including Torsade de Pointes) who had in-hospital CA (112). Fifty-six
patients were treated with either 2 g of magnesium sulfate followed by an infusion of
8 g over 24 hours or placebo. The primary endpoint was return of spontaneous circulation
least 1 hour after CA. The secondary endpoints were survival to 24 hours, survival to
hospital discharge, and neurological outcome. Magnesium showed no significant ben-
efit.

In an open label prospective study, Miller et al. (106) assessed patients at a single
center who had in-hospital CA as a result of a ventricular tachyarrhythmia refractory to
three defibrillation shocks and intravenous epinephrine dose (three defibrillation attempts).
Twenty-nine patients received magnesium sulfate and defibrillation shocks; 33 received
shocks alone. The groups were similar although those randomized to magnesium sulfate
had a 5-minute longer code (14.2 vs 19.8 minutes). There was only a trend toward benefit
with magnesium resuscitation in 21% (7/33) vs 35% (10/29) (p = 0.21).

Other studies have evaluated intravenous magnesium with discrepant results
(107,110). The body of evidence does not support intravenous magnesium in resuscita-
tion unless the patient has torsade de pointes (113) or is magnesium deficient.

What to Do If Intravenous Anti-Arrhythmic Drugs
Do Not Stabilize the Patient in the Face of Resuscitation

Recurrent or refractory episodes of VT or VF may occur despite aggressive defibril-
lation attempts and the use of intravenous anti-arrhythmic drugs. Evaluation should
include consideration of the potential mechanisms involved. Treatment should address
influences of ischemia, drug pro-arrhythmia, inotropic drug effects and other initiators.
Some patients have a ventricular ectopic beat on a T wave responsible for triggering
recurrent VF. This may be in part as a result of bradycardia. Backup pacing may help these
patients. Methods to decrease sympathetic tone may also be beneficial but -blockers
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may be too risky. Sympathetic tone can be decreased by ventricular assist devices such
as an intra aortic balloon pump or a left ventricular assist device (114). They also decrease
ischemia and myocardial stretch both of which may be responsible for recurrent episodes
of CA (115).

Specific Situations
IMPLANTABLE CARDIOVERTER DEFIBRILLATORS AND ANTI-ARRHYTHMIC DRUGS

Amiodarone or procainamide may slow the VT and make it more resistant to an
implantable cardioverter defibrillator (ICD) shock (116). If the VT slows, it may be
below the programmed detection limit of the implantable defibrillator and the device will
not deliver a shock for VT. Procainamide can increase defibrillation thresholds (117).
Lidocaine also will increase defibrillation thresholds sometimes dramatically (bretylium
does not [60,118]). Intravenous amiodarone does not seem to increase defibrillation
thresholds as much. Anti-arrhythmic drugs may also make the rhythm more amenable to
pacing termination through the ICD.

The Brugada Syndrome
This congenital syndrome is as a result of a “channelopathy” in which there is a defect

in the Ito (transient outward current [119,120]) and/or the inward Na+ current. When
inward Ca+2 currents (ICa) are overwhelmed by Ito, the action potential duration may
shorten leading to re-entry as a result of heterogeneous repolarization. Class I anti-
arrhythmic drugs can make this problem worse (119,121–123). If this problem is diag-
nosed, anti-arrhythmic drugs should be avoided as none are shown to be safe in this
condition even though quinidine may have unique effects.

Catecholaminergic Polymorphic Ventricular Tachycardia
This syndrome has been associated with abnormality in the protein hRyR2, the

ryanodine receptor, found inside the cell. This regulates release of calcium ions in the cell
(124). There are abnormalities in this receptor in arrhythmogenic right ventricular dyspla-
sia as well (125). Patients with this congenital syndrome can respond well to -adrenergic
blockade.

Congenital Long QT Interval Syndrome
This is a congenital condition in which CA is triggered by the long QT interval allow-

ing polymorphic VT or VF to occur (119,126). There are several genetic abnormalities
in repolarization causing this life-threatening problem. Acutely, no anti-arrhythmic drug,
except for perhaps lidocaine, is appropriate in this setting as procainamide and amiodarone
may make the problem of recurrent ventricular tachyarrhythmias even worse by length-
ening repolarization. There is often a family history of CA in these individuals. Suspect
this problem in a young patient at low risk for cardiac conditions.

Acquired Long QT Interval Syndrome
Torsade de Pointes is a polymorphic VT in association with a prolonged QT interval.

(QTc >0.45 seconds). In a retrospective review of 190 patients with out-of-hospital CA,
117 patients (62%) had monomorphic VT and 73 (38%) had polymorphic VT. Of the
73 patients with polymorphic VT, 49% had a prolonged QTc. In this review, patients
with a prolonged QTc who were treated with ACLS had an equal rate of out-of-hospital
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return of spontaneous circulation to those with a normal QTc interval (127). This problem
is common and must be considered before giving a drug that lengthens the QT interval
even more (such as procainamide, bretylium, or amiodarone). The treatment is well-
reviewed elsewhere (125).

HYPOTHERMIA

Hypothermia can lengthen the QT interval and cause severe bradycardia (129–132).
When the body warms up too fast especially as the temperature reaches 90° F (although
the data differ), VF is common (133–137). The goal is to repeatedly defibrillate and warm
slowly. Anti-arrhythmic drugs are not shown to be effective and may be harmful in this
instance.

Cocaine-Induced Cardiac Arrest
Cocaine use can be associated with VF or unstable VT by several mechanisms

(138,139). -Blockers in such patients may cause coronary vasoconstriction and should
be avoided (class III indication, i.e., not indicated). There are no clear data supporting the
use of an anti-arrhythmic drug in this setting. Cocaine can also influence, and lengthen,
the QT interval so that intravenous amiodarone may be dangerous. Cocaine can also have
class I anti-arrhythmic drug properties. In patients with cocaine-induced VF, when recur-
rent, treat for MI first. No specific data support the use of an anti-arrhythmic drug.

ELECTRICAL STORM

Electrical storm consists of multiple recurrences of VF or poorly tolerated VT requir-
ing defibrillation. It is seen in the setting of acute ischemia, acute infarction, decompen-
sated heart failure and drug toxicity. The cause should be determined if possible. The
mortality is high. Intravenous amiodarone given aggressively and at high doses can help
stabilize the patients. Other therapies to consider include: elimination of inotropic agents,
an intra-aortic balloon pump, a ventricular assist device, -adrenergic blockade or even
stellate ganglionic blockade (114,140).

Credner et al. studied 136 patients who received ICDs for sustained VT or CA as a
result of VF. Fourteen (10%) had subsequent electrical storms. These patients were
treated with intravenous -blockers and the class I anti-arrhythmic drug ajmaline. If the
electrical storm did not abate, they were then treated with intravenous amiodarone. Three
patients had termination of ventricular arrhythmia with -blockers and ajmaline, and the
rest had suppression with amiodarone (139).

Evaluating treatment efficacy of electrical storm related to an acute MI, Nademanee
(138) compared sympathetic blockade to an ACLS. Forty-nine patients were randomized
to receive after initial ACLS followed by lidocaine, procainamide and if needed,
bretylium. The sympathetic blockade group received -blockers or a left stellate gangli-
onic blockade. Forty-one patients received general anesthesia. Mortality at one week was
82% in the anti-arrhythmic drug group (all died of refractory VF) vs 22% in the sympa-
thetic blockage group (138). This study may support the use of sympathetic blockade but
there are several caveats: (a) amiodarone was not tested; (b) not all electrical storms may
respond to this treatment as there may be multiple mechanisms involved; and (c) sym-
pathetic blockade may be associated with adverse effects.

Data from prior studies using intravenous amiodarone have included patients with
electrical storm. Such patients may respond well to intravenous amiodarone and this
should be considered a first-line anti-arrhythmic drug approach to these patients in lieu
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of other concomitant therapies (including -blockade [102,104]) but amiodarone may
make the problem worse by inducing refractory VF. Assessment of the QT interval may
be helpful as well as observation of the trigger for recurrent arrhythmias. If the QT has
substantially prolonged, if the patient is markedly bradycardic between episodes or if
there are paroxysms of polymorphic nonsustained VT, consider stopping the intravenous
amiodarone, as it may be pro-arrhythmic.

WHAT IF A PATIENT IS ALREADY TAKING AN ANTI-ARRHYTHMIC DRUG?

Before giving an anti-arrhythmic rule out pro-arrhythmia. If the patient is fully loaded
on amiodarone, there is no use in giving more. If the patient is not fully loaded with
amiodarone, give more. Combinations of lidocaine and amiodarone are not proven to be
effective but they may be worth a try.

LONG-TERM TREATMENT

The long-term management of a patient who has suffered a CA requires careful assess-
ment of available therapies. Patients who arrest after cardiac surgery, even with stabili-
zation and intravenous amiodarone, generally require an ICD (140). This is true for most
patients who have a CA as a result of VT or VF. An ICD should be implanted after acute
stabilization unless the patient has suffered an acute MI and has intact left ventricular
function, that is, has an explainable cause for arrest that can be treated effectively and
completely. Long-term drug therapy in lieu of ICD for select patients depends on clinical
status. Treat underlying problems as best possible. -Blockers should be used liberally
if not contraindicated. The ACC/AHA guidelines for ICD implantation have been revised
recently (141).

CONCLUSION

Anti-arrhythmic drugs may improve outcomes in select patients requiring resuscita-
tion from a potentially fatal ventricular arrhythmia but use of such drugs is presently a
second-line approach after other methods have failed. Substantial benefit is unlikely
when the “down-time” interval is prolonged. Anti-arrhythmic drugs can facilitate recov-
ery in select cases of CA, but the present data do not mandate earlier use of an anti-
arrhythmic drug in lieu of other lifesaving therapies. For a drug to be beneficial, although
it must be considered early in the arrest and may be a useful adjunct as part of a team effort
in a multimodality approach to patient resuscitation.
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INTRODUCTION

Sudden cardiac death (SCD) annually affects 400 to 460,000 individuals in the United
States, accounting for half the mortality rate as a result of coronary heart disease. SCD
remains a major unresolved public health problem. Pathophysiologically, SCD arises
from a harmful interplay of myocardial structure, and function. Structural abnormalities
furnish the anatomic substrate for SCD and include the myocardial repercussions of
coronary artery disease (CAD), left ventricular hypertrophy (LVH) and/or dilation, and
specific electrophysiological anatomic abnormalities. The functional issues capable of
destabilizing a chronic electrophysiological abnormality include transient ischemia and
reperfusion, systemic issues (e.g., electrolyte disturbances, pH changes, and hemody-
namic dysfunction), autonomic fluctuations (both at a systemic and a tissue level), and
proarrhythmic effects of various drugs. We center the discussion in this chapter on two
aspects of electrolyte abnormalities; first, the role they play in the origin of SCD and
second how the therapies employed during cardiopulmonary resuscitation (CPR) can
result in specific electrolyte abnormalities. Cardiopulmonary arrest (CPA) can occur in
a wide spectrum of patient types, some with underlying cardiac abnormalities receiving
active treatment others without any obvious cardiovascular (CVR) malady. It is in the
instance of the former that electrolyte disturbances can precede and on occasion incite a
CPA (1). Such electrolyte abnormalities can have multiple origins, relating to either
intercurrent illnesses or administered medications. In most cases those circumstances
impacting potassium (K+) and magnesium (Mg++) homeostasis are of most importance.
The electrophysiologic basis of CPA can be quite complex and a detailed discussion of
the electrophysiologic effects of electrolyte abnormalities extends beyond the scope of
this chapter. The reader is directed to several excellent discussions on this topic (1–4).
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BLOOD SAMPLING

Diagnosing an electrolyte abnormality in the time period surrounding CPR can prove
challenging. A number of issues must be considered before a blood chemistry value is
accepted as accurate. First, the urgency of the situation at the time of CPA may supercede
the “correct“ tube being used for a biochemical analyte; thus, rather than a “red-top” tube,
a “purple-top” or “green-top” tube may be inadvertently chosen. Non-red-top tubes—
such as these—can contain K+-EDTA or K+-heparin, respectively, which can confuse the
interpretation of the reported K+ value. Second, the sampling location is an important
consideration in the interpretation of reported values for acid–base parameters and serum
K+. Ineffective compressions can result in a low-flow state; thus, venous blood obtained
from the lower extremity may reveal a serum K+ value (usually elevated) more so reflect-
ing localized conditions of K+ release rather than the prevailing systemic concentration
of K+. This sampling misrepresentation can be minimized by measurement of serum K+

from an arterial sample. Finally, blood gases obtained during cardiac arrest (CA) are
sample site-dependent relative to oxygenation (thoracic sampling with a higher PO2 than
femoral sampling [5]) and/or underestimate the drop in arterial pH and rise in pCO2
otherwise evident from inspection of mixed venous blood (6,7).

FREQUENCY OF ELECTROLYTE DISTURBANCES

In the Anti-Arrhythmics Vs Implantable Defibrillators (AVID) trial, patients resusci-
tated from ventricular tachycardia (VT) or ventricular fibrillation (VF) were randomized
to anti-arrhythmic drug therapy vs an implantable cardioverter defibrillator if they did not
have a potentially treatable or correctable cause of VT/VF. A registry was maintained of
all patients screened for the AVID trial irrespective of VT/VF etiology. The AVID
registry included 2013 patients of which 278 had a presenting ventricular arrhythmias
considered to be as a result of a transient or potentially correctable cause. Of the 278
patients with a presumed transient cause for their arrhythmias 9.7% (27/278) had a basis
for their event, which was attributed to an electrolyte abnormality (8). However, these
data require careful interpretation because the physicians in this study had considerable
discretion in the definition of an index arrhythmia as being “caused by hypokalemia.”
In fact, in clinical practice it is quite difficult to conclusively identify cases in which
hypokalemia is the sole cause of VT/VF because mild hypokalemia can be the result, as
well as the cause of VT/VF (9,10). Typically, for hypokalemia to cause VT/VF there must
exist an underlying milieu of vulnerability, such as that seen in the peri-infarct period or
following administration of proarrhythmic medications (11).

Sodium Disturbances
ETIOLOGIES: HYPONATREMIA

Clinically relevant hyponatremia is uncommon in the general outpatient population in
that the kidney is remarkably efficient in maintaining sodium (Na+) and water (H2O)
balance. The kidney synchronizes several physiologic processes including: glomerular
filtration, proximal tubular and thick ascending limb solute/solvent handling and collect-
ing tubule H2O permeability to effectively excrete a H2O load. When this circuit is intact
it is difficult to exceed the diluting capacity (ability to excrete a H2O load) of the kidney;
thus, in normal individuals consciously ingesting large volumes of dilute fluids intake in
the order of 30-L per day is required before hyponatremia occurs. Intake of this order
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before hyponatremia develops presupposes an adequate dietary solute load (Na+ and
protein) to support excretion of the ingested H2O. The presence of an adequate dietary
solute load is not a priori a safe assumption. Restrictions on dietary Na+ and protein intake
are common, either prescribed or self-imposed, and can seriously limit the solute load
available for excretion and thereby allow dilutional hyponatremia to occur at a much
reduced level of intake (12).

If hyponatremia occurs in normal individuals it is generally as a consequence of Na+

and H2O losses with replacement of such losses with H2O based solutions alone. This
form of hyponatremia is typically self-limited and responds rapidly to isotonic fluid
replacement. Of those diseases associated with both hyponatremia and an inherent
increased risk of CPA congestive heart failure (CHF) and/or CAD are probably the lead
conditions. Hyponatremia frequently complicates the clinical course of the patient with
CHF, especially in its later stages (13). The hyponatremia of CHF is characterized by an
excess of total body Na+ and H2O with the latter predominating; thus, the characteristic
dilutional hyponatremia of the CHF patient.

Na+ retention is a primary process in CHF and stems from combined renal and cardiac
functional abnormalities supported by the neurohumoral abnormalities that predominate
in CHF (14). The decline in renal blood flow (RBF) and reduced glomerular filtration rate
(GFR) in the CHF patient will further the likelihood of developing and/or progressing
hyponatremia in the CHF patient. CHF may compromise any or all of the requirements
for excretion of dilute urine, a problem only further exacerbated by the frequent presence
of an excessive thirst drive (15).The low-end serum Na+ values in advanced CHF are
typically around 125 mEq/L. This level of plasma hypoosmolality is generally associated
with few symptoms above and beyond those dictated by the severity of the CHF syn-
drome (16). CHF patients with serum Na+ values less than 135 mEq/L have more pro-
found neurohumoral activation and a greater reduction in hepatosplachnic and RBF.
Hyponatremia is a fairly ominous prognostic factor in CHF patients (17,18). Hyponatre-
mia patients are relatively unstable hemodynamically and are prone to hypotension and
excessive falls in GFR when given angiotensin-converting enzyme (ACE) inhibitors;
accordingly, their existence is more tenuous (19,20).

Relationship to CPA and Treatment Considerations

One difficulty in linking serum Na+disturbances to CPA has been the virtual absence
of descriptive information surrounding the event (21,22). However, it can be presumed
that the average serum Na+ values will tend to be lower in CPA patients because a
significant number of subjects at risk for CPA have either abnormal cardiac and/or renal
function (conditions frequently associated with hyponatremia). Moreover, events sur-
rounding CPA may increase the likelihood of hyponatremia. For example, if volume
resuscitation occurs with hypotonic fluids, the chances of developing dilutional hypo-
natremia increase at least, in part, because transient renal dysfunction can occur in the
post-CPR state (23,24). As an aftereffect of this change in renal function volume loads
will be less efficiently eliminated. However, severe progressive acute renal failure (ARF)
after CPR is rare. Pre-CPA hemodynamics, if abnormal, seems to be more so associated
with the onset of ARF than is the degree of hypoperfusion, which occurs during resus-
citation (23,24).

Finally, the American Heart Association (AHA) Guidelines consider vasopressin to
be an effective vasopressor and recommend it as an alternative to epinephrine for the
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treatment of adult shock refractory VF CPA (25). The recommended dosage is 40 units
intravenously in place of the first dose of epinephrine in the pulseless VT/VF algorithm.
The vasopressin dose recommended—to augment vital organ perfusion during CPR—is
considerably in excess of that required for an antidiuretic effect. It has been hypothesized
that vasopressin administered during CPR can result in oliguria or anuria because of its
antidiuretic effect and thereby increases the risk of hyponatremia in the postresuscitation
period. When studied, this has not been observed suggesting that the level of urine output
following CPR and vasopressin administration is an amalgam of several concurrent
processes including: vasopressin effects on RBF, GFR, and tubular function as well as
the state of systemic hemodynamics and cardiac function (26).

Etiologies: Hypernatremia

Hypernatremia develops whenever water intake falls below the sum of renal and
extrarenal water losses. All hypernatremic states are hypertonic. The most common
causes of clinically significant hypernatremia derive from three pathogenic mechanisms:
impaired thirst, solute or osmotic diuresis, excessive losses of water, either through the
kidneys or extrarenally, and combinations of these individual derangements.

An inadequate intake of water occurs in patients who are comatose or who are other-
wise unable to communicate thirst. Rarely, patients will have a primary thirst deficiency.
Partial thirst defects, however, are not uncommon. Such defects are most commonly seen
in older patients (27). Osmotic diuresis occurs in the setting of uncontrolled glycosuria
or when mannitol is given. In the instance of a prolonged osmotic diuresis, net H2O losses
may be of a sufficient magnitude that hypernatremia develops., A very high Na+ intake
and/or the administration of normal saline or hypertonic Na+ containing substances
increases the likelihood of hypernatremia in patients with partial impairment of urinary
concentrating ability (28). Extrarenal losses of free H2O can be striking in the case of
profound sweating. Excess renal losses of free H2O typically relate to some impairment
in antidiuretic hormone (ADH) production. The complete absence of ADH is marked by
urine outputs in the range of 1 L per hour and can result in the rapid development of severe
hypernatremia. Combinations of these individual derangements—as is occasionally seen
in CHF—can result in hypernatremia (29,30).

Relationship to CPA and Treatment Considerations

Hypernatremia, like the illnesses it is associated with, is not inherently coupled to a
specific risk for CPA. If hypernatremia is observed it most typically occurs in the time
period following successful resuscitation. Several pathogenic variations of hyper-
natremia, linked to hypoxemic encephalopathy, have been described following CPR.
These include transient diabetes insipidus (31), a more complete form of diabetes insipi-
dus (32), and a variant of nephrogenic diabetes insipidus (33). The development of
diabetes insipidus following CPR augurs a poor prognosis in that it suggests significant
anoxic brain injury. In the time period following CPR hypernatremia may also develop
in concert with the administration of hypertonic sodium bicarbonate (NaHCO3[34]). The
AHA no longer recommends the routine use of NaHCO3 in CAs; accordingly NaHCO3-
related hypernatremia is now much less common. However, when hypertonic Na+-con-
taining solutions are administered their use does not appreciably affect defibrillation
efficacy of electrical treatment of VF (35).
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Calcium Disturbances
ETIOLOGIES: HYPOCALCEMIA

True hypocalcemia is generally the result of two processes: decreased gut calcium
(Ca++) absorption or decreased Ca++ resorption from bone. Because 98% of total body
Ca++ is located within the skeleton, sustained hypocalcemia rarely occurs independent
of abnormalities of either parathyroid hormone (PTH) or vitamin D (calcitriol), hor-
mones which acutely mobilize Ca++ from bone. Total circulating plasma calcium is
comprised of three components: ionized calcium (50%), protein-bound calcium (40%),
and calcium complexed with small organic anions (10%). A low total calcium value
alone may not represent true or “physiologically relevant” hypocalcemia because this
value drops as the serum albumin concentration falls (for each 1-g/dL decrease in serum
albumin concentration from its normal value of 4-g/dL, a 0.8-mg/dL fall in total serum
calcium concentration occurs). Physiologically relevant hypocalcemia exists only when
the ionized Ca++ concentration drops below the reference range of 4.2 to 5.0 mg/dL
(1.05 to 1.25 mmol/L). Ca++ binding to albumin is also influenced by the systemic pH
(for each 0.1 decrease in pH, Ca++ increases approx 0.2-mg/dL). Such correction issues
should be used only in lieu of direct measurement of ionized serum calcium.

The causes of hypocalcemia are too numerous to mention. Of these causes however,
hypomagnesemia—typically in relationship to loop diuretic therapy—is the one most
relevant to patients susceptible to CPA (see section on Magnesium Disturbances).
Loop diuretic therapy typically increases Ca++ excretion. In order to maintain a “nor-
mal” Ca++ concentration in this setting it must be mobilized from bone—a process
controlled by PTH. When magnesium (Mg++) deficiency exists this will not occur
because both PTH secretion and its end-organ effect at the bone level are arrested. This
sequence of events then leads to hypocalcemia, which can be significant and refractory
to therapy until the Mg++ deficit is corrected.

Relationship to CPA and Treatment Considerations
Ionized calcium values tend to fall during CPA, which may relate to dysfunctional

transcellular ionic transport mechanisms (36–38). The level of ionized hypocalcemia
appears similar between arterial and mixed-venous blood samples (38). Because Ca++

plays an essential role in excitation-contraction coupling its use then seemed logical in
the setting of CPR; accordingly, intravenous calcium chloride was used in cardiac resus-
citation efforts in patients with bradyasystolic arrest (irrespective of the plasma Ca++

concentration [39]). It is no longer used for this indication because survival benefits have
not been observed with its use (40) and there is evidence that the high blood levels induced
by Ca++ may induce cerebral vasospasm (41–43) and impact the extent of reperfusion
injury in the heart and brain (43,44). Intravenous Ca++ is of benefit however for hyper-
kalemia, hypermagnesemia, or calcium-channel blocker toxicity-related CPA. Intrave-
nous Ca++ is also indicated when hypocalcemia is known to exist during CPR; however,
it is not known whether administration of intravenous Ca++ under these circumstances
provides direct cardiopulmonary benefits or merely normalizes the serum Ca++ value.
When necessary, a 10% solution of calcium chloride can be given in a dose of 2–4-mg/
kg and repeated as necessary at 10-minute intervals.

ETIOLOGIES: HYPERCALCEMIA

Pathologically, three general mechanisms may lead to the development of hypercal-
cemia: (a) increased mobilization of calcium from bone, by far the most common and
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important mechanism; (b) increased absorption of calcium from the gastrointestinal (GI)
tract; and (c) decreased urinary excretion of calcium. Increased bone resorption of Ca++

is typically a silent process because it seldom causes hypercalcemia unless significant
dehydration (and a drop in GFR) has occurred. Patients taking thiazide diuretics may also
develop moderate hypercalcemia. Although the mechanisms for the hypercalcemia with
thiazide diuretics are not fully understood; issues such as a reduction in urinary Ca++

excretion and extracellular fluid (ECF) volume contraction are likely involved. Hyper-
calcemia is an uncommon occurrence in coronary heart disease- and CPA-prone patients.

Relationship to CPA and Treatment Considerations

Hypercalcemia has a positive inotropic effect on the cardiovascular system. Ca++ also
increases peripheral resistance with hypertension occurring in 20 to 30% of patients with
chronic hypercalcemia. The most significant change in the electrocardiogram of the
hypercalcemic patient is a shortening of the QT interval, which seems not to specifically
increase the risk of CPA. The QT interval change with hypercalcemia is neither linear nor
curvilinear in nature; accordingly, the magnitude of change can be quite unpredictable.
The EKG changes of hypercalcemia disappear with normalization of serum Ca++ levels.
Because the positive inotropic effect of digitalis is enhanced by Ca++, digitalis toxicity
may be induced or aggravated by hypercalcemia. This interaction occurs much less
frequently because digoxin and intravenous calcium chloride (during CPR) are clinically
used more sparingly.

Acid–Base Abnormalities/Relationship to CPA

A full discussion on the various acid–base disturbances in clinical medicine is beyond
the scope of this chapter. Only select aspects of acid–base abnormalities are commented
on in this section. Acid–base abnormalities are typically divided into two categories:
respiratory and metabolic and in either instance case can be either the cause or a conse-
quence of CPA. The acid–base changes exhibited by the CPA patient are sequential and
predictable. In the pre-CPA stage any of a variety of acid–base abnormalities may exist.
Individual disorders, such as metabolic and/or respiratory acidosis, are the ones most
commonly associated with CPA. Metabolic and/or respiratory acidosis may not increase
the likelihood of a CPA per se unless significant hypoxia and/or a fall in systemic pH
(<7.20) are accompanying features. During CPR both respiratory and metabolic acidosis
can independently develop in a time-wise fashion, linked respectively to the level of
effective alveolar ventilation and tissue perfusion. During closed-chest compression
mixed venous blood is generally acidotic (pH ~7.15) and hypercarbic (PaCO2 ~74 mmHg)
(6). Many of the specific risks, which accompany CPA, relate to the level to which pH
drops, which is most importantly an issue of time. Brief and extended CAs generally lead
to different patient outcomes at least, in part, as a result of the progressive nature of
metabolic and respiratory acidosis (45,46). During CPR, tissue hypoxia and cellular
anaerobic metabolism are common, occurring in tandem with the marked fall in cardiac
output during closed chest compression (47). When combined with an increase in lactate
production, coincident to a shift to anaerobic glycolysis, acidosis (systemic and cellular)
can be significant. Under these conditions intracellular myocardial PCO2 can rapidly
increase reaching concentrations considerably in excess of 90 mmHg (48). Acidemia
affects several aspects of cellular electrophysiology including resting membrane poten-
tial, threshold potential and conduction velocities, which establishes it as a pro-arrhyth-
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mic state (49). Additionally, hypoxia and acidosis reversibly depress myocardial func-
tion (50). Moreover, the systemic response to vasopressors may be diminished in the
presence of acidosis, which may also influence the success rate of CPR (51). Well-
performed CPR can stabilize and ultimately improve the respiratory and metabolic aci-
dosis of CPA. Arterial blood pH during well-performed closed-chest compression
typically falls within the normal range (6,52–53); however, venous blood pH persists in
the acidemic range (6). The manner in which CPR is conducted is important. For ex-
ample, severe arterial acidosis during closed-chest compression is usually as a result of
inadequate ventilation (54). Therein, the proficiency with which external chest compres-
sion occurs and/or the correct placement of an endotracheal tube become relevant con-
siderations. Alternatively, if a patient is overventilated or excess base is given, pH values
can quickly reverse and alkalemia emerge.

Use of Buffers During CPA
In the past, administration of NaHCO3 was recommended during closed-chest com-

pression in the belief that the H+ ion produced during anaerobic metabolism would be
buffered. However, NaHCO3 itself contains a high concentration of carbon dioxide (CO2;
260–280-mmHg [55]). In plasma, the CO2 is released; because gases (CO2) gain entry
into cells more rapidly than do charged molecules (HCO3

–)—the result therein is a
paradoxical rise in intracellular PCO2 and a substantial drop in intracellular pH. A rise
in intracellular PCO2 can be problematic in several ways. For example, within heart
muscle cells as intracellular PCO2 increases there follows a fall in cardiac contractility
and potentially a drop in blood pressure (56). A paradoxical acidosis can also develop in
cerebrospinal fluid following NaHCO3 administration and may contribute to the pro-
longed confusion occasionally seen after CPR (57).

The recent AHA recommendations de-emphasize the role of NaHCO3 and suggest
that acid–base control during CA requires much less NaHCO3 than had previously been
advocated (25) because there are no convincing data proving treatment with NaHCO3
is of benefit during closed chest compression (58,59). As is the case with any form of
metabolic acidosis, if alveolar ventilation is adequate, the acidemia is partially, if not
completely corrected (60). NaHCO3administration is not without adverse consequences
because several deleterious effects including respiratory acidosis, hypernatremia, and
hyperosmolality have been described (61). Ideally, NaHCO3 should be administered
when a calculated base deficit exists, which requires the determination of arterial blood
pH and PCO2.

NaHCO3 administration should rarely precede more established interventions, such
as defibrillation, ventilation with endotracheal intubation, and pharmacologic thera-
pies. If needed, 1 mEq/kg of NaHCO3 should be administered; subsequent doses should
be administered only if the state of acidemia is not adequately resolved with the original
dose. Ready-to-use, prefilled injection syringes containing 8.4% NaHCO3 (50-mEq/
50-mL) are available for use during CPR. Repeat dosing of NaHCO3 is oftentimes
empiric because in the course of CPR the serum HCO3 value can prove difficult to
interpret (and likewise the pH) relating to the non-steady-state nature of the measure-
ment. It takes some time (hours) for HCO3 to equilibrate in cellular compartments, a
process which will automatically reduce the serum HCO3 value. NaHCO3 may be most
useful during the immediate postresuscitation period, when a profound metabolic aci-
dosis can occur; particularly, in those patients who remain hemodynamically compro-
mised. In such situations a sustaining infusion of NaHCO3 may be preferable.
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Magnesium Disturbances
ETIOLOGIES: HYPOMAGNESEMIA AND HYPERMAGNESEMIA

Mg ++ is the second most common intracellular cation in the human body with a free
cytosolic concentration around 0.5-mmol/L (62). Mg++ is distributed in three major
compartments in the body: approx 65% in the mineral phase of bone, about 34% in muscle
and 1% in plasma and interstitial fluid. Unlike, plasma Ca++, which is 40% protein-bound,
only approx 20% of plasma Mg++ is protein-bound. Consequently, changes in plasma
protein concentrations have less effect on total plasma Mg++ concentration than on total
plasma Ca++concentrations. Mg++ is important in many cell membrane functions, includ-
ing the gating of Ca++ channels, thereby mimicking many of the effects of calcium-
channel blockade. Mg++ is a necessary cofactor for any biochemical reaction involving
adenosine triphosphate (ATP), and is essential for the proper functioning of the Na+-K+

and calcium ATPase pumps, which are critical to the maintenance of a normal resting
membrane potential. Intracellular Mg++ deficiency can lead to abnormalities in myocar-
dial membrane potential, which then serves as a trigger for cardiac arrhythmias (63,64).
Deficiency states or abnormalities in Mg++ metabolism also play important roles in
ischemic heart disease, CHF, sudden cardiac death, diabetes mellitus, and/or hyperten-
sion (65). However, Mg++ deficiency has yet to be established as an independent CVR
mortality risk factor in such conditions (66).

Mg++ deficiency occurs in association with various medical disorders, but is particu-
larly common in diabetes mellitus (67), CHF (68–70), and following diuretic use (71).
Recognition of K+ deficiency and/or its correction follows fairly standard guidelines;
alternatively, the circumstances are much different for Mg++ deficiency because serum
values poorly reflect total body Mg++ stores (62). K+ repletion in a hypokalemic patient
can prove difficult unless underlying Mg++ deficiency is first corrected (67). Hypo-
magnesemia is also a cause of hypocalcemia as the result of its decreasing parathyroid
hormone release and/or action (72). This form of hypocalcemia responds to small amounts
of supplemental Mg++ but can redevelop unless the Mg++ deficit is fully replaced (73).
The occurrence of diuretic-related hypokalemia and/or hypomagnesemia, in either CHF
and/or hypertension, can be considerably lessened by K+-sparing diuretics.

Hypermagnesemia generally results from an excessive intake of Mg++ or overzealous
replacement of presumed losses in the presence of advanced functional renal failure, as
may be seen in the later stages of CHF. Excessive oral intake is generally a consequence
of the inappropriate use of Mg++ supplements, Mg++-containing antacids or cathartic
agents. The diagnosis of hypermagnesemia should be considered in patients who present
with symptoms of hyporeflexia, lethargy, refractory hypotension, shock, prolonged QT
interval, respiratory depression, or CA (74).

Relationship to CPA and Treatment Considerations

Mg++ deficiency impairs the function of the Na-K-ATPase enzyme, which, in turn,
lowers intracellular K+. As a result, the resting membrane potential becomes less nega-
tive, thereby lowering the threshold for arrhythmias (75,76). In addition to its effect on
the Na-K-ATPase pump, Mg++ deficiency has potential arrythmogenic effects through an
interaction with several different types of K+ channels localized to cardiac cells (77).

The arrythmogenic effect of Mg++ deficiency is further supported by the observation
that there is an inverse correlation between myocardial irritability and serum Mg++ con-
centrations; a finding that is particularly evident in CHF (78,79). Moreover, considerable
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evidence exists linking Mg++ deficiency with an increased incidence of both supraven-
tricular and ventricular arrhythmias (80,81).

Studies in animals appear to support the theory that Mg++ administration increases cell
resistance to the development of arrhythmias, a phenomenon that may be independent of
the serum Mg++ concentration. For example, Mg++ infusions have been shown to raise the
threshold for both ventricular premature contractions and VF induction in normal den-
ervated (heart–lung preparations) and whole-animal digitalis-treated hearts (78). Evi-
dence of the salutary effects of intravenous Mg++ in treating both ventricular premature
contractions and supraventricular and ventricular tachyarrhythmias has also been avail-
able for many years (82). For example, 0.2 mEq/kg of MgSO4 given over 1-hour to CHF
patients reduces the frequency of ectopic beats in a 6-hour postdosing monitoring period
(83) and MgCl given as a 10-minute bolus (0.3-mEq/kg) followed by a 24-hour mainte-
nance infusion (0.08 mEq/kg/hr) also reduces the hourly frequency of ectopic beats (84).
Oral Mg++ replacement (15.8 mmol MgCl/day for 6 weeks) has been shown to reduce
ventricular irritability during chronic CHF treatment despite the fact that serum Mg++

insignificantly changes (0.87 ± 0.07 to 0.92 ± 0.05 mmol/L [85]). The risk of arrhythmia
development is particularly high in hypomagnesemic individuals concurrently receiving
digitalis (86).

Finally, numerous anecdotal reports have been published attesting to the utility of
Mg++ in cases of refractory ventricular arrhythmias, although most of these cases were
probably associated with Mg++ deficiency. Interestingly, K+-sparing diuretics, com-
pounds that also exhibit Mg++-sparing effects, do not carry the same increased risk for
SCD observed with non-K+-sparing diuretics (87). Despite these observations and the
theoretical benefits of Mg++ with regards to the development of arrhythmias, there have
been few controlled studies evaluating the specific efficacy of Mg++ as an antiarrhythmic
agent in the treatment of ventricular arrhythmias. Furthermore, it is unclear whether the
potential effectiveness of Mg++ in these situations represents a pharmacological effect of
Mg++ or whether it merely reflects correction of an underlying deficiency state. Whatever
its potential role in the management of VF (88–90) supraventricular arrhythmias (91),
and “run-of-the-mill” ventricular arrhythmias (82,92), Mg++ clearly does have a time-
honored and proven place in the treatment of ventricular arrhythmias associated with
either digoxin toxicity or drug-induced torsade de pointes (77,93,94).

Difficulty in establishing the diagnosis of Mg++ deficiency is as a result of the lack of
reliable laboratory tests and the non-specific nature of the symptoms accompanying
Mg++ deficiency (62). Mg++ deficiency should be suspected when other electrolyte ab-
normalities are present because it tends to coexist with abnormalities such as hypocalce-
mia and hypokalemia (95,96).

Electrocardiographic changes such as prolongation of the Q-T and P-R intervals,
widening of the QRS complex, ST segment depression, and low T waves, as well as
supraventricular and ventricular tachyarrhythmias should also raise the index of suspi-
cion for Mg++ deficiency (97,98).

Parenteral Mg++ administration is the most effective way to correct a hypomagnesemic
state and should be the route used when replacement is necessary during medical emer-
gencies. A variety of Mg++ treatment regimens have been tried in the setting of CPA,
being given not to replace a physiologic deficit but rather to take advantage of its phar-
macologic properties. These pharmacologic regimens have utilized MgSO4 doses rang-
ing from 2 to 5 g (88,90). Total body deficits of Mg++ present a different circumstance
in the patient prone to CPA; therein, preemptive treatment is warranted. For acute admin-
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istration during VT or VF with known or suspected hypomagnesemia or for torsade de
pointes, 1 or 2 g of MgSO4 can be administered over 5 to 10 minutes. Caution should be
used when Mg++ is administered intravenously to safeguard against hypotension, brady-
cardia, or asystole. When present, Mg++ deficits are typically in the order of magnitude
of 1–2 mEq/kg/b.w. To this end, rapid correction of an Mg++ deficit can be accomplished
with between 32 and 64-mEq per day of MgSO4 intravenously infused. Alternatively,
oral Mg++ replacement can occur with any of a wide range of Mg++ salts and/or Mg++

containing antacids. Ongoing Mg++ losses, as occur in patients subject to long-term
diuretic therapy, oftentimes are best treated by use of an Mg++ sparing diuretic, such as
spironolactone.

Potassium Disturbances
ETIOLOGIES: HYPOKALEMIA AND HYPERKALEMIA

The economy of K+ in the body is typically separated into elements of both external
and internal balance. The GI and renal systems both influence external K+ balance, with
a normally functioning gut typically conserving or eliminating K+ based on total body
stores. The GI abnormalities most relevant to external K+ balance include diarrhea and
vomiting. Diarrheal states are characterized by significant K+ (and Mg++) losses with
stool K+ content reaching values as high as 90 mmol/L. Vomiting is another GI distur-
bance commonly accompanied by hypokalemia, although its origin is not as a consequence
of GI losses—gastric fluid typically contains no more than 10-mmol of K+ /L—but rather
as the result of increased renal K+ losses in association with metabolic alkalosis. GI issues
do not often result in hyperkalemia except when such issues produce a level of volume
contraction sufficient to reduce GFR in the setting of a high K+ intake and/or the ingestion
of potassium-sparing medications (99).

Renal issues influencing external K+ balance include urinary flow rate, ECF volume,
diuretic use, Na+ intake, acid–base balance, mineralocorticoid excess, renal tubular dis-
eases and/or renal failure, and Mg++ depletion (100). Diuretic therapy is the leading drug-
related cause of hypokalemia and relates to both the dose and type of diuretic used as well
as the level of dietary Na+ intake.

Renal failure is among the lead causes of hyperkalemia. K+ homeostasis is typically
well-maintained until a GFR of 30-mL per minute except in the instance of diabetes in
which a tendency to develop hyperkalemia emerges at higher GFR levels (typically at
60-mL per minute). Hyperkalemia of a renal origin also occurs in the context of medica-
tion administration, particularly when the GFR is reduced. A number of CVR medications
have been implicated in this regard including aldosterone-receptor antagonists—such as
spironolactone, ACE inhibitors, angiotensin-receptor blockers, and heparin (101–103).

An average 70-kg adult maintains a total body K+ content of approx 3500 mmol, the
majority of which (98%) resides intracellularly; accordingly, less than 2% of total body
K+ is located within the ECF space. The persistence of this relationship results in a very
high intracellular-to-extracellular ratio (10:1) for K+, a cellular gradient that is main-
tained routinely by the Na+/K+ ATPase pump. Internal K+ balance is modulated further
by a range of other issues, including hydrogen (H+) ion concentration, plasma tonicity,
catecholamine concentrations, plasma insulin, and possibly plasma aldosterone (104).
The impact of many of these issues on serum K+ is variable. For example, the influence
of H+ concentration on transcellular shifts of K+ has proven to be much less than first
thought (105) and is most prominent in the presence of inorganic acidoses (106).
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Plasma tonicity remains a critical factor in transcellular K+ fluxes and is a probable
explanation for the rise in K+ that commonly follows mannitol administration or that
which occurs in the setting of hyperglycemia (107). Both insulin and -adrenergic active
catecholamines encourage intracellular migration of K+ by stimulating cell membrane
Na+/K+ ATPase (108). It remains unclear whether aldosterone affects transcellular K+

distribution; alternatively, aldosterone remains an important determinant of renal K+

handling (109).
Correctly establishing that transcellular shifts of K+ are affecting a serum K+ con-

centration is an important clinical exercise. Hypokalemia is not always associated with
true depletion of body K+ stores. K+ redistribution is a frequently observed phenom-
enon, most often seen in stressful situations, such as at the time of an AMI, when
endogenous catecholamine release exerts a 2-adrenergic-mediated effect to force
intracellular migration of K+. Other clinical situations in which intracellular K+ move-
ment may be observed to a sufficient degree so to be clinically relevant include insulin
administration (e.g., in the treatment of hyperglycemia) or during 2 agonist use (i.e.,
during CA, in the course of postoperative blood pressure support in the cardiothoracic
surgery patient, and/or in the course of symptomatic management of acute or chronic
asthma).

Redistributional hypokalemia occurs independent of the underlying state of total body
K+ balance. Therefore, laboratory values obtained during such situations cannot be used
to accurately predict whether a true total body deficit of K+ exists or, in the instance of
a mixed picture—a patient with a known basis for a K+ deficit and the presence of issues
associated with redistribution—to establish the true level of the deficit. When
redistributional hypokalemia is treated, it should be treated cautiously, with an under-
standing that when the precipitating factor is removed—which can occur rapidly—con-
tinued administration of K+ in the absence of a stimulus for transcellular K+shifts can lead
to development of hyperkalemia. Thus, estimation of total body K+ status in the presence
of hypokalemia is, at best, a cautious clinical guess.

Relationship to CPA and Treatment Considerations

Because K+ serves as the primary ion mediating cardiac repolarization, the hy-
pokalemic state is highly arrhythmogenic, particularly in the presence of digoxin or
anti-arrhythmic drug therapy. Falling extracellular K+ levels alter repolarizing electri-
cal currents across the cardiac cell membrane such that during phases 2 and 3 of
repolarization, the cell reinitiates isolated or repeated action potentials (early after-
depolarizations). Thus, hypokalemic states produce complex effects on myocardial
refractory periods and the potential for triggered arrhythmias. In contrast, hyperkale-
mia causes slowed conduction and conduction block, which if sufficiently progressive,
can result in asystole. Hyperkalemia may also attenuate the effects of antiarrhythmic
agents and repolarizing K+ currents (110).

Electrocardiographically, hypokalemia produces a flattening or inversion of the T
wave with concomitant prominence of the U wave, usually with prolongation of the QT
interval. The ECG pattern of hypokalemia is not specific and is similar to that seen
following administration of antiarrhythmic agents, or phenothiazines, or in left ventricu-
lar hypertrophy or marked bradycardia (111). Clinically, arrhythmias associated with
hypokalemia include atrial fibrillation and multifocal atrial tachycardias. The most con-
cerning and life-threatening arrhythmias associated with K+ deficiency states are ven-
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tricular tachyarrhythmias, which range from an increase in the frequency of premature
ventricular contractions, linearly related to the fall in serum K+ concentrations, to
nonsustained VT and triggering of monomorphic and polymorphic VT, including torsade
de pointes and VF. Low K+ levels can also prolong repolarization and QT intervals.

Data gathered from relatively small studies show a striking relationship between serum
K+ levels and the development of ventricular arrhythmias in patients admitted with acute
myocardial infarction (MI) (112,113). The catecholamine surge that occurs during an
acute MI causes a rapid, transient cellular shift of K+, resulting in a short-lived but
dramatic fall in serum K+ of approx 0.5–0.6 mmol/L, which in certain instances may be
more extreme (114). Accordingly, in an autopsy study, myocardial K+ content was sig-
nificantly lower in subjects who died of CA (0.063 mmol/g wet weight) than in those who
died from trauma (0.074 mmol/g wet weight; p < 0.025). Myocardial Mg++ concentra-
tions also were significantly lower (115). This latter observation is of some relevance to
the arrhythmogenic potential of transcellular K+ shifts. It should be appreciated, how-
ever, that the association of low K+ levels with an increased risk of primary VF in acute
MI patients is confounded by the size of the infarct. Larger infarctions are typically
accompanied by a greater increase in plasma catecholamines and therefore a greater
intracellular flux of K+; thus, the lower K+ values may not directly relate to arrhythmia risk
but rather reflect a larger infarct size with its attendant risk. As shown in the -Blocker Heart
Attack Trial (BHAT) and the Norwegian Timolol Studies, -blocker therapy lessens the
catecholamine surge, independently reduces transcellular K+ shifts, and thereby main-
tains a normokalemic state (116–118). Additionally, hypokalemia is often found in
patients during and following resuscitation from a CA, which is a secondary phenom-
enon as a result of catecholamine-induced K+ shift into the cells. In this regard, hypokale-
mia is found in up to 50% of survivors of out-of-hospital VF (119,120).

Transcellular K+ shifts in the setting of acute MI must always be viewed in the context
of the underlying state of K+ balance and/or the prevailing serum K+ value in the affected
patient. Thus, a patient who had normal or high-normal serum K+ values before the acute
MI would likely experience a drop in serum K+ into a range that would modestly increase
their risk for subsequent ventricular arrhythmias. In contrast, a hypertensive patient
taking a K+-wasting diuretic could be subject to a much greater arrhythmogenic risk
because they would experience transcellular shifts of K+ in the presence of varying
degrees of total body K+ depletion.

Hypokalemia contributes to arrhythmic deaths in cardiac patients, but it is not the only
cause. Additionally, resuscitation from refractory VF is less likely to be successful if
hypokalemia and/or hypomagnesemia are present. The question has also been raised to
the appropriateness of cardioverter defibrillator placement in patients having an electro-
lyte abnormality (a correctable cause of a life-threatening ventricular arrhythmia accord-
ing to AHA/American College of Cardiology Practice Guidelines) and VT or VF. The
available information would suggest that patients with structural heart disease and an
abnormal serum K+ concentration at the time of an initial episode of sustained VT or VF
are at high risk for a recurrent ventricular arrhythmia; therefore, implantable defibrillator
therapy may be a reasonable option (8,9,121).

Potassium-wasting diuretics, although shown to reduce mortality and the incidence of
strokes, abdominal aortic aneurysms, and hypertensive deaths, are associated with an
increased incidence of SCD (122). Diuretic-related hypokalemia is particularly promi-
nent in patients receiving loop and thiazide diuretics in combination. Findings from older
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trials and more recent studies demonstrate the importance of K+ and diuretics on SCD
(123,124). A multivariate retrospective analysis of diuretic use in the Studies of Left
Ventricular Dysfunction (SOLVD) trial showed that patients taking any diuretic had
significantly greater increased relative risk of SCD (1.37 vs 1.00; p = 0.009 [125]). When
analyzed by diuretic type, patients taking K+-wasting diuretics had a significantly higher
risk of fatal arrhythmias (1.33; p = 0.02), although use of K+-sparing diuretics either as
monotherapy or in combination with other diuretics was not independently associated
with an increased risk of arrhythmic death (0.90; p = 0.6). Similarly, data from the
prospective United Kingdom Heart Failure Evaluation and Assessment of Risk Trial
(UK-Heart) show serum K+ to be one of four independent predictors of SCD (126).

Hypokalemia in the patient with CA and refractory VF must be treated aggressively.
K+ should be administered intravenously under such circumstances. Guidelines for K+

replacement that are acceptable in the less emergent clinical circumstance may be inad-
equate to correct hypokalemia in a timely enough fashion during CPA. There has been
no regimen for K+ replacement formally tested during CPA. Because of the urgency of
the situation during CPA it is not unreasonable to give 10–20 mEq of potassium chloride
as a “run” over 10–15 minutes. K+ should initially be given in glucose-free solutions as
glucose may further lower K+. This dose can be repeated as necessary during the recheck-
ing of serum levels; however, treatment provided for a serum K+ value obtained during
or immediately after CPR must occur in the context of the significant transcellular K+

shifts having occurred.
Hyperkalemia as a cause of CPA is a very specific circumstance that can prove quite

responsive to treatment. Urgent treatment of hyperkalemia is typically based on electro-
cardiogram changes (and/or CPA), immediate intervention is critical. Following the
intravenous administration of a calcium salt (calcium chloride is preferred), the initiation
of short-term measures can be launched by either a single or combined regimen of the
three agents that effect a transcellular shift of K+ - insulin with glucose, 2-agonism
(albuterol), and NaHCO3. (127). Serum K+ can drop as much as 1–2 mEq with therapy
designed at effecting transcellular shifts. A change in serum K+ of this order of magnitude
is typically sufficient to reestablish an effective cardiac rhythm in a patient otherwise
having sustained CPA from hyperkalemia. However, the transcellular shifting of K+ is a
temporary phenomenon and steps should be taken to effect bulk removal of K+; from the
body by either gastrointestinal or renal routes (inclusive of hemodialysis in which so
indicated).

SUMMARY

A number of electrolyte abnormalities can trigger CPA and, in turn, can be caused by
events surrounding successful resuscitation. Potassium and magnesium abnormalities
remain most important in this regard. Maintaining potassium and magnesium balance in
patients prone to CPA can prove to be a difficult task but not one that cannot be accom-
plished if careful attention is paid to supplement therapy and the use of potassium/
magnesium sparing diuretics.
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INTRODUCTION

Cardiac arrest (CA) in pregnancy is an uncommon occurrence with an incidence of
about 1 in every 30,000 deliveries (1). The causes are quite numerous, but the manage-
ment is essentially the same with the exception of a few modifications regarding the fetus.
In this chapter, causes of maternal mortality are reviewed along with potential interven-
tions to decrease its incidence. A general overview of maternal and fetal physiology and
how it pertains to the resuscitation of the mother will also be provided. Pharmacological
agents used in the resuscitative protocol and their effects on the fetus are discussed.
Finally, the issue of perimortem cesarean delivery is addressed, along with the difficult
questions that must be answered within minutes of deciding who should and should not
be considered for this drastic, potentially lifesaving procedure.

MATERNAL MORTALITY

For the purpose of this discussion, maternal mortality will be expressed in terms of the
maternal mortality ratio (MMR), which is defined as the number of maternal deaths per
100,000 live births (2). By definition, maternal death is a death that occurs during preg-
nancy or within 1 year of pregnancy termination (3). Certain criteria must be met in order
for a death to be classified as pregnancy-related. Specifically, death must be caused by
pregnancy complications, a sequence of events initiated by pregnancy, or exacerbation
of an unrelated event by the changes associated with pregnancy (3). Not included in the
MMR are the deaths occurring in women with fetal demises, elective or spontaneous
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abortions, ectopic pregnancies, and molar pregnancies. These also contribute signifi-
cantly to overall maternal mortality, especially in the first trimester (3).

Both maternal and infant mortality provide important insight into the general state of
health of the country in question (4). In the United States, the MMR has declined signifi-
cantly from the 1930s to 2004 from 670 to 7.5 maternal deaths per 100,000 live births (4).
Although this is a significant achievement, it still does not meet the Healthy People 2000:
National Health Promotion and Disease Prevention Objective of no more than 3.3 ma-
ternal deaths per 100,000 live births overall and no more than 5 maternal deaths per
100,000 live births for black women (5). Black women are about four times more likely
than white women to die from causes related to pregnancy (5). From 1960 to 1990, the
MMR for black women was considerably higher than for white women in every age group
and for each major cause of death (2) with no significant improvement noted from 1987
to 1996 (6). From 1987 to 1990, the leading causes of maternal death in the United States
were hemorrhage (29%), pulmonary embolism (20%), and pregnancy-induced hyperten-
sion (18%); the remainder resulted from amniotic fluid embolism, infection, anesthesia-
related complications, cardiomyopathy, and cerebrovascular accidents (5,7). Causes of
maternal death changed very little from 1974 to 1985, with the exception of a relative
reduction in deaths related to anesthesia and a relative increase in deaths as a result of
cardiomyopathy and infection (3). Intentional and unintentional injuries are common
causes of nonmaternal or nonpregnancy-related deaths, with homicide and suicide ac-
counting for 48% of such causes (8). Motor vehicle accidents were the most common
cause of unintentional injury accounting for nonmaternal death (8), and in one series,
trauma was the most common nonobstetric cause of death (9). It should be noted that the
number of pregnancy-related deaths is probably underestimated as a result of both
underreporting and misclassification (10).

In developing countries, maternal mortality is much higher with some of the highest
rates seen in parts of Africa and South Asia (11). The estimated global maternal mortality,
according to the World Health Organization, in 1996 was 585,000 per year with 99%
occurring in developing countries and 1% occurring in developed counties (11). The
etiologies in these regions are different and more commonly as a result of hemorrhage,
poor nutrition, anemia, malaria, unsafe abortion, and obstructed labor (12).

Many measures must be taken to decrease maternal mortality worldwide. These include,
in part, preconceptional counseling, family planning, improved nutrition, avoidance of
illicit substances, better access to quality obstetric care, vaccinations, blood transfusion,
operative vaginal delivery, and cesarean section (12,13).

MATERNAL PHYSIOLOGY

There are numerous maternal physiological adaptations induced by pregnancy (Table 1);
the most relevant changes occur in the cardiovascular, pulmonary, gastrointestinal, and
uteroplacental systems. Each of these are discussed separately.

Cardiovascular
Beginning in the first trimester, blood volume begins to rise, increasing by about 30

to 50% and plateauing after the 30th week of gestation (14). Both plasma volume and red
cell mass increase, but the former does so to a greater extent, producing a “dilutional
anemia” (15). This hypervolemia of pregnancy serves as a protective mechanism against
hemorrhage during delivery and also compensates for the decreased venous return and
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cardiac output when in the supine and erect positions (16). Similar to blood volume,
cardiac output also increases by 30 to 50%, reaching its peak at about 28 to 32 weeks of
gestation (17). Both an increase in heart rate and stroke volume contribute to this rise in
cardiac output (18). Both blood volume and cardiac output increase to a greater extent in
twin gestations (19). The changes in blood pressure are as a result of a fall in peripheral
vascular resistance, which accounts for the drop of about 10 mmHg in mean blood
pressure at 30 weeks of gestation (15). Both systemic vascular resistance and pulmonary
vascular resistance fall because of the hormonal changes of pregnancy and the low
resistance of the placental vasculature. Finally, the colloid oncotic pressure–pulmonary
capillary wedge pressure gradient decreases, possibly predisposing the gravid woman to
an increased risk of pulmonary edema with increased pulmonary capillary permeability
or cardiac preload (20).

Pulmonary
There are significant anatomic as well as functional changes in the pulmonary system

of the pregnant female. The gravid uterus, especially in the third trimester, may decrease
the vertical diameter of the chest by as much as 4 cm (15). In order to compensate for this,
the ribs tend to flare and the anterior–posterior and transverse diameters of the chest
increase by 2 cm (15). The functional residual capacity is decreased as a result of these
anatomic changes (21). The vital capacity is unchanged, but there is a significant increase
in both the tidal volume and minute ventilation as a result of the stimulatory effect of
progesterone on the respiratory centers in the brain (21). This “hyperventilation of preg-
nancy” accounts for the compensated respiratory alkalosis apparent on blood gas mea-
surements performed on pregnant women. It is important to note that moderate hypoxemia
occurs in about one-quarter of healthy term patients as they are in the supine position, as
well as a widened alveolar-arterial oxygen gradient (22). Maternal positioning affects
arterial oxygenation and thus it makes sense that arterial blood gas samples should be
drawn in the sitting position, if possible (22). The final and most important point to
emphasize is that the oxygen consumption is greater than 30% above normal in the term
pregnant patient (15). This increased oxygen consumption causes a more profound and
more rapid decrease in oxygen tension during periods of apnea (i.e., cardiopulmonary
collapse, intubation) and necessitates the need for prompt reoxygenation in these situa-
tions (23).

Table 1
Summary of Maternal Physiological Changes in Pregnancy

System Increase Decrease

Cardiovascular Cardiac output Blood pressure
Blood volume COP/CPWP

Respiratory Minute ventilation Functional residual capacity
Tidal volume
O2 consumption

Gastrointestinal Risk of regurgitation pH of gastric contents
Esophageal sphincter pressure
Gastric motility

Uteroplacental Blood flow Reduced if uterine compression of great vessels

Modified from ref. 45.
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GASTROINTESTINAL

The two major adaptations observed in the gastrointestinal tract during pregnancy are
decreased motility and decreased pressure of the lower esophageal sphincter (24). It is
thought that the high levels of progesterone cause relaxation of smooth muscle leading
to the above changes, with a resultant delay in gastric emptying and increased risk of
regurgitation (25). As pregnancy progresses and the uterus enlarges, mechanical com-
pression also plays a role in the obstruction of gastric emptying (15). The hormone gastrin
is also increased during pregnancy. Gastrin lowers the pH of stomach contents to an even
greater degree (26). The combination of all of these factors predisposes the pregnant
patient to aspiration of gastric contents, especially during times of sedation and uncon-
sciousness (27). Aspiration of gastric contents is the most common cause of anesthesia-
related maternal mortality (15). Prophylaxis with antacids and manual cricoid pressure
in preparation for endotracheal intubation are of paramount importance (28).

UTEROPLACENTAL

As gestation progresses, the uterus increases in size and weight from 30 to 1000 g,
more than 10 times its nonpregnant state (15). This requires augmentation of blood flow.
By 37 weeks gestation, the uterine blood flow is 500 mL per minute, which translates into
about 10% of the total cardiac output (29). The uteroplacental blood flow is greatly
influenced by maternal body position. When a woman at term is supine, the stroke volume
is only 30% of the nonpregnant value (17). In the supine position, complete obstruction
of the inferior vena cava by the gravid uterus has been reported to occur in the majority
of patients (30). This obstruction causes a significant decrease in both cardiac output and
venous return (30), which can be partially relieved by changing from the supine to the left
lateral decubitus position. Most of the decrease in blood flow is to the placenta and
intervillous space, with no significant change in myometrial flow (31).

FETAL PHYSIOLOGY

Oxygenation of the fetus is highly dependent on adequate cardiac output and blood
flow to the placenta. The placenta ultimately functions as the fetal lungs and is the organ
of fetal gas exchange (32). There are several mechanisms unique to the fetus that ensure
adequate oxygenation. The fetal circulation is a highly specialized system designed
specifically for this (33). Fetal hemoglobin has an increased oxygen carrying capacity
and a higher affinity for oxygen, which shifts the fetal oxygen dissociation curve to the
left of the maternal curve (34). In other words, for a given partial pressure of oxygen, a
greater percentage of oxygen saturation will be observed in the fetus compared to the
mother. Fetal arterial chemoreceptors detect hypoxia and mediate the fetal response through
parasympathetic pathways (35). Profound fetal bradycardia is the usual response to severe
hypoxia, as seen in CA (36).

ETIOLOGIES OF CARDIAC ARREST IN PREGNANCY

As stated before, CA in pregnancy is rare and usually occurs in young, otherwise
healthy women. Therefore, it becomes important to be aware of causes more likely to be
encountered in this unique situation (Table 2). These causes vary in severity and
reversibility, with some having a high-associated mortality and others not. Amniotic fluid
embolism (also known as anaphylactoid syndrome of pregnancy) carries a high mortality
despite aggressive management (37). Others, like pulmonary embolism, eclampsia,
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magnesium sulfate overdose, anesthesia complications, cardiomyopathy, and acute hem-
orrhage, have more variable outcomes (38). There are numerous case reports in the
literature describing CA in pregnancy from less common causes including myocardial
infarction (MI) as a result of administration of intravenous ergonovine (39), severe vago-
tonia secondary to spinal anesthesia (40), acute MI (41), and penetrating trauma (42).
Regardless of the etiology, the basic life support (BLS) and advanced cardiac life support
(ACLS) principles still apply with some modifications for treating the pregnant female.

PREGNANCY AND CARDIOPULMONARY RESUSCITATION:
SPECIAL CONSIDERATIONS

The main principles of BLS during pregnancy remain the same. For one rescuer, two
breaths should be given for every 15 chest compressions. For two rescuers, one breath for
every 5 chest compressions (43). Chest compressions should be performed on a hard
surface with the heels of the hands placed on the lower one-third of the sternum in order
to depress it 3.5 to 5 cm (43). This may be difficult to accomplish in pregnancy secondary
to the gravid uterus and enlarged breasts (44). The effectiveness of chest compressions
is hindered greatly by the obstructive effect of the enlarged uterus on the great vessels.
In the most ideal situation, chest compressions produce a cardiac output that is 30% of
normal. It then stands to reason that this obstruction must be relieved. This can be done
in several ways. Manual displacement of the uterus, tilting the operating room table to
the left, placing a wedge under the right hip, and using the Cardiff resuscitation wedge
are all acceptable methods to accomplish this (45).

Because of the increased oxygen consumption in pregnancy, hypoxemia occurs much
more rapidly and the threshold for anoxic brain injury is lowered (46). The heart is even
more sensitive than the brain to anoxia (47), making early intubation and 100% oxygen
delivery imperative (1). In ventricular fibrillation (VF) and pulseless ventricular tachy-
cardia (VT), early and rapid defibrillation is the key to optimizing survival (48). The fetal
heart rate is not affected by defibrillating current (41).

The primary and secondary surveys of the ACLS protocol along with some additions
for pregnancy are shown in Table 3. None of the drugs used in the management of VF,
VT, pulseless electrical activity, asystole, or any of the arrhythmias are contraindicated
absolutely in pregnancy (45). Some of these drugs do have potential fetal effects, but it
is important to remember that if cardiac output to the mother is not restored, the fetal
mortality will invariably be 100%. There is some controversy surrounding the use of
sodium bicarbonate in pregnancy because it can cross the placenta, increase fetal pCO2,
and potentially worsen fetal acidemia (49). If perimortem cesarean section is performed,

Table 2
Common Causes of CA in Pregnancy

Amniotic fluid embolism
Pulmonary embolus
Hemorrhage
Magnesium sulfate toxicity
Anesthesia complications
Cardiomyopathy
Trauma
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many of the drugs will not reach adequate concentrations in the fetal circulation to be of
any consequence. If a code has been running for 4 to 5 minutes and there has been no
stabilization in maternal condition, perimortem cesarean section is the next step to be
considered in the resuscitation protocol.

PERIMORTEM CESAREAN SECTION

Cesarean sections have been performed for nearly 3000 years. A common misconcep-
tion is that the word “caesarean” comes from the birth of Julius Caesar, however, it
actually comes from a ruling made by the king of Rome in the eighth century BC called
the Lex Regis de Inferendo. This law stated that if a pregnant woman was to die, the fetus
must be removed from her abdomen as soon as possible, in order to provide the child with
a separate burial. Under the ruling of Emperor Julius Caesar, this law became known as
the Lex Caesare (50).

The decision to perform a perimortem cesarean section is a difficult one and must be
made within minutes of initiating maternal resuscitation. Several factors must be consid-
ered when making this decision (51):

• How much time has elapsed since the onset of CA?
• Have adequate cardiopulmonary resuscitation (CPR) and appropriate drug therapy been

administered?
• What is the gestational age of the fetus?
• Does the fetus have a chance to survive neurologically intact?
• Will the mother benefit from the removal of a previable fetus?
• Is the mother’s injury fatal or reversible?
• Is there adequate support (obstetrics, pediatrics, anesthesia) and equipment available?

Table 3
ACLS Protocol: Primary and Secondary Surveys With Pregnancy Modifications

Primary survey Secondary survey

Airway—is it open? A—Intubate
(No change) (Intubate sooner because of more rapid onset of

anoxia and risk of aspiration)

Breathing—Is the patient moving air? B—Check ET tube placement and oxygenation
(Remember the increased O2 consumption) (No change)

Circulation—Check pulse C—Obtain IV access, administer medications as
indicated

(Place patient on her left side to decrease (No absolute contraindications to resuscitation
aortocaval compression) medications in pregnancy)

Defibrillation if no pulse present D—Differential diagnosis
(No effect on fetal heart rate change) (Causes may be different in pregnancy)

Expedite delivery of the fetus
(Perimortem C-section within 4 minutes of

arrest)

Modified from ref. 51.
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The answers to these questions will determine both maternal and fetal outcome under
most circumstances (Table 4).

Over the last century, causes of maternal mortality have shifted from chronic, slowly
progressive diseases (cholera, tuberculosis, dysentery) to more acute causes (anesthesia,
embolism, cerebrovascular [46]). This is relevant in that babies born via postmortem
cesarean section from mothers with chronic diseases have a decreased chance for survival
than those born from previously healthy mothers who died acutely (46). In situations in
which a woman is believed to be at risk for sudden CA, provisions should be made to have
a cesarean section tray at the bedside (45). Informed consent should be obtained before-
hand, if possible. If informed consent is not feasible, a cesarean section should still be
performed if indicated to provide the best possible outcome for both the mother and fetus
(45,46,52,53).

The American College of Obstetricians and Gynecologists has published guidelines
for managing pregnancies at the threshold of fetal viability. The neonatal survival rate
is 0% at 21 weeks and 75% at 25 weeks (Table 5; 54). Emphasis is placed on the reality
that infants born prior to 24 weeks are not likely to survive and that of those surviving,
the likelihood of normal neurological function is extremely low (55). If gestational age
is unknown and ultrasound is available, it may be reasonable to perform a quick mea-
surement of the fetal head using the biparietal diameter (BPD) as a rough estimate of
gestational age. The accuracy of dating pregnancies with ultrasound decreases with
increasing gestational age, especially if only one parameter is used in the determina-
tion. A BPD on an 18-week fetus may be off by plus or minus 8 days (95% CI) as
opposed to a discrepancy of 3 weeks in the third trimester (56). BPD measurements of
58, 59, and 60 mm correspond to an average estimated gestational age of 23.9, 24.2, and
24.6 weeks, respectively (57).

Table 4
The Decision Tree to Perimortem Cesarean Section

Question Comment

How much time has elapsed Best outcome is <4 minutes for both mother
since the onset of CA? and fetus

Have adequate CPR and appropriate Cannot declare CPR unsuccessful unless all
drug therapy been administered?  interventions have been carried out correctly.

What is the gestational age of the fetus? If unknown, ultrasound may be helpful if available.

Does the fetus have a chance to survive If <24 weeks, very poor chance for survival
neurologically intact? with normal neurological function

Will the mother benefit from removal Possible, especially if >20 weeks.
of the previable fetus?

Is the mother's injury fatal or reversible? If fatal, reasonable to proceed directly
to cesarean section

Is there adequate support available? Involve pediatrics, obstetrics, and anesthesia
as soon as possible

Modified from ref. 52. CA, cardiac arrest; CPR, cardiopulmonary resuscitation.
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Table 5
Percent Neonatal Survival by Gestational Age

Completed weeks of gestation Percentage of survival

21 0
22 21
23 30
24 50
25 75
26 80
27 90

Modified from ref. 56; data from ref. 55.

As discussed previously, CPR in the pregnant female is relatively  inefficient as a result
of the compression of the great vessels by the gravid uterus and the resultant decrease in
cardiac output and venous return. It is therefore imperative to relieve this compression
by either manually displacing the uterus or placing the patient in a left lateral position.
If this is not successful, preparations should be made to perform a perimortem cesarean
section (58).

Cesarean delivery should be initiated within 4 minutes of CA and the infant should be
delivered by the fifth minute for an optimal outcome (46). With removal of the fetus and
placenta, the contraction of the uterus will “autotransfuse” blood into the systemic cir-
culation and may help restore perfusion and enhance the effectiveness of chest compres-
sions (59). Timing of perimortem cesarean section is critical for neonatal outcome. Fetal
survival is highest (70%) within the first 5 minutes and drastically declines after this
interval along with the chance of normal neurological function (Fig. 1; 46). Even if more
than 15 minutes has elapsed, it is still reasonable to perform a cesarean section because
there is 100% fetal mortality if no action is taken (60). In one reported case, the emergency
team did not arrive until 25 minutes after a maternal shooting with thoracic aorta injury.

Fig. 1. Percent of infants surviving postmortem cesarean section as a function of time. (Modified
from ref. 46.)
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Table 6
The Technical Points of Perimortem Cesarean Section

Vertical skin incision
Classical uterine incision may be quicker
One minute from incision to delivery
Usually bloodless
Avoid injury to bowel and bladder
Notify pediatrics, obstetrics, and anesthesia
Continue CPR throughout procedure

The pulse and blood pressure were unobtainable at that time and another 20 minutes
elapsed before arrival to the hospital. Cesarean delivery was performed 2 minutes later
with neonatal survival and only minimal neurological dysfunction noted at 18 months of
age (42). Inability to auscultate fetal heart tones does not exclude the possibility of a
neonatal survival (58).

Prior to performing a perimortem cesarean section, several technical points should be
considered (Table 6). A vertical skin incision is recommended because it is the fastest
way to enter the abdomen (50). Some authors advocate classical hysterotomy for prompt
delivery, however, we do not necessarily recommend this approach if the lower uterine
segment is adequately developed. In the third trimester of pregnancy with a thin lower
uterine segment, a low transverse uterine incision is likely to be more expeditious and
associated with less morbidity than a classical uterine incision. The only instrument in
these circumstances needed to perform the surgery is a scalpel (61). Care should be taken
to avoid injury to the surrounding organs and good hemostasis should be obtained in the
event of maternal survival (46). The bloodless nature of this procedure and the relaxed
muscles of the abdomen make this an easier procedure to perform (58). Finally, it is
essential that CPR be continued throughout the procedure and that the maternal pulse is
checked immediately after completion of the surgery (62).

Prior to Katz’s article in 1986, there were no reports of any physician being found
liable for performing a perimortem cesarean section (46), but this is a legitimate concern
in today’s litigious society. As stated previously, informed consent is desirable if it can
be obtained. Inability to obtain signed informed consent should not delay an indicated,
potentially lifesaving procedure. Meticulous documentation in the medical record is also
critical and must reflect both the basis on which the decision to perform a perimortem
cesarean section was made and all procedures implemented leading up to that point.

In summary, CA in pregnancy, although rarely encountered, offers the resuscitation
team the opportunity to intervene on behalf of two patients, the mother and her fetus. The
etiologies of CA during pregnancy may differ somewhat from those in the general popu-
lation, and some are unique to pregnancy. Both maternal and fetal well-being must be
considered under these circumstances, and a basic understanding of the physiological
changes of pregnancy is important when managing these patients. None of the drugs used
in the BLS and ACLS protocols are contraindicated absolutely in pregnancy and should
be used when indicated. Perimortem cesarean section can be a lifesaving procedure for
both the mother and the fetus and should be initiated if hemodynamic stability is not
restored within 4 minutes of the onset of CA.



404 Cardiopulmonary Resuscitation

REFERENCES
1. Takouri MSM, Seraj MA, Channa AB. Advisory Statement of the International Liaison Committee on

Resuscitation (ILCOR). CPR in pregnancy. Middle East J of Anesth 1998;14:399–405.
2. Differences in maternal mortality among black and white women—United States, 1990. MMWR

1995;44:6,7,13,14.
3. Berg CJ, Atrash HK, Koonin LM, Tucker M. Pregnancy-related mortality in the United States, 1987-

1990. Ob Gyn 1996;88:162–167.
4. Maternal mortality—United Stated, 1982–1996. MMWR 1998;47:705–707.
5. Koonin LM, MacKay AP, Berg CJ, Atrash HK, Smith JC. Pregnancy-related mortality surveillance-

United States, 1987-1990. MMWR 1997;46:17–36.
6. State-specific maternal mortality among black and white women—United States, 1987-1996. MMWR

1999;48:492–496.
7. Kaunitz AM, Hughes JM, Grimes DA, et al. Causes of maternal mortality in the United States. Ob Gyn

1985;65:605–612.
8. Rochat RW, Koonin LM, Atrash HK, Jewett JF. Maternal mortality in the United States: Report from

the Maternal Mortality Collaborative. Ob Gyn 1988;72:91–97.
9. Jacob S, Bloebaum L, Shah G, Varner MW. Maternal mortality in Utah. Ob Gyn 1998;91:187–191.

10. Atrash HK, Alexander S, Berg CJ. Maternal mortality in developed countries: Not just a concern of the
past. Ob Gyn 1995;86:700–705.

11. Ghosh MK. Maternal mortality: A global perspective. J Reprod Med 2001;46:427–433.
12. Goodburn E, Campbell O. Reducing maternal mortality in the developing world: Sector-wide approaches

may be the key. Br Med J 2001;322:917–920.
13. Opportunities to reduce maternal and infant mortality. MMWR 1999;48:856.
14. Ueland K. Maternal cardiovascular dynamics. VII. Intrapartum blood volume changes. Am J Ob Gyn

1976;126:671–677.
15. Gibbs CP. Maternal physiology. Clin Ob Gyn 1981;24:525–543.
16. Pritchard JA. Changes in blood volume during pregnancy and delivery. Anesthesiology 1965;26:393–399.
17. Ueland K, Novy MJ, Peterson EN, Metcalfe J. Maternal cardiovascular dynamics. IV. The influence of

gestational age on the maternal cardiovascular response to posture and exercise. Am J Ob Gyn
1969;104:856–864.

18. Ueland K, Metcalfe J. Circulatory changes in pregnancy. Clin Ob Gyn 1975;18:41–50.
19. Veille JC, Morton MJ, Burry KJ. Maternal cardiovascular adaptations to twin pregnancy. Am J Ob Gyn

1985;153:261–263.
20. Clark SL, Cotton DB, Lee W, Bishop C, et al. Central hemodynamic assessment of normal term preg-

nancy. Am J Ob Gyn 1989;161:1439–1442.
21. Cugell DW, Frank NR, Gaensler ED, et al. Pulmonary function in pregnancy: I. Serial observations in

normal women. Am Rev Tuberc 1953;67:568–597.
22. Awe RJ, Nicotra MB, Newson TD, Viles R. Arterial oxygenation and alveolar-arterial gradients in term

pregnancy. Ob Gyn 1979;53:182–186.
23. Archer GW, Marx GF. Arterial oxygen tension during apnea in parturient women. Br J Anesth

1974;46:358–360.
24. Dinnick OP. Hiatus hernia: An anesthetic hazard. Lancet 1961;1:400–473.
25. Macfie AG, Magides AD, Richmond MN, Reilly CS. Gastric emptying in pregnancy. Br J Anesth

1991;67:54–57.
26. Attia RR, Ebeid AM, Fischer JE. Gastrin: Placental, maternal, and plasma cord levels: Its possible role

in maternal residual gastric acidity (abstract). American Society of Anesthesiologists Annual Meeting.
1976:547.

27. Roberts RB, Shirly MA. Reducing the risks of acid aspiration during cesarean section. Anesth Analg
1974;53:859–868.

28. Sellick BA. Cricoid pressure to control regurgitation of stomach contents during induction of anesthesia.
Lancet 1961;2:404–406.

29. Metcalfe J, Romney SL, Ramsey LH, et al. Estimation of uterine blood flow in normal human pregnancy
at term. J Clin Invest 1955;34:1632–1643.

30. Kerr MG. The mechanical effects of the gravid uterus in late pregnancy. J Ob Gyn Br Commonw
1965:513.

31. Kauppila A, Koskiner M, Puolakka J, et al. Decreased intervillous and unchanged myometrial flow in
supine recumbency. Ob Gyn 1980;55:203–205.



Chapter 23 / Cardiac Arrest in Pregnancy 405

32. Koffler H. Fetal and neonatal physiology. Clin Ob Gyn 1981;24:545–553.
33. Rudolph AM, Heymann MA. The fetal circulation. Ann Rev of Med 1968;19:195–206.
34. Bunn HF, Jandl JH. Control of fetal hemoglobin function within the red cell. NEJM 1970;282:1414–1420.
35. Rulolph AM. The fetal circulation and its response to stress. J Dev Physiol 1984;6:11–19.
36. Gimovsky ML. Fetal heart rate monitoring. Casebook: Fetal heart rate monitoring during respiratory and

cardiac arrest. J Perinat 1997;17:495–499.
37. Clark SL, Hankins GD, Dudley DA, et al. Amniotic fluid embolism: Analysis of the national registry.

Am J Ob Gyn 1995;172:1158–1169.
38. Kloeck W, Cummings RD, Chamberlain D, et al. Special resuscitative situations: An advisory statement

from the International Liaison Committee on Resuscitation. Circul 1997;95:2196–2210.
39. Tsui BC, Stewart B, Fitzmaurice A, Williams R. Cardiac arrest and myocardial infarction induced by

postpartum intravenous ergonovine administration. Anesthesiology 2001;94:363–364.
40. Thrush DN, Downs JB. Vagotonia and cardiac arrest during spinal anesthesia. Anesthesiology

1999;91:1171–1173.
41. Curry JL, Quintana FJ. Myocardial infarction with ventricular fibrillation during pregnancy treated by

direct current with fetal survival. Chest 1970;58:82–84.
42. Lopez-Zeno JA, Carlo WA, O’Grady JP, Fanaroff AA. Infant survival following delayed postmortem

cesarean delivery. Ob Gyn 1990;76:991–992.
43. Datta S, Nasr NF, Khorasani A, Datta R. Current concepts in cardiopulmonary resuscitation in adults.

J Indian Med Assoc 1999;97:259–264.
44. Lee RV, Rodgers BD, White LM, Harvey RC. Cardiopulmonary resuscitation of pregnant women. Am

J Med 1986;81:311–318.
45. Dildy GA, Clark SL. Cardiac arrest during pregnancy. Ob Gyn Clin N Amer 1995;22:303–314.
46. Katz VL, Dotters DJ, Droegemueller W. Perimortem cesarean delivery. Ob Gyn 1986;68:571–576.
47. Plum F. Vulnerability of the brain and heart after cardiac arrest. NEJM 1991;324:1278–1280.
48. Cummings RO (ed.): Advanced Cardiac Life Support Provider Manual, 5th ed. Dallas: American Heart

Association, 2001.
49. Satin AJ, Hankins GDV. Cardiopulmonary resuscitation in pregnancy. In: Critical Care Obstetrics, 2nd

ed. Clark SL, Cotton DB, Hankins GDV, et al, eds. Boston: Blackwell Scientific, 1991:579–598.
50. Whitten M, Irvine LM. Postmortem and perimortem cesarean section: what are the indications? J Royal

Soc of Med 2000;93:6–9.
51. Anonymous. Part 8: Advanced challenges in resuscitation. Section 3: Special challenges in ECC. 3F:

Cardiac arrest associated with pregnancy. Resuscitation 2000;46:293–295.
52. Behmey CA. Cesarean section delivery after death of the mother. JAMA 1961;176:617–619.
53. Weber CE. Postmortem cesarean section: Review of the literature and case reports. Am J Ob Gyn

1971;110:158–163.
54. Lemons JA, Korones SB, Papile LA, Stoll BJ, et al. Very low birth weight outcomes of the National

Institute of Child Health and Human Development Neonatal Research Network, January 1995 through
December 1996. NICHD Research Network. Pediatrics 2001;107:E1.

55. Depp R, Lemons JA. Perinatal care at the threshold of viability. American College of Obstetricians and
Gynecologists Practice Bulletin 2002;100:617–624.

56. Hadlock FP. Sonographic estimation of fetal age and weight. Radiologic Clin of N Amer 1990;28:39–50.
57. Weber CE. Postmortem cesarean section: Review of the literature and case reports. Am J Ob Gyn

1971;110:158–163
58. Hadlock FP, Deter RL, Harrist RB, et al. Fetal biparietal diameter: A critical reevaluation of the relation

to menstrual age by means of real time ultrasound. J Ultrasound Med 1982;1:97–104.
59. Kam CW. Perimortem cesarean sections. J Accident Emerg Med 1994;11:57–58.
60. Chen HF, Chien NL, Huang GD, et al. Delayed maternal death after perimortem cesarean section. Acta

Ob Gyn Scand 1994;73:839–841.
61. Cardosi RJ, Porter KB. Cesarean delivery of twins during maternal cardiopulmonary arrest. Ob Gyn

1998;92:695–697.
62. Parker J, Balis N, Chester S., et al. Cardiopulmonary arrest in pregnancy: Successful resuscitation

of mother and infant following immediate cesarean section in labour ward. Aust NZ J Ob Gyn 1996;
36:207–210.

63. DePace NL, Betesh JS, Kotler MN. Postmortem cesarean section with recovery of both mother and
offspring. JAMA 1982;248:971–973.



Chapter 24 / Drowning 407

407

From: Contemporary Cardiology: Cardiopulmonary Resuscitation
Edited by: J. P. Ornato and M. A. Peberdy © Humana Press Inc., Totowa, NJ

24 Cardiopulmonary Resuscitation
Following Drowning

Jerome H. Modell, MD

and Andrea Gabrielli, MD

CONTENTS

DEFINITIONS AND DESCRIPTIONS

PATHOPHYSIOLOGY

RESCUE AND RESUSCITATION

REFERENCES

DEFINITIONS AND DESCRIPTIONS

Several definitions and multiple terminology have appeared since the 1950s regarding
the description of victims who suffer a fatal or near-fatal event from being submerged in
water and other liquids. Some of the descriptors have had modifications placed on them
and, furthermore, their meaning was somewhat lost when translated into some languages
other then English. Because drowning is a global problem, at the World Congress on
Drowning in Amsterdam, The Netherlands, in 2002, a group was convened from multiple
countries to develop a definition of “drowning” that would be applicable in multiple
languages worldwide (1). Although unanimity may not have been present on every term
discussed, there clearly was a consensus to simplify the terminology for international
application. What follows is the consensus of that group with comment and, in some
cases, slight modification representing the bias of the authors of this chapter.

Drowning is the process resulting from primary respiratory impairment from submer-
sion or immersion in a liquid medium. Implicit in this definition is that a liquid-to-air
interface must be present at the entrance to the individual’s airway, thus, precluding the
possibility of the individual to breathe air. Although it is possible to suffer a drowning
episode in multiple types of liquid, this chapter is confined to the most common use of
the terminology, namely, drowning in water.

The drowning process is a continuum beginning when the individual’s airway is
initially below the surface of the liquid. At this time, the individual first will voluntarily
hold his or her breath. Some victims will swallow significant quantities of water during
this time. This period of voluntary breath-holding, which has been found in human
volunteers to last an average of 87 seconds at rest and shorter with exercise (2), is
followed by an involuntary period of laryngospasm secondary to water in the oropharynx
or at the level of the larynx acting as a foreign body (3). During this period of breath-
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holding and laryngospasm, the patient cannot breathe gas, therefore, oxygen is depleted
and carbon dioxide is not eliminated. This results in the patient becoming hypercarbic,
hypoxic, and acidotic (4).

As blood levels of carbon dioxide increase and levels of oxygen decrease, respiratory
efforts become very active but no exchange of air occurs because of the obstruction at the
larynx. Victims who subsequently recover and recall this period, frequently describe it
as being quite terrifying and painful as they struggle to create intense negative intrapleu-
ral pressure breathing against a closed glottis (5). As the patient’s arterial oxygen tension
drops further, laryngospasm abates, and the patient then actively breathes water. Further
evidence of the magnitude of negative pressure created during laryngospasm is the fact
that the lungs of drowning victims frequently demonstrate significant hyperinflation at
autopsy (6).

The amount of liquid a drowning victim breathes varies considerably between victims
(4). Studies comparing the biochemical changes occurring in humans after a drowning
episode with those in experimental animals, suggest that, although the volume of liquid
actually inhaled varies considerably from one victim to another, only 15% of persons who
die in the water aspirate in excess of 22 mL per kg of water (7), and the percentage is
considerably less in those who survive (4). Changes occur in the lung, body fluids, and
electrolyte concentrations, which are dependent on both the composition and volume of
the liquid aspirated (8–10).

A victim can be rescued at any time during the drowning process and given appropriate
resuscitation measures in which case, the process is interrupted. The individual may
recover with the initial resuscitation efforts or with subsequent therapy aimed at elimi-
nating hypoxia, hypercarbia, and acidosis, and restoring normal organ function. If the
patient is not removed from the water, then circulatory arrest will occur, and, in the
absence of effective resuscitative efforts, multiple organ dysfunction and death will
result, primarily from tissue hypoxia.

Although the tolerance to hypoxia of various tissues is different, it should be noted that
the brain is the organ most at risk for permanent detrimental changes from relative brief
periods of hypoxia. The following question is frequently asked: “How long can one be
submerged and still be rescued and resuscitated back to a normal life?” Although, obvi-
ously, there are no controlled human studies, nor should there be on this subject, the
limiting time factor is likely the duration that cerebral hypoxia can be tolerated before
irreversible changes occur. Irreversible damage to brain tissue is reported to begin approx
3 minutes after the PaO2 falls below 30 mmHg under normothermic conditions in other-
wise normal people (11). Such data suggests that if the individual is rescued and effective
resuscitation efforts are applied within 3 minutes of the cessation of respiration, i.e., sub-
mersion in water, that the vast majority of such victims should be able to be resuscitated and
suffer no permanent brain damage. Furthermore, because the period of voluntary breath-
holding and laryngospasm is thought to last for approx 1.5 to 2 minutes (2,12), persons
who are retrieved within that time frame will likely not suffer lung damage secondary to
the aspiration of liquid. Once the 3-minute time frame has been exceeded, although some
normal survivors are reported, it becomes less likely that normal survival will result from
resuscitation efforts. This time frame may be prolonged if hypothermia occurs rapidly
because it decreases the cerebral requirement for oxygen.

Trained divers have been shown to be able to voluntarily hold their breath for much
longer periods of time, approaching 4 to 5 minutes without complication (13). Persons
who become hypothermic as a result of immersion or submersion in extremely cold water
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will rapidly develop hypothermia, which protects the brain by decreasing its oxygen
requirement and prolongs survival (14). In the latter case, seemingly miraculous recov-
eries of patients who have been submerged for more than 20 minutes have been reported
(15). It should be noted, however, that hypothermia is a two-edged sword; although it can
protect the brain from oxygen deprivation, it also can cause death in the water secondary
to its effect on the conduction system of the heart, resulting in circulatory arrest either by
asystole or ventricular fibrillation (VF [16]).

The drowning process can be altered by the initiating event. For example, if the indi-
vidual suffers trauma, develops syncope or unconsciousness, has a circulatory arrest
either by asystole or VF as the precipitating event, hyperventilates prior to breath-holding
underwater, has a convulsive disorder that leads them to become incapacitated thereby
becoming submerged, the individual’s judgment and/or motor function is impaired by
significant parenteral levels of depressant drugs including alcohol, each of these events
will have an effect on the drowning process per se. For example, in the individual who
suffers a concussion from a blow to the head, subsequent recollection of the events is
unlikely. If trauma results in a cervical fracture, disastrous damage to the spinal cord may
occur acutely and, thus, motor function may be lost below that level. If the individual has
a circulatory arrest either by asystole or VF as a precipitating event, respiration will cease,
and it is highly unlikely that significant amounts of water will be breathed into the lung
because active respiration is necessary for this to occur (17). If the individual
hyperventilates prior to breath-holding underwater, it has been shown that the breath-
holding breaking point can be extended until the level of hypoxia is so severe that con-
sciousness is lost and the individual then actively breathes water (2,12). The effect of drug
usage is variable depending on the level of depression and the patient’s response. There
is considerable variation in tolerance to depressant drugs and alcohol and their effects on
performance and orientation. To better understand what to expect in each victim, the
initiating event should be reported in, every case if it is known.

When one experiences a drowning episode, the result can be death or survival. Further-
more, survival can be without residual damage or with residual damage to varying degrees;
e.g., from minor neurologic difficulty to one that has no normal function other then continu-
ation of an effective heartbeat with or without spontaneous respiration.

The terms “drown” and “near-drown” have been used for decades in an attempt to
separate these outcomes (18). At the World Congress on Drowning, however, it became
apparent that their meaning was not felt to be clear when translated into some languages
(1). Furthermore, one could have no signs of spontaneous physiologic function and,
therefore, be “drowned” but once resuscitative efforts were applied, they would respond
positively and survive to varying degrees and, thus, the term applied to them would have
to be changed to “near-drown” (19). Then there are those who do not die acutely but die
later of complications from their drowning episode. In this case, the question is were they
“near-drowned” or were they “drowned?”

The definition of “drowned” we believe to be fairly clear, namely, death secondary to
undergoing the drowning episode. “Near-drowned” presents a significantly greater prob-
lem of understanding. We believe that the term “drowned” should be retained for both
those who die acutely in the water and those who die later of consequences directly
resultant from the submersion episode. However, we agree with the consensus of the
World Congress members that “near-drowned” may lead to unnecessary confusion and,
therefore, should be replaced by terminology such as “the individual survived the drown-
ing episode” and then describe the ultimate condition of the individual.
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Other terms that have appeared in the literature over the past few decades that we
believe are confusing and should be abandoned discussed here.

Dry vs Wet Drowning
Because all drowning occurs in liquid, by definition, they are all wet. This terminology

has been used by some to categorize drowning victims into those who aspirate liquid into
the lungs and those who do not. Frequently, it is not possible to determine at the scene
of the accident whether the individual actually did aspirate water. This is particularly true
when the quantity of water aspirated is small. Furthermore, if evidence of fluid aspiration
is not detected in the individual who dies or is discovered dead in the water, the diagnosis
may be suspect (20). In these cases, one should look for other explanations such as acute
mechanical standstill of the heart, from asystole or VF or, for that matter, whether the
individual actually was alive when they first became submerged.

Active vs Passive vs Silent Drowning
This terminology has been used by some to separate those victims who are observed

to be struggling at the surface of the water from those who are first discovered when they
are actually submerged and motionless. It has been shown with underwater cameras that
even in victims who were not seen to be in difficulty on the surface of the water by
observers, they may have had unrecognized active motion although submerged. We
believe, therefore, that these terms should be abandoned in favor of the terms “witnessed”
when the episode is witnessed from the onset of submersion/immersion to the time of
rescue or “unwitnessed” when a body is found in the water without anybody seeing how
it got there.

Secondary Drowning
This terminology has been used by some to describe a situation when a precipitating

event from another origin, for example, syncope, causes a victim to be below the surface
of the water and then they drown. On the other hand, some use this terminology to
describe a victim who appears to be recovering from a drowning episode in the hospital
and then develops adult respiratory distress syndrome. Not only is this terminology
confusing but, also, in the latter instance, a patient does not experience a second submer-
sion or drowning episode, therefore, this terminology should be abandoned.

PATHOPHYSIOLOGY

There have been extensive studies both in animals (7–9,14,18,21–34) and in humans
(4,6,20,35–40) over the past century in an attempt to quantitate the changes that occur as
a result of a drowning episode. What has consistently been shown over and over again
is that acutely, drowning produces asphyxia (i.e., hypoxia, hypercarbia, and acidosis).
The hypercarbia is the result of absent or ineffective ventilation and is readily correctable
when aggressive mechanical ventilation is instituted. The hypoxia that occurs initially is
not as readily correctable and may be persistent for long periods of time (8–10). This
hypoxia is first as a result of apnea and, then, primarily of intrapulmonary shunting from
alveoli that are perfused but not being ventilated or not being ventilated adequately (32).
The acidosis is mixed, and the respiratory component rapidly disappears with effective
ventilation. One is, however, frequently left with significant metabolic acidosis as a result
of anaerobic metabolism during the period of time that profound tissue hypoxia second-
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ary to absent or ineffective respiration and cardiac output was present. The hallmark of
this high anion gap metabolic acidosis is an increased level of serum lactic acid.

Although intrapulmonary shunting occurs after both freshwater and seawater aspira-
tion, the etiology is different (33). In the case of freshwater, the aspirated water alters the
surface tension properties of pulmonary surfactant. Thus, the alveoli become unstable
and do not maintain their normal shape or patency, resulting in an increase in both
absolute and relative intrapulmonary shunt (32,33). Seawater does not change the surface
tension properties of pulmonary surfactant, but, because it is hypertonic, it pulls fluid
from the circulation into the alveoli, thus, producing obstruction to gas exchange at the
alveolar level. Bronchoconstriction also has been reported after aspiration of even small
quantities of water (28).

Freshwater, being hypotonic, is absorbed very rapidly into the circulation and because
of the transient hypervolemia that occurs and the change in the surface tension properties
of pulmonary surfactant, pulmonary edema results. The pulmonary edema is most com-
monly described as frothy or foamy and blood-tinged. This coloring is secondary to the
presence of free plasma hemoglobin from the rupture of some red blood cells as a result
of the absorption of hypotonic fluid into the circulation in the face of hypoxia (41).
Pulmonary edema also occurs when seawater is aspirated, secondary to a semipermeable
membrane effect because the seawater is hypertonic compared to plasma. Even though
the etiology of the hypoxia is different between freshwater and seawater aspiration, the
result of both is to increase intrapulmonary shunt, which requires aggressive therapy
(32,42,43).

Extensive studies of serum electrolyte concentrations after drowning have shown that
only 15% of individuals who die in the water, aspirate more than 22 mL per kg of water.
In patients who survive, the percentage is much less and, thus, significant changes in
serum electrolyte concentrations that require treatment, are rarely observed (7). The only
exception, possibly being persons who drowned in the Dead Sea (44).

The treatment of the respiratory lesion requires providing mechanical ventilatory
support in a fashion that will restore an adequate functional residual capacity and keep
the alveoli open during all phases of the respiratory cycle, thus, decreasing the intrapul-
monary shunt. Obviously, if foreign material such as sand, silt or plant life is aspirated
into the lung, it may produce obstruction and it should be removed via bronchoscopy.

 The cardiovascular changes that occur during a drowning episode can best be ascribed
to inadequate oxygenation. Although fatal arrhythmia such as VF is rarely documented
in human drowning victims, VF can occur with profound hypoxia, especially if very
significant changes in serum potassium and serum sodium result from the movement of
fluid and rupture of red blood cells. Although a wide variety of cardiac arrhythmias have
been reported (45), particularly in animal models, rarely do they require specific therapy
other than improving oxygenation and correcting severe metabolic acidosis. More com-
mon problems are profound hypoxia and the leak of fluid into the lung as pulmonary
edema resulting in a relative hypovolemia in the patient. It has been shown by multiple
investigators that to treat this hypovolemia it may be necessary to infuse significant
amounts of intravenous fluid to maintain an adequate effective circulating blood volume,
even in the face of pulmonary edema (26,43). Without such therapy, even though the
arterial oxygen tension might have improved with mechanical ventilatory support, the
delivery of oxygen to the tissues remains compromised and incompatible with supplying
adequate tissue oxygenation (43). Use of vasopressors and other pharmacologic agents
may be indicated as a temporary crutch, so to speak, in these patients, however, they are
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not a substitute for providing adequate oxygenation and adequate intravascular fluid
volume. If the latter are established, it is highly unlikely that pharmacologic support of
the heart will be necessary.

Detrimental changes in renal function are rarely seen in persons recovering from near-
drowning. However, when present, they likely are the result of inadequate perfusion and
oxygenation rather than anything specific in regard to the drowning episode per se. Some
have emphasized the need for the kidneys to clear free plasma hemoglobin after fresh-
water drowning, however, significant levels of free plasma hemoglobin have rarely been
reported in such patients. This, likely, is as a result of the fact that for red blood cells to
rupture and release enough hemoglobin into the plasma during a drowning episode to
require specific therapy for its clearance, it requires transfer of substantial volumes of free
water into the circulation in the face of hypoxia (41). As stated above, this rarely occurs.

RESCUE AND RESUSCITATION

To ensure survival after a drowning episode, it is imperative that one never lose sight
of the fact that time is of the essence. The longer one is without the ability to breathe air,
the more profound is the hypoxia and the risk of permanent damage to vital tissues. Thus,
those who are entrusted with guarding swimming facilities must never lose sight of the
fact that continual vigilance is required to recognize a victim in distress, and to remove
them from the water and begin resuscitative measures in timely fashion. Frequently,
bodies are discovered motionless in a pool without anyone in attendance being able to
pinpoint the length of time that the individual was submerged. In many cases, lifeguards
report that they thought the individual was “fooling around” and, therefore, they did not
affect a timely rescue. Also, lifeguards may be assigned other duties such as pool main-
tenance and tending to concession stands, thus, precluding them from timely recognition
of a victim in trouble and prompt rescue.

Frequently, bathers are permitted to deliberately hyperventilate on the side of the pool
before becoming submerged to see “how long they can hold their breath” or “how far they
can swim underwater.” These practices are to be condemned. If an individual is not noted
to be making purposeful movements for more then 10 seconds, rescue attempts should
be initiated (46). The individual responsible for safety at the pool should always be in
proper attire and in position to affect such a rescue and complete it within 20 seconds of
the recognition of the problem.

When removing the victim from the water, care should be taken to avoid complicating
neck injuries when they are suspected. In such cases, the patient should be floated onto
a long back-board. Gentle immobilization of the head should be accomplished, securing
it in a neutral position. However, if the neck appears to be obviously deformed and the
patient has pain with neck movement, the neck should be immobilized in the existing
position.

If the individual is apneic, the airway should rapidly be cleared of foreign material, a
patent airway secured, and mouth-to-mouth resuscitation should be started immediately.
It is preferable to begin artificial ventilation in the water if it can be accomplished without
jeopardizing the safety of the rescuer. It should be remembered that not all victims are in
a state of CA when the rescue attempt begins. They may be in a state of vasoconstriction
or have a significant bradycardia, in which case, if effective ventilation is started, the
myocardium will be reoxygenated and increased cardiac activity will result in improved
tissue perfusion.
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On removing the individual from the water, he or she should rapidly be assessed for
the presence of both spontaneous respiration and cardiac activity. In the absence of these,
the airway should be inspected rapidly to ensure that there is no mechanical obstruction,
and artificial respiration and cardiac compression should be instituted without delay.
Recently, some have proposed that chest compression alone and without artificial respi-
ration should be attempted in victims of dysrhythmic CA (47). It must be emphasized that
these recommendations do not apply to the drowning victim because the pathophysi-
ologic lesion in the lungs requires active attempts at re-inflation and stabilization of the
alveoli. Therefore, CA following drowning is more likely as a result of asphyxia.

If equipment is available at the site for administering supplemental oxygen, it should
be delivered in the highest concentration possible under existing conditions. Electrical
activity of the heart should quickly be evaluated and an automatic defibrillator applied
if indicated. A pulse oximeter will frequently be of assistance in determining the effec-
tiveness of oxygenation. However, many pulse oximeters do not work well if the indi-
vidual is cold and vasoconstricted or if there is excessive movement.

Although one should rapidly inspect the airway for the presence of obstructing mate-
rial, the abdominal thrust maneuver, which had been advocated by some in the past, has
been thoroughly debated and found not to be of value in treating a drowning victim unless
solid material is actually blocking the conducting airway (48).

Patient Transport and Emergency Medical Services
Neither equipment nor properly trained personnel are usually available at the site to

provide advanced cardiac life support (ACLS) including endotracheal intubation, intra-
venous access, drug therapy, and electrical defibrillation. However, these measures should
be instituted when indicated and when the proper equipment and properly trained person-
nel are available. It is crucial that someone other than the individual rescuing and resus-
citating the patient, contact emergency medical services (EMS) as rapidly as possible so
that they can respond in a timely fashion and make ACLS treatment available to the
victim.

A word of caution to EMS personnel. If one is not familiar with a technique, treatment
of the acute drowning victim is not the appropriate place to experiment with something
for the first time. This caution is especially pertinent when talking about delaying or
abandoning mechanical ventilation with a bag and mask in favor of attempting to place
an endotracheal tube and the endotracheal tube then ending up in the esophagus rather
than in the trachea. People die from lack of ventilation and oxygen, not from lack of an
endotracheal tube or other similar type of appliance.

Whenever a drowning victim has to be transported to a location or facility such as a
hospital emergency room, it is important that a call be made promptly to inform the
emergency room personnel of the exact circumstances, type of treatment instituted and
condition of the patient en route so that they will be prepared to accept the patient and to
render appropriate therapy as soon as the patient arrives.

When moving a critically ill drowning victim it is imperative to remember the fragility
of such patients because they can decompensate in a matter of a few seconds or minutes
if appropriate therapy is withdrawn. Examples of such situations are movement from the
scene to the EMS vehicle, from the EMS vehicle to the hospital emergency department
(ED) or from the hospital ED to other hospital locations for testing, such as radiology, or
for treatment, such as the intensive care unit. Thus, every attempt should be made to
continue essential therapy at all times.
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Treatment in the Emergency Department

In the ED, a thorough evaluation of the patient should be performed, keeping in mind
that the most serious problems that require immediate therapy are pulmonary insuffi-
ciency and cardiovascular instability resulting in inadequate delivery of oxygen to vital
tissues. If the individual is responding fully, does not require respiratory or cardiovascu-
lar support, and has a normal oxyhemoglobin saturation while breathing room air, it is
unlikely that the individual has aspirated a significant amount of water, and observation
may be all that is necessary.

At the other extreme is the patient who is still unconscious and requires extensive
pulmonary and cardiovascular support in an attempt to normalize vital signs and produce
adequate cardiac output and tissue oxygenation. Thus, one cannot prescribe cookbook
treatment that would apply to every victim. However, the treating physician should keep
in mind that increased intrapulmonary shunt and poorly matched ventilation-to-perfu-
sion ratios are the rule rather than the exception for one who has aspirated a significant
quantity of water.

Therapy must be aimed at improving ventilation-to-perfusion ratios and restoring
adequate residual lung volume to optimally oxygenate the blood. A relative hypovolemia
frequently is present as a result of fluid shifts between the lung and the circulation. These
can be accentuated by the increase in mean intrathoracic pressure that occurs with
mechanical ventilatory support. Thus, evaluation of effective circulating blood volume
and replenishment of intravascular fluid volume to physiologic levels is important as a
primary concern.

Although currently some controversy exists regarding when to treat metabolic acido-
sis in persons who have suffered a CA, we believe that the adverse effect of acidosis on
the pulmonary vasculature and cardiac function is sufficient so that metabolic acidosis
producing a pH of less than 7.2 should be treated with intravenous sodium bicarbonate.
If the patient is a victim of seawater drowning and has aspirated sufficient water to
produce a hypernatremia, one might be better advised to use an agent such as THAM to
avoid compounding the hypernatremia. However, once again, it should be noted that the
quantity of water aspirated is seldom sufficient to produce such significant changes in
serum electrolyte concentrations; except perhaps when the drowning occurs in water of
extreme hypersalinity such as the Dead Sea (44).

Changes in serum electrolyte concentrations and hemoglobin and hematocrit of suf-
ficient magnitude to justify specific therapy are rare, as are alterations in renal function
other then those that might be expected in the hypovolemic, hypoxic, or markedly aci-
dotic patient.

The patient’s level of consciousness on admission to the emergency room has been
shown to markedly influence outcome (49,50). The most important consideration here is
to provide for adequate oxygenation and perfusion and to avoid producing increased
intracranial pressure, if possible. Treatments aimed specifically at preservation of cere-
bral function have not been shown to be particularly beneficial to date (50,51).

If the patient requires diagnostic testing in a distant location such as the radiology
department, it is imperative that adequate personnel and equipment accompany the patient
to ensure that optimum therapy is not interrupted at any time during transport or when
performing the procedure. Likewise, transportation to the intensive care unit should be
done with a “full team approach.” Should optimum therapy be interrupted during any of
these time periods, adverse consequences should be anticipated.
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Drowning episodes in cold water may produce significant hypothermia. There are
several methods of rewarming that have been recommended including, but not necessar-
ily limited to, heating blankets, warmed intravenous fluids, warmed humidification of
breathing circuits, gastric lavage, and cardiopulmonary bypass. The method used should
be tailored to the resources available and the condition of the patient. It must be remem-
bered, however, that rewarming peripheral tissues before the patient’s circulation is
capable of supplying adequate amounts of oxygenated blood can compound the situation
and increase the degree of metabolic acidosis.

In-Hospital Therapy
Expert intensive care is vital to survival, once optimal prehospital and ED manage-

ment has been performed. Hemodynamic instability after CA, respiratory insufficiency,
and severe neurologic impairment, are all criteria for admission to the intensive care unit
(ICU). The administrative structure of the hospital’s critical care service dictates the
setting to which the patient is admitted. A recent attempt to classify survivors of drowning
based on the severity of symptoms on a scale of 1 to 6 recommends ICU admission for
all pediatric patients requiring high concentrations of oxygen, with or without the need
for invasive ventilation (52).

Respiratory Support
Although the degree of intrapulmonary shunting after drowning is variable from one

patient to the next, if the patient is breathing adequately to clear carbon dioxide, the single
most important method of treatment in reversing hypoxemia is the application of continu-
ous positive airway pressure (CPAP). The amount of CPAP applied must be individual-
ized because the degree of atelectasis, the amount of pulmonary edema and the magnitude
of the intrapulmonary shunt varies between patients. In great measure this will depend
on the type and quantity of the water aspirated. Although the mechanism for producing
the intrapulmonary shunt is different between freshwater and seawater (33), Lee found
no statistically significant difference between the PaO2/FiO2 ratio in patients after the two
kinds of aspiration (53).

The pathophysiologic mechanism involved in freshwater drowning is lowering of the
sodium concentration in the alveolus, thus changing the surface tension characteristics
of pulmonary surfactant (33,54). The alteration in the surface tension properties of pul-
monary surfactant increases alveolar surface tension on compression of the surfactant
layer and results in alveolar volume loss. Also, pulmonary capillaries become more
permeable, resulting in an increase in interstitial lung water that eventually compresses
alveoli and promotes volume loss and causes pulmonary edema. Based on the severity
of the acute respiratory derangement this “abnormal surfactant state” has been termed
acute lung injury (ALI) or acute respiratory distress syndrome (ARDS [55]).

ALI and ARDS represent a final common pathway that accompanies a number of
physiologic insults that may occur after drowning including respiratory obstruction,
aspiration of water or gastric contents, and global hypoxemia from cardiovascular insuf-
ficiency or CA. Unfortunately, ALI and ARDS often can be clinically and radiologically
confused with acute pulmonary edema from left ventricular (LV) dysfunction or fluid
overload of different etiologies.

Both CPAP and positive end-expiratory pressure (PEEP) have the capability to restore
lung volume and improve oxygenation in many patients with decreased lung volume and
especially functional residual capacity. However, there are some differences in their
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function. By definition, CPAP means that airway pressure remains positive during all
phases of the respiratory cycle. With PEEP, during the inspiratory phase of a spontaneous
breath, circuit pressures drop to 0 or become negative as a result of a vigorous inspiratory
effort by the patient. Because PEEP with spontaneous ventilation increases the work of
breathing it may increase pressure gradients between the pulmonary vasculature and the
alveoli, thereby leading to more pulmonary edema. Also, it does not forcibly inflate
alveoli with abnormal surfactant after freshwater drowning (32). Thus, CPAP is more
beneficial than PEEP for spontaneously breathing drowning victims (42,56).

Both CPAP and PEEP increase expiratory pressure, thus air is trapped within the lungs
during the expiratory phase of respiration. This results in an increase in residual lung
volume in many patients with ARDS. As alveolar units re-expand, intrapulmonary shunt
decreases and improvement is seen in oxygenation and compliance. The increase in
compliance decreases the work of breathing (57). The degree of lung volume restoration
roughly correlates with the improvement in oxygenation. As lung volume increases
toward normal, gas exchange continues to improve. It has been shown however, that
although the above beneficial effect is found with CPAP in many victims of both fresh
and seawater drowning (56,58), unless mechanical breaths are added, PEEP may not
improve the ventilation-to-perfusion ratio after freshwater drowning (32,42,56). Also, in
some freshwater drowning victims CPAP alone does not produce an adequate response
and mechanical breaths should be added (42).

When ARDS develops and oxygen desaturation occurs, an FiO2 of 1.0 is recom-
mended to attempt to restore adequate oxygenation. Increased work of breathing, severe
hypoxemia and hypercarbia are all indications for instituting mechanical ventilation.
Ordinarily, CPAP is titrated to achieve an oxygen saturation greater than 95% with the
lowest possible inspired oxygen (FiO2) levels down to an FiO2 of 0.5 or less. We routinely
increase CPAP at the bedside in increments of 3–5 cm H2O in an attempt to achieve an
oxygen saturation of 95%. Then, the FiO2 is gradually decreased to reach a PaO2/FiO2
of greater than 300 mmHg. Increased dead space ventilation and decreased preload are
the two most important adverse effects that can limit the use of CPAP. Once adequate
PaO2/FiO2 has been achieved, CPAP can slowly be weaned based on improvement of
patient lung compliance and general clinical conditions.

MECHANICAL VENTILATION

CPAP therapy alone is not sufficient in the case of the patient who is apneic,
hypoventilating, hypercarbic, or shows little to no improvement in ventilation-to-perfu-
sion matching although breathing spontaneously. In these patients, mechanical ventila-
tory breaths must also be provided. In general, mechanical ventilation in patients with
ALI or ARDS can be applied either noninvasively or invasively, i.e., face mask vs
endotracheal tube, respectively. Noninvasive ventilation is reserved for milder cases of
ARDS or pulmonary edema, when the patient is awake, cooperative, triggering sponta-
neous ventilation, and have their swallowing and protective laryngeal reflexes intact.
Although successful experience with noninvasive positive pressure ventilation (NPPV)
for patients with respiratory failure other than from COPD is growing (59), potential
complications include gastric distention, nasal congestion, regurgitation and aspiration
of stomach contents, nasal bridge ulceration, and eye irritation (60). Several modes of
mechanical ventilation and adjunct therapies are available; although not specifically used
in drowning, their use has proven valuable in the ventilatory support of any patient with
ALI or ARDS. A list of the most commonly used forms in drowning victims follows.
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CONTROLLED MECHANICAL VENTILATION

Controlled mechanical ventilation (CMV) provides total ventilation and it does not
permit spontaneous breathing. It usually is indicated only in patients who are apneic,
deeply comatose, deeply sedated, or paralyzed. All breaths delivered with CMV are
positive pressure breaths, therefore, mean intrathoracic pressure is increased with poten-
tial deleterious hemodynamic effects. Most notable of these is the impedance of venous
return, thus effectively causing a relative hypovolemia and decreased cardiac output (43).

INTERMITTENT MANDATORY VENTILATION

Intermittent mandatory ventilation (IMV) combines mechanical ventilatory breaths
with spontaneous breathing and is better tolerated than CMV by most patients (61).
Allowing some spontaneous breathing reduces mean intrathoracic pressure, which
increases venous return and maintains better cardiac output. It also may reduce the
incidence of barotrauma. The number of mechanical breaths used are those necessary
to supplement the patient’s own spontaneous ability to maintain adequate minute venti-
lation. As the patient is recovering, the ventilator rate is gradually reduced by one to two
breaths per minute down to a minimum of two breaths per minute . IMV remains the
mainstay of all our ventilator support. It may be coupled with other modes such as
pressure support ventilation (PSV).

PRESSURE SUPPORT VENTILATION

The primary benefit of this ventilatory mode is to reduce the inspiratory work of
breathing. The patient maintains control of the inspiratory-to-expiratory ratio, inspira-
tory time, and frequency during the spontaneous efforts. The mechanical breath delivered
during PSV usually discontinues once flow decreases to 25% of peak inspiratory flow.
Adjustable pressure support parameters include the time necessary to reach maximal
flow or rate of rise of PSV. A shorter pressure rise time is generally used to reduce work
of breathing in patients with the highest inspiratory flow demand.

PSV has the capability to reduce or eliminate both imposed (apparatus and airway
resistance) and physiologic (lung and chest wall static compliance) work of breathing.
Therefore, the clinician may reduce or eliminate the extra-imposed work of breathing and
keep the physiologic work of breathing within tolerable limits, by choosing the appropri-
ate level of PSV.

Despite a careful, stepwise approach to mechanical ventilation in ALI and ARDS,
iatrogenic complications are frequent. Several potentially protective measures have been
evaluated to reduce the incidence of barotrauma from increased peak airway pressure in
patients with severely reduced total lung compliance. However, strong evidence-based
medicine in favor of their use is still lacking.

NITRIC OXIDE

Inhaled nitric oxide (NO) appears to act selectively on the pulmonary vascular bed and
only in those areas associated with adequate ventilation, locally reversing hypoxic pul-
monary vasoconstriction and increasing oxygenation. However, outcome in terms of
mortality or number of days alive and off of mechanical ventilation between patients
treated with NO and those not treated has not changed when the effect of NO is studied
in a prospective randomized fashion (62). Nevertheless, reducing the level of mechanical
ventilatory support or FiO2 needed to achieve adequate oxygenation is a potential benefit
that could reduce barotrauma and the side effects of treatment.
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PRONE POSITIONING

Rotation of patients from supine to prone may cause rapid improvement in oxygen-
ation that may last for up to 12 hours (63). With this maneuver, there is a relatively high
risk of inadvertent extubation and removal of invasive monitors; nevertheless, oxygen-
ation improves mainly because the nondependent dorsal portion of the lung has a higher
air-to-tissue ratio (64). Obviously, the risks and benefits need to be considered before
using this technique in any specific patient.

BRONCHODILATOR THERAPY

Small airway closure has been shown to occur even with aspiration of relatively small
amounts of water (25). Thus, bronchodilator therapy should be considered in patients
when bronchospasm is thought to be present.

CORTICOSTEROIDS

The rationale for use of corticosteroids in ARDS seems to be limited to the
fibroproliferative phase, to reduce the incidence of pulmonary fibrosis (65). However, its
efficacy for use in drowning victims has not been shown either in large retrospective
clinical studies (4) or in prospective animal studies (66). Corticosteroids can interfere
with normal pulmonary healing and increase the rate of sepsis. Corticosteroids have been
associated with higher mortality in one study, probably as a result of the immunosuppres-
sant effect in patients with sepsis (67). In another, their use has shown, after aspiration
of gastric contents, to increase pulmonary granuloma formation (68,69).

SURFACTANT

ARDS from drowning involves both quantitative (seawater) and qualitative (freshwa-
ter) alterations in lung surfactant (33,70). Although the use of exogenous surfactant has
been shown to lower mortality in neonates with respiratory distress syndrome (71), this
effect in adults has been disappointing, and its prohibitive cost makes its use infrequent (72).

PROPHYLACTIC ANTIBIOTICS

The use of broad-spectrum antibiotics may enhance the emergence of resistant organ-
isms. An exception represents survival from drowning in heavily contaminated water
such as stagnant ponds or public spas, where pseudomonas species are endemic. Our
initial choice in this situation is usually a fourth-generation cephalosporin with broad
Gram-negative coverage. In other patients, antibiotics are not recommended unless the
patient develops evidence of infection, in which case cultures and sensitivities will guide
the choice of antibiotics to be given.

Cardiovascular Support
By the time a drowning victim reaches the ICU, cardiac arrhythmias are rarely a

problem. If witnessed in the ED or the ICU, the most common cause of arrhythmias is
severe hypoxia and providing adequate ventilation and oxygenation will usually restore
a normal rhythm. If not, then drug therapy or, in the case of severe ventricular arrhythmias,
electrical intervention is appropriate.

Hypotension may require initial pharmacologic support but it should be remembered
that the hypotension seen in drowning victims is predominantly as a result of fluid shifts
resulting in hypovolemia (26,43). This hypovolemia may be accentuated when mechani-
cal ventilatory techniques that increase mean intrathoracic pressure are used (43).
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Experimental studies have shown that whereas mechanical ventilation and CPAP
will decrease intrapulmonary shunt and increase PaO2, because of the detrimental
effect on cardiac output, tissue perfusion is compromised. Attempting to increase
oxygen delivery by use of vasopressors and inotropes was not productive, but fluid
administration to increase blood volume resulted in an increased cardiac output and
oxygen delivery (43).

Precise fluid replacement is dependent on an accurate assessment of effective circu-
lating blood volume. To this end, monitoring the patient with a pulmonary artery catheter
or transesophageal echocardiography is extremely helpful.

Central Nervous System Support
The two most important issues influencing morbidity and mortality in victims surviv-

ing drowning are severe respiratory insufficiency and permanent neurologic impairment
secondary to cerebral hypoxia. Despite improvement in emergency and intensive pulmo-
nary and cardiovascular care, neurological outcome in drowning patients is directly
related to the initial duration of hypoxia from the onset of submersion until effective CPR
is provided. The Glasgow Coma Scale (GCS) score mirrors this during the first few hours
after submersion.

The most common cerebral lesion results from cytotoxic injury as a result of global
central nervous system hypoxemia. Cerebral edema, which usually is not clinically evi-
dent or is mild on presentation, reaches its peak by day two to three after the submersion
event. One would think that successful intensive care management of these patients
would reflect the ability to control the intracranial pressure (ICP) and limit secondary
brain injury from inadequate cerebral perfusion and hypoxia through standard protocols.
Therefore, monitoring of the intracranial pressure is often recommended in patients with
a GCS score compatible with severe central nervous system injury (eight and below), in
conjunction with what is described in detail in the neurosurgical guidelines for traumatic
brain injury (73). Unfortunately, monitoring of ICP has not been shown to increase
normal survival after drowning.

Seizure prophylaxis is immediately initiated in patients with CNS compromise, and
ventilatory rate is titrated to achieve a PaCO2 of 35 to 40 mmHg. However, a lower level
of PaCO2 has been recommended in the past to decrease intracranial pressure in some of
these patients. Unfortunately, the decrease in ICP is accompanied by a reduction in
cerebral blood flow (74), which can result in cerebral ischemia (75). There are no data
to support the use of barbiturates or steroids to lower refractory ICP (51). Despite adequate
control of the intracranial pressure, and maintenance of the cerebral perfusion pressure with
aggressive brain resuscitation modalities, the majority of patients who were severely
comatose on arrival to the ICU, die or leave the ICU in a persistent vegetative state,
because the damage from the initial event was so severe it is irreversible (49,50).

Miscellaneous Considerations
CONTROL OF BLOOD GLUCOSE LEVELS

Aggressive blood glucose control (<110 mg/dL) with insulin infusion recently has
been associated with a reduced mortality, from 8 to 4.3%, when compared with intermit-
tent doses of subcutaneous regular insulin in an heterogeneous large group of critically
ill patients that were prospectively randomized (76). Although this study included a
variety of patients admitted to the ICU with hypoxic or hypercapnic respiratory failure,
the reduction in mortality from multiple-organ failure suggests a possible benefit in patients
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surviving episodes of drowning who require prolonged ICU hospitalization. Interestingly,
critical-illness polyneuropathy was reduced 44% in the insulin infusion group. It is our
practice to control the patient’s blood sugar level with an insulin infusion in any critically
ill patient with a level above normal. A glucose-based crystalloid infusion is used when
blood sugar is below 200 mg/dL, to limit the risk of hypoglycemia. Blood glucose level
is usually checked every 1 or 2 hours.

RENAL SUPPORT

Albuminuria, hemoglobinuria, oliguria, and anuria, although rare, have all been
described in drowning victims secondary to acute tubular necrosis from hypoxemia,
rhabdomyolysis or both. Hypothermia leads to reduced blood flow to the skin and muscle,
preserving core temperature and central organ perfusion. The acute pathophysiology of
acute rhabdomyolysis is probably secondary to tissue hypoxia from acute vessel constric-
tion as a result of the competitive need for heat conservation. Skeletal myolysis and
increased circulating myoglobin will result. Acute renal failure may be aggravated by
acute tubular necrosis secondary to hemodynamic instability.

Acute tubular necrosis and rhabdomyolysis require early and vigorous treatment
directed at correcting hypovolemia, improving oxygenation and enhancing heme pro-
tein elimination. Volume replacement therapy aims to restore normal blood flow and
enhance renal oxygen supply. The medullary-ascending limb of Henle’s loop is most
vulnerable to hypoxic injury. Invasive monitoring may be necessary to provide adequate
intravascular volume. A central venous pressure or pulmonary wedge pressure around
15 mmHg is a reasonable hemodynamic goal if ventricular function is normal. Higher
pressures may be necessary in patients with a significant increase in mean intrathoracic
pressure. Right ventricular ejection fraction, a pulmonary artery catheter, or transthoracic
or transesophageal echocardiography can be used if the interpretation of preload by
invasive monitoring is difficult, as it often is in patients requiring major ventilator sup-
port. The window of opportunity for restoration of intravascular volume and volume
expansion is likely within 6 hours or less of the acute event.

If rhabdomyolysis is present, enhancing heme protein elimination helps to limit tubu-
lar damage. Systemic alkalinization of the urine with sodium bicarbonate increases the
solubility and, therefore, the elimination of heme protein (77). A urine pH of between 7.0
and 8.0 produces a myoglobin solubility of around 80% and is a reasonable goal. How-
ever, in a patient with low urine output, massive doses of sodium bicarbonate may be
associated with volume overload secondary to an acute increase in intravascular osmo-
larity (78). In these cases, when the hemodynamic goal is mild hypervolemia, the weak
diuretic, acetazolamide, may be a valid alternative. Acetazolamide increases the excre-
tion of bicarbonate in urine as a result of the inhibition of the carbonic anhydrase enzyme.
However, diuretics, particularly in patients on significant ventilatory support, may
adversely affect venous filling and cardiac output. Three other therapeutic agents have
been used successfully to preserve renal function in patients with acute rhabdomyolysis:
dopamine, loop diuretics, and mannitol. All three drugs enhance recovery of renal func-
tion by optimizing the relationship between renal oxygen supply and demand after a
hypoxic insult (79).

Manipulating the renal output by means of significantly altering the effective circu-
lating blood volume in drowning victims frequently has a detrimental effect on pulmo-
nary and cardiovascular function. Therefore, a fine-tuned balancing act is frequently
required to not adversely affect one organ system while treating another.
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OTHER CONCERNS

Severe metabolic acidosis from low systemic oxygen delivery and resulting anaerobic
metabolism should be corrected. We recommend correction of the base deficit with
bicarbonate or acetate solutions to maintain a pH no lower than 7.2. Mechanical venti-
lation is adjusted frequently with the help of arterial blood gas determinations to maintain
PaC02 between 35 and 40 mmHg. Lactic acid levels are checked frequently for a few
hours after resuscitation. In fact, although base deficit and single absolute levels of lactic
acidosis do not necessarily correlate with the development of multiple organ failure and
survival, the rate of lactic acid clearance does (80). Because significant electrolyte abnor-
malities requiring specific therapy rarely are observed in the drowning victim, normal
saline is given as replacement fluid in drowning victims. Isotonic solution also provides
less chance of aggravating cerebral edema.

PREVENTION

An awareness of the hidden dangers of recreational activities in and around water,
and close supervision of infants, children, and adolescents is the secret to preventing
a significant number of drowning incidents. Swimming pools should be enclosed by
security fences to prevent small children from entering the water inadvertently or
unsupervised. By identifying age-related drowning risks, communities can reduce
drowning rates. Effective CPR and water safety skills should be encouraged in the
community, particularly for parents with small children who own home pools. Further-
more, children who can swim should never do so alone or without adult supervision.
Everyone participating in water sports should wear an approved personal flotation
device. Adolescents need to be taught to swim and informed about the dangers of
alcohol and other drug consumption during water sport activities. Between 13 and 19
years of age, risk-taking behavior increases significantly in boys therefore extra coun-
seling is warranted. Alcohol should never be consumed, regardless of age, while swim-
ming or engaging in water sports. Swimming with a partner is particularly important
for individuals with medical conditions that may abruptly alter their level of conscious-
ness, such as seizure disorders, cardiac disease, and several metabolic diseases. Emer-
gency gear for rescuing and resuscitating drowning victims should be readily available
at pool-side. The specific gear required may vary with the size, access, and ownership
of the facility.

The community expects the government to enforce safety rules, to promote health
education through medical and nonmedical personnel, and to punish individuals who
transgress basic safety rules and regulations. Despite recent advances in CPR and more
sophisticated intensive care medicine, drowning victims with poor GCS scores have a
high likelihood of living in a vegetative state as a result of the initial injury. When this
occurs, making life or death decisions regarding withdrawal of life support by relatives
and health professionals represents a significant stressful problem. At the time of this
writing, prevention is still the most fundamental way to limit neurologic disasters from
drowning.
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INTRODUCTION

In the past 40 years, lightning has killed more people than any other storm-related
phenomena except floods (1). On average, lightning causes 75 to 100 deaths per year (1).
The number of nonfatal injuries is estimated to be 10 times the number of deaths, but the
exact number is not precisely known because of incomplete reporting (2). A risk table for
lightning injury is available at www.lightningsafety.noaa.gov and is excerpted as Table 1.

Contrary to popular belief, death caused by lightning is not as a result of burns. Severe
burns are uncommon because the majority of lightning energy flashes around the outside
of the individual and is simply not around long enough to burn through the skin in most
cases, although secondary steam, hot metal, and other incidental superficial burns may
be observed (3,4). Lightning is a nervous system injury. Of the 90% who survive light-
ning strike injury, a significant number have disability from brain injury, neurocognitive
deficits, or chronic pain syndromes (4–6). A lightning strike victim is highly unlikely
(p < 0.0001) to die unless he or she has suffered cardiopulmonary arrest (CPA) imme-
diately at the time of the strike (5). Although complications of postarrest anoxia or
depression and suicide may lead to death after the acute event, the only immediate cause
of death is cardiac arrest (CA) at the time of the strike (5). Although autonomic injury is
known to occur and many patients report arrhythmias and chest pain, the etiology and
occurrence of long-term cardiac sequelae is unclear and poorly documented (4).
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Unlike triage in common multicasualty situations, with lightning, anyone who shows
signs of life such as moaning or groaning will survive, albeit perhaps with sequelae, and
may be attended to later (4). Because the only cause of immediate death is CPA, the goal
of treating lightning strike victims is to resuscitate and stabilize those in arrest. Besides
prevention, probably the best way to minimize acute lightning-related death is to opti-
mize cardiopulmonary resuscitation (CPR) and postresuscitation care. This chapter pro-
vides the background information necessary to understand the pathophysiology of
lightning strikes and the injury patterns they produce, describe the initial management of
all lightning strike victims, and detail the specific management of victims based on
clinical presentation and electrocardiogram (EKG) findings.

MECHANISM OF LIGHTNING STRIKES

Although lightning may occur in many forms, the most common discharge is the
negative cloud to ground (CG) stroke. Lightning occurs when sufficient charge differen-
tial is built up in a cloud to cause electrical discharges. Discharges begin as horizontal
intercloud lightning that jumps in spurts 30 to 50 meters long. It branches, then retreats
to the source only to refill the main established streamer channel and branch again at the
endpoint of each of the 30- to 50-meter lengths, repeating this cycle over and over again
in a matter of milliseconds.

This alternating retreat and branching is what causes the sawtooth appearance of
lightning. Some spurts never progress past their first or second generation and in most
storms the majority of the streamers remain in the cloud unseen or perhaps causing only
a brightening of the cloud. In the average storm, about 10% will approach the ground at
some stage as downward leaders. Downward leaders continue branching in 30- to 50-
meter segments until they get close to the ground. This branching and retreating mecha-
nism in part explains why lightning does not “always hit the tallest object.” The downward
leader only “sees” a 30- to 50-meter radius from the tip of its last division so that when
lightning does not hit the obvious “tallest” structure in an area it is usually because that
structure is outside this 30- to 50-meter radius. Thus, the goal posts on a football field are
unlikely to protect someone standing in the middle of the field (4).

As the storm cloud moves across the land, an opposite, usually positive charge is
induced in the ground. Surges of charge move through any upward projecting object,
whether it is a tree, a TV tower, a person, or a blade of grass and produce upward
streamers. Occasionally, these may be seen as St Elmo’s Fire. More often, the upward
streamers are invisible and not appreciated except perhaps as static electricity causing
one’s hair to stand on end (4).

Table 1
Odds of Becoming a Lightning Victim

US 2000 Census population 280,000,000
Reported deaths 85, injuries 315 1/700,000
Actual deaths 120, injuries 1050 1/230,000
Life expectancy of 80 years 1/3000
Ten people affected for every one hit 1/300
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One or more of these upward streamers may connect with a downward streamer to
complete the cloud to ground channel in a process called attachment. There are often
multiple upward streamers that do not form a connection but are of a magnitude sufficient
to cause injury (7,8). After attachment occurs, several spaced strong surges of energy rush
upward as return strokes and down again as dart leaders, causing the flickering and
brightening that we see in the main lightning pathway.

In the United States, there are approx 20 million CG flashes detected each year, most
frequently in the summer months (9). More than half of lightning strikes have two ground
contact sites or more. CG lightning is most common in the southeastern United States,
but deaths and injuries are most common along the Gulf and Atlantic coasts, the major
US river valleys and over the Rocky Mountains (Fig. 1). Injuries peak in July and in the
mid-afternoon hours on Saturdays and Sundays. One-third of lightning injuries are work-
related (1,4).

Fig. 1. Lightning casualties by state 1959–2003. (Thanks to Ron L. Holle for use of Fig. 1.)
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MECHANISMS OF LIGHTNING INJURY
In attempting to define the injury mechanism for a particular person, the question

arises: “Does the lightning energy go down through or around the person from the cloud
to the ground, up from the ground to the cloud or by some other mechanism?”

At least five mechanisms of lightning strike injury have been identified: direct hit, side
splash to a person from another object, contact when the person is holding onto an object
such as a fence that is struck, ground current/ground arcing and uncompleted upward
streamer, hypothesized by engineers for years but only recently documented in the medi-
cal literature (4,10). Further complicating the issue is the fact that the majority of the
energy probably flashes around (“flashover”) rather than through the person (4).

Although it is reasonable to infer that a direct strike is more likely to cause death, there
is no hard evidence that this is the case. Although theoretically knowledge of the mecha-
nism of injury should be helpful in anticipating the level of care required, pragmatically
it is nearly impossible to tell which mechanism has injured a particular victim. When
there are witnesses, they are often too upset or injured themselves to give a good account.
Lightning strike is so instantaneous that even the most focused and expectant observer
has difficulty telling where the energy traveled. Further complicating the history is that
victims often have few or no burns. Even in those that do, the burns cannot be used to tell
where the energy has traveled as the burns are often secondary to sweat or rainwater that
has heated up and caused steam burns, from hot metal burns from necklaces, belts, pocket
coins, or other secondary burns. The terms “entry” and “exit” have no meaning with
lightning injuries (3). The first organized study of lightning injuries in 1980 gives some
clues of prognosis (5). Those with burns about the head are more likely to have CA and
die as are those with burns to both legs. However, burns from one arm to a leg or between
arms were not associated with a higher incidence of death or CA.

Many survivors have amnesia for the event (5). However, they will almost always and
quite innocently reconstruct a composite mechanism of injury consistent with what they
have heard from the paramedics who transported them, from their physicians, their rela-
tives, from what they read and from any burns that they may have received. This recon-
struction may or may not have any relationship to what actually happened (4). However,
the story is usually harmless and attempting to dissuade the survivor or their family from
their believed mechanism is a waste of time, does not improve outcome and generally
leads to dissatisfaction on all sides.

The lightning literature is clouded with assumptions to the mechanisms of injury and
their outcomes. Unfortunately, most of the lightning cardiac literature consists of case
reports with almost no organized studies relating mechanism of injury, EKG findings,
outcome, or other cardiac questions.

Direct Hit
Perhaps the most dramatic strike is a “direct hit.” Classically, this occurs in unsheltered,

open areas such as sporting or farm fields, golf courses, or mountains. Although specific
data has not been reported, direct hits are assumed to be the mechanism most likely to
cause CA or severe cardiac damage because the force of the strike is transmitted directly
to the individual and not decreased by the interposition of trees or other objects.

In a 1993 study of cardiovascular effects of lightning strikes, Robert Lichtenberg
described four patients reportedly with direct strikes by lightning, three of whom had
myocardial injury. One victim suffered CPA in the field, arrived in the emergency depart-
ment (ED) in asystole. Despite aggressive resuscitation and a return to sinus tachycardia,
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this patient was pronounced dead 36 hours later. The remaining two victims had ST
segment elevation on their EKGs, elevated cardiac enzymes, and echocardiographic
evidence of global ventricular dysfunction (11). In 1981, B.L. Chia described a 23-year-
old woman reportedly directly hit by lightning, who arrived in the hospital in pulmonary
edema, which was successfully treated with diuretics and digoxin (12).

CONTACT AND SIDE-SPLASH INJURIES

Contact and side-splash injuries are probably much more common than direct hits. In
“contact” injuries, lightning strikes an object such as a tree or fence and a portion of the
strike’s energy travels to anyone touching the object. A side-splash injury occurs when
lightning strikes an object but some of the energy splashes through the air to a nearby
person. People who gather under trees during thunderstorms are often injured in this way
and sometimes lightning may be witnessed to travel sequentially from one victim to
another.

Numerous reports of cardiac sequelae following contact and side-splash injuries exist
(11,13–16), ranging in severity from Lichtenberg’s three patients, all of whom had non-
specific ST-T wave changes but no echocardiographic abnormality (11), to J. P. Kleiner’s
report of a man whose tent was struck by lightning who developed ventricular failure
requiring diuretics and a 3-week hospital stay (13). Although the vast majority of side-
splash injuries occur outdoors, a not insignificant number occur inside buildings, often via
telephone wires or from plumbing or electrical fixtures (4,17).

GROUND CURRENT

When lightning strikes the earth, the energy spreads radially, and may pass up through
people or animals near the lightning contact point. Sports teams, soldiers on maneu-
vers, and other groups of people have been injured in this way with mortality ranging
from 0 to 23% (18–23). Kitigawa has recently further divided the ground current effect:
one where current flows through the ground with little energy flow to those standing on
it and therefore minor injury, and ground arcing where energy arcs above the surface of
the ground, through or around the person as part of its pathway, similar to side splash. The
second type of injury, although it may occur on flat surfaces, is more likely to be seen on
uneven terrain and mountains and is more likely to cause severe injuries because of the
greater energy exposure of the person (24).

Lichtenberg described 12 patients affected by ground current strikes: although three
had nonspecific ST-T wave changes on electrocardiogram, only one had CK-MB release,
and none had an abnormal echocardiogram (11).

UPWARD STREAMERS

A fifth mechanism for injury by lightning has been hypothesized by lightning and
electrical researchers for many years but only recently have cases been specifically
studied for this mechanism (7,8,10,23,25). Upward streamers are surges of charge that
begin at the ground, rush up through or around the person but do not connect with the
downward leader from a cloud to complete the lightning channel (10). Upward streamers
may occur a kilometer or more from the charged cloud. Cooper described a case in which
an upward streamer passed through a member of an electrical crew. Paramedics arrived
to find the patient in ventricular fibrillation (VF). Despite defibrillation and intubation,
the patient never regained a perfusing rhythm and was pronounced at the ED (10). Because
this mechanism is newly documented, no cases of hospital management for surviving
patients are available for review.
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MANAGEMENT OF LIGHTNING VICTIMS
Diagnosis

When witnesses are available or when the individual is alert enough to provide his or
her own history, making the diagnosis of lightning strike is not difficult. However, when
found confused and alone outdoors, a lightning strike victim may be initially thought to
have had an intracranial hemorrhage, a seizure, or suffered an assault (4). Because light-
ning can injure victims indoors, the diagnosis should be considered in anyone found
confused and unconscious during or shortly after a thunderstorm, particularly when no
other mechanism of illness is evident (4,17).

 Physical clues that a patient has been struck by lightning include clothing partially or
completely exploded off, linear or punctate burns, missing shoes, ruptured tympanic
membranes, and the rare but pathognomonic keraunographic markings or Lichtenberg
figure (it is not known if this is any relation to R. Lichtenberg [4]). These are an evanes-
cent feather or fern-like pattern that usually disappears within a few hours and are not true
burns. Historically, they were attributed to the imprint of plants the individual had been
near when struck but more recently thought to represent a fractile pattern from electrons
tracking over the skin during lightning strike (4,26).

CAUSES OF CARDIAC ARREST FROM LIGHTNING

It has been hypothesized that a primary arrest occurs from the strike energy itself
similar to the short asystole that occurs after defibrillation but that a healthy heart resumes
cardiac activity after the lightning insult. The respiratory arrest lasts much longer causing
a secondary CA that may be irrecoverable (4,5). It was further hypothesized that early and
adequate ventilatory support could make a difference in the outcome of the individual.

Simulated lightning strike to animals in the laboratory has confirmed this sequence of
primary arrest and pause, often with recovery, but prolonged respiratory arrest and sec-
ondary CA with higher shock doses (26,27). Even the animals that survived had arrythmias
for a short period of time. However, in the fatally injured, ventricular tachycardia (VT),
bradycardia, intermittent and variable blocks, sometimes fibrillation, and eventually
(secondary) asystolic CA developed (26,27). Recent unreported animal studies have also
confirmed a significant effect on heart rate variability from autonomic nervous system
injury at the time of the strike (27).

Some early references recommended very prolonged resuscitation for lightning vic-
tims based on a mechanism of “suspended animation” for lightning survivors in which
the brain and other organs are protected by some unknown mechanism so that resusci-
tation might be successful and without deficits if it were carried for a much longer time
than would be considered useful by most clinicians. A more recent case series of survi-
vors with QT prolongation after the strike hypothesized that this may contribute to a
torsade mechanism that has been confused with “suspended animation” perhaps with
some perfusion, no palpable pulses but yet some recovery (28). There is no reason to
believe that CA from lightning is more brain “protective” than other forms of CA to
young healthy individuals.

Studies have not been done to determine the relative contributions of autonomic ner-
vous system injury, direct damage to conducting and pacing pathways or to the heart
itself, injury to respiratory and cardiac control centers in the brain, timing of the lightning
strike during the cardiac cycles, or other as yet unknown mechanisms to the CA or how
these affect recovery or long-term cardiac effects.
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INITIAL RESUSCITATION AND STABILIZATION OF LIGHTNING STRIKE VICTIMS

In treating the lightning strike victim, the first step is to establish airway, breathing,
and circulation, as well as assure the safety of the individual and the rescue crew who are
often responding during an active thunderstorm. It may be necessary to move the victim
to a safer area before adequate resuscitation attempts can begin

 Unfortunately, not enough research has been done with lightning victims or animal
models to allow tailored recommendations for cardiac resuscitation of lightning victims.
Established ACLS protocols should be followed with victims of lightning strike who are
unresponsive and without spontaneous respirations in the field: an airway should be
established, and CPR performed until a cardiac rhythm can be determined. More directed
treatment with cardioversion, defibrillation and/or epinephrine, atropine, and other stan-
dard ACLS medications should proceed according to the most recent guidelines. The
resuscitation of lightning victims may be complicated by hypothermia from wet clothing
or cold conditions on mountains and other high-risk lightning areas.

It is also too early to tell if the growing availability of automatic external defibrillators
(AEDs) to first responders or in sports venues, schools, and other areas will produce
better outcomes for lightning victims, although this author is aware of three separate
recent unpublished cases in which the use of an AED resulted in successful resuscitation.
An AED trial application can cause no harm provided other resuscitation and rescue
protocols continue as well.

There is no reason to believe that CA from lightning is more brain “protective” than
other forms of cardiac arrest to young healthy individuals. Old anecdotal reports of
“suspended animation” and miraculous cures after very prolonged resuscitation have not
been substantiated in more recent literature and should be probably included among the
large number of other lightning myths that abound (3). However, consistent with histori-
cal evidence in the literature, ventilatory assistance may need to be prolonged after a
successful cardiac resuscitation.

CESSATION OF RESUSCITATION

The decision to abandon resuscitation efforts should be guided by the clinical scenario
including how long the person has been without adequate resuscitation and their response
after standard ACLS measures have been started. What constitutes a reasonable period
will depend on the most recent ACLS guidelines and the judgment and experience of the
clinicians involved in the lightning strike victim’s care but certainly if there is no response
within thirty minutes, termination of resuscitation should be considered as it is unlikely
that the individual will survive with useful brain function after this length of time. When
arrest occurs in a wilderness setting far from the benefits of electrical intervention, drugs,
and medical care, rescuers should be absolved of any guilt in terminating resuscitation
efforts if there is no response within twenty or thirty minutes or when rescuers become
exhausted, whichever occurs first (4,29).

EVALUATION AND TREATMENT OF MORE STABLE LIGHTNING STRIKE VICTIMS

In lightning strike victims with stable airway and a cardiac rhythm, adequate ventila-
tion should be assured and a secondary survey performed. Although this chapter focuses
on the cardiopulmonary manifestations of lightning strike, it should be noted that light-
ning victims may suffer a number blunt injuries including pulmonary contusions, back
and brain injuries and occasionally fractures from both the explosive nature of the strike
around them or from being thrown by the intense muscle contractions induced by the



432 Cardiopulmonary Resuscitation

electrical energy (4,30,31). All trauma victims should be undressed in order to identify
other injuries as well as to remove wet clothes that may be contributing to hypothermia.

Carotid and femoral pulses are usually palpable in lightning strike victims who are not
in CA. If the patient is hypotensive without palpable distal pulses, cardiogenic, hypov-
olemic, and spinal shock should be ruled out. However, in many cases of lightning strike,
distal pulses may be affected even in the presence of normal blood pressure and cardio-
vascular stability. A significant number of lightning victims may exhibit keraunoparalysis
with cool, mottled, pulseless extremities, which is thought to be the result of sympathetic
instability and intense vasospasm (4,31). In Cooper’s study of severely injured lightning
strike victims, a full two-thirds had some degree of lower extremity paralysis, in which
the affected extremities were cool, mottled, insensate, and pulseless (5).

The vast majority of lightning strike victims not in arrest or congestive heart failure
on arrival to the hospital will have normal cardiovascular exams and electrocardiograms.
These patients are unlikely to deteriorate (4,5,11). Asymptomatic patients with normal
electrocardiograms and no other injuries requiring admission do not need cardiac enzymes
measured and may be safely discharged from the ED with instructions to follow up with
their primary-care physician.

EKG CHANGES

Several types of EKG abnormalities in lightning strike victims have been described.

QT PROLONGATION

In 1987, A.B.D. Palmer described a case of lightning induced q-t segment prolonga-
tion (15). The patient had a modestly prolonged QTc (0.36 seconds) on admission.
Thirty-eight hours later, the QTc was an impressive 0.68 seconds, and by day 3, the QTc
had shortened to 0.5 seconds. Fortunately, this patient’s rhythm never degenerated into
torsades de pointe or VF.

In 1993, Andrews reviewed literature involving lightning strike victims and their
electrocardiograms, and found that what Palmer had published as an isolated case report
was far from uncommon. When a precise QTc could be calculated from available data,
63% were prolonged (28). Additionally, the overall trend mirrored that described by
Palmer: QTc intervals became increasingly prolonged in the first few days of recovery
and slowly returned to normal.

Although the mechanism by which a lightning strike delays ventricular repolarization
prolonging the QTc interval is not well understood, the implications are clear. The increased
risk of developing torsade de pointes VT must be considered so that monitored admission
of lightning strike victims with this abnormality is probably prudent. In many cases, the
QTc will normalize over a few days. If this fails to occur, Holter monitoring and electro-
physiological studies may be considered (15).

NONSPECIFIC T-WAVE AND ST-T CHANGES

T-wave inversion and ST-T changes that do not fit typical coronary ischemia patterns
are often observed in lightning strike victims. Most of these patients are asymptomatic
and the vast majority of the ECG changes resolve spontaneously over a period of days to
weeks (4,11–14). It may be that these usually self-limited changes are as a result of direct
myocardial damage caused by the lightning rather than vascular ischemia. Of the six
patients Lichtenberg studied with nonspecific ST-T wave changes, all had normal echo
cardiograms and uneventful recoveries (11).
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ANATOMICAL ST-ELEVATION AND T-WAVE INVERSION

There are several documented cases of ST segment elevation after lightning strike
(11,15,32). Lichtenberg described a patient, reportedly directly struck, who presented
with ST elevation in the anterior and precordial leads and anterior wall motion abnor-
malities on echocardiogram (11). The patient never developed heart failure and wall
motion returned to normal in a few days. Jackson and Palmer described patients with
elevated ST segments in the inferior leads who remained asymptomatic, and whose
electrocardiogram changes resolved within several days (15,32). T-Wave inversion
consistent with vascular ischemic patterns has been reported (12,13) in both anterior
and inferior patterns. Electrocardiograms normalized in a few weeks in all of these
cases

ECG changes such may be caused by injury to the coronary arteries or by spasm
resulting from high levels of catecholamines after lightning strike (4,10). When the
damage to underlying muscle is extensive enough, congestive heart failure and pulmo-
nary edema can develop (11–13). Kleiner described an 18-year-old who developed
severe shortness of breath three hours after being struck (13). The patient’s chest x-ray
showed severe pulmonary edema and Swan-Ganz catheterization measured his pulmo-
nary capillary pressure at 25 mmHg. The patient improved with diuretic therapy and
did not require inotropic support.

Patients with changes on EKG should be evaluated for signs of congestive heart
failure. If significant comorbidities such as age or underlying heart disease exist, they
may warrant echocardiogram, telemetry admission, or other interventions.

LONG-TERM PROBLEMS

There are several common complaints of lightning survivors that may be cardiac in
origin: palpitations, chest pain, hypertension, dizziness, and near syncope (4).

Many survivors complain of palpitations for a considerable period of time after
lightning injury. They may also complain of shortness of breath, dizziness, and other
symptoms so that from the history alone it is difficult to tell whether the palpitations
are as a result of panic attacks or are true arrhythmias. No malignant arrhythmias have
been reported as sequelae of lightning injury but there are also no reports in the litera-
ture of investigations of these complaints.

Some survivors experience frequent chest pain. Although a cardiac work up is usu-
ally indicated, it is often negative so that the etiology for the chest pain in these cases
remains unclear. Some may be as a result of musculoskeletal injury from blunt injury
caused by the strike (4). Other reasons have not been investigated in relationship to
lightning.

There have been a number of cases of worsened hypertension or new hypertension
documented after a lightning strike. Although lightning is well known to cause auto-
nomic damage, it has not been studied as an independent cause of hypertension.

Dizziness and tinnitus, frequent complaints of lightning survivors, is most often
from damage to the eighth cranial nerve. Near syncope may be confused with new onset
temporal lobe, partial complex seizure or hypothalamic seizures, which may have an
onset as late as 2 years after the injury. Unfortunately, routine electroencephalograms
measure only surface seizure activity and miss 50–100% of seizures that occur in
deeper structures, further burdening many of these patients with the diagnosis of
“pseudoseizure.”



434 Cardiopulmonary Resuscitation

Prevention

Although no place can be guaranteed to be totally safe from lightning strike, certain
precautions can be taken to minimize the risks of lightning injury. Lightning warnings
by the National Weather Service is uncommon, unlike many other disasters for which
the government issues warnings hours to days in advance, so the individual must be
responsible for making the best choices for their own personal safety as well as others
for whom they may be responsible. Lightning Safety Guidelines for individuals, small
groups and very large groups such as sports stadia audiences are outlined in Table 2 and
are available in greater detail from other sources (29,33–35). These guidelines, adopted
by the National College Athletic Association in 1987, the National Athletic Trainers
Association in 2000, and the entire Dallas Public School system in 2000 are becoming
more widespread in both sporting, occupational and public venues.

CONCLUSIONS AND PREVENTION

Although lightning is the second largest storm killer annually in the United States,
exceeded only by floods, it is still reasonably uncommon to suffer any lasting cardiac
damage as a result. For those patients who arrest from lighting strike, recent advances
in the acute care of CAs—improvements in the emegency medical services system,
increased availability of AEDs and decreased time to resuscitation, and optimized
intensive care for those who survive the initial insult—are likely to increase survival.
Additionally, knowledge culled from the dozens of case reports of cardiac effects of
lightning strike makes it easier for emergency physicians and cardiologists to predict
which patients are likely to recover and which require monitoring.

Even as the treatment of lightning strike victims improves, we should not forget that
injury from lightning strikes is, more often than not, preventable. Lightning Safety Guide-
lines, now published in many venues, can help individuals and organizations to develop
lightning safety action plans that can prevent injury Table 3 (29,33–35).

Table 2
 Lightning Safety Guidelines

Know the weather forecast before starting an outdoor activity.
Have a Lightning Safety Plan that includes safer places to go as well as

the time to get there.
Know your local weather patterns and keep an eye on the sky.
At the first sight of lightning or sound of thunder, begin implementation of

your Lightning Safety Plan.
Safer areas include substantial buildings and fully enclosed metal vehicles

with the windows rolled up.
Avoid tall structures such as towers, mountains, and trees.
Avoid open fields, open vehicles, and being near or in water.
Avoid contact with metal conductors or using small “shelters.”
Do not resume outside activity until 30 minutes after the last lightning and

last thunder.
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INTRODUCTION

The contemporary allure of hypothermia is regularly sparked by the apparent “reani-
mations” of profoundly cold patients in prolonged cardiac arrest (CA). Recently, a phy-
sician who was resuscitated from 13.7°C presented her own case report at an international
conference (1). There are also promising ongoing investigations of mild therapeutic
hypothermia for traumatic intracranial hypertension and stroke (2–4). Nevertheless,
hypothermia remains more of a geographically and seasonally pervasive physiological
threat than a therapy (5–8).

Pathophysiological changes occur during hypothermia, which is defined as a core
temperature less than 35°C. With primary hypothermia, the healthy individual’s compen-
satory responses to heat loss through conduction, convection, radiation, and evaporation
are simply overwhelmed. On the other hand, secondary hypothermia caused by many
cardiopulmonary and other systemic diseases is consistently underreported (9).

Therapeutic interventions including active rewarming become essential below 32°C.
Interpretation of the literature is complicated by the fact that selection bias in this very
heterogenous patient population affects the interpretation of the therapeutic response
attributed to a specific rewarming modality. There is no single best approach to rewarm-
ing. Prognostic indicators that negatively impact outcome in hypothermia most com-
monly include not only the duration of CA, but also coexistent infection, toxin ingestion,
and various medical illnesses and trauma (10).

In addition to severe hypothermia, active rewarming is also indicated for cardiovas-
cular instability, an inadequate rate or failure to rewarm, endocrinologic insufficiency,
traumatic or toxicologic peripheral vasodilatation, or secondary hypothermia that impairs
thermoregulation. The usual options for active core rewarming include: heated inhalation,
heated infusion and irrigation of various sites, diathermy, and a variety of extracorporeal
rewarming modalities. There are also a variety of methods to provide active external
rewarming, including heated forced air blankets.
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TEMPERATURE REGULATION

Normal heat loss occurs through five mechanisms. Assuming an average basal meta-
bolic rate, 55–65% of this loss is through radiation. Conduction normally accounts for
only approx 2–3% of the heat loss, but this may increase up to five times in the presence
of wet clothing and up to 25 times in cold water. Convection, evaporation, and respiration
account for the remainder of the heat loss.

Shivering thermogenesis markedly increases the basal metabolic rate and oxygen
consumption. Shivering is modulated by the posterior hypothalamus and the spinal cord
(11). The preoptic anterior hypothalamus orchestrates nonshivering heat conservation
and dissipation. Serotonergic and dopaminergic neurons exert immediate control through
the autonomic nervous system and delayed control through the endocrine system. Ther-
mal suppression or activation of the sympathetic nervous system with cold-induced
release of norepinephrine also occurs. Cold stimulates the hypothalamus to release thy-
rotropin-releasing hormone, which activates the anterior pituitary gland. Thyroid-stimu-
lating hormone causes the release of thyroxine (12).

As the temperature drops, vasoconstriction, shivering, and nonshivering basal and
endocrinologic thermogenesis also conserve and generate heat. From 32° to 24°C, a
progressive depression of the basal metabolic rate occurs without shivering thermogen-
esis. At temperatures less than 24°C, autonomic and endocrinologic mechanisms for heat
conservation are gradually inactivated (13).

PATHOPHYSIOLOGY

There are consistent physiologic characteristics for the three significant levels of
hypothermia (Table 1). The cardiovascular system is depressed. Because the bradycardia
of hypothermia results from decreased spontaneous depolarization of the pacemaker
cells, bradydysrhythmias are refractory to atropine. Hypothermia also decreases the
mean arterial pressure and the cardiac index.

The J (Osborn) wave is seen at the junction of the QRS complex and ST segment
(Fig. 1; 14). This deflection appears to result from hypothermic ion flux alterations,
with delayed depolarization or early repolarization of the left ventricular wall. It can
also be seen during local cardiac ischemia, with sepsis or central nervous system (CNS)
lesions, and on occasion in young normothermic patients. Some J waveform abnor-
malities can simulate a myocardial injury current. Of note, because hypothermic elec-
trocardiogram (EKG) changes are not easily computer programmable, inadvertent
thrombolytic therapy has occurred in unrecognized and potentially coagulopathic
hypothermic patients (15).

Virtually all atrial and ventricular dysrhythmias commonly develop in moderate to
severe hypothermia. Re-entrant dysrhythmias result from decreased conduction veloc-
ity coupled with an increased myocardial conduction time and a decreased absolute
refractory period. Independent electrical foci also precipitate dysrhythmias. Because
the conduction system is more sensitive to the cold than the myocardium, cardiac cycle
prolongation occurs. Atrial fibrillation, without a rapid ventricular response, com-
monly develops when the core temperature is less than 32°C. This rhythm usually
converts spontaneously during rewarming, although mesenteric embolization is a haz-
ard in chronic cases.

Hypothermia also causes a decrease in transmembrane resting potential, which, in
turn, decreases the threshold for ventricular dysrhythmias. Ventricular fibrillation (VF)
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Table 1
Physiologic Characteristics of Significant Hypothermia

Core temperature

State °C °F Characteristics

Moderate 33 91.4 Amnesia, dysarthria, ataxia, and apathy develop; maximum
respiratory stimulation; tachycardia and tachypnea then
progressive bradycardia and hypoventilation; cold diuresis

32 89.6 EEG abnormalities; J waves
31 87.8 Extinguished shivering thermogenesis
30 86 Atrial fibrillation and other dysrhythmias; poikilothermia; pulse and

cardiac output two-thirds normal; insulin ineffective
29 85.2 Progressive decrease in level of consciousness, pulse, and

respiration; pupils dilated.
Severe 28 82.4 VF susceptibility; 50% decrease in oxygen consumption and pulse

27 80.6 Hyporeflexia and no motion
26 78.8 Major acid–base disturbances; no reflexes or response to pain
25 77 Loss of cerebral autoregulation; cardiac output 45% normal;

pulmonary edema may develop
24 75.2 Significant hypotension
23 73.4 No corneal or oculocephalic reflexes
22 71.6 Maximum risk of VF; 75% decrease in oxygen consumption

Profound 20 68 Lowest resumption of cardiac electromechanical activity; pulse 20%
of normal

19 66.2 Flat EEG
18 64.4 Asystole commonly occurs
14.2 57.6 Lowest accidental hypothermia survival in an infant (76)
13.7 56.7 Lowest accidental hypothermia survival in an adult (1)

9 48.2 Lowest therapeutic hypothermia survival (75)

EEG, electroencephalogram; VF, ventricular fibrillation.

can result from an independent focus or by a re-entrant phenomenon. When the heart
is cold, there is a large dispersion of repolarization that facilitates the development of
a conduction delay. The action potential is also prolonged, and this increases the tem-
poral dispersion of the recovery of excitability. Asystole and VF may occur spontane-
ously when the core temperature falls below 25°C. Putative ancillary causes include
tissue hypoxia, physical jostling, electrophysiologic or acid–base disturbances, and
autonomic dysfunction.

The term core temperature afterdrop refers to a further decline in an individual’s core
temperature after removal from the cold. The two major processes that contribute to core
temperature afterdrop are simple temperature equilibration across a gradient and circu-
latory changes. Countercurrent cooling of the blood, which is perfusing cold tissues,
results in a temperature decline until the gradient is eliminated (16,17).

Hypothermia initially stimulates respiration. This is followed by a progressive decrease
in the respiratory minute volume (RMV), which is proportional to the decreasing metabo-
lism. As a result, carbon dioxide production decreases 50% with an 8°C fall in tempera-
ture. The normal stimuli for respiratory control are altered in severe hypothermia, and
carbon dioxide retention with respiratory acidosis can occur. Numerous other pathophysi-
ologic issues adversely affect the respiratory system. These include cold-induced viscous
bronchorrhea, decreased ciliary motility, and pulmonary edema (Table 2).
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Fig. 1. Prominent J waves are commonly not computer interpretable.

Table 2
Hypothermia Oxygenation Issues

Beneficial Detrimental

Linear disease in oxygen consumption Shivering and rewarming will acutely increase
consumption

Increased oxygen solubility in plasma Tissue perfusion impaired by hyperviscosity and
vasoconstriction

Acidosis and hypercapnia shift the Temperature depression shifts the oxyhemo-globin
oxyhemoglobin dissociation curve  dissociation curve to the left
to the right

Pulmonic dysfunction—V/Q mismatch, atelectasis,
bronchorrhea

The CNS is also progressively depressed, and cerebral metabolism decreases 6–7% for
each 1°C decline in temperature. Significant alteration of the brain’s electrical activity
is noted below 33.5°C, and the electroencephalogram begins to silence around 19–20°C.
Cerebral autoregulation is maintained via an increase in vascular resistance until 25°C.
In severe hypothermia there is a disproportionately higher redistribution of blood flow
to the brain.
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Simple exposure to cold induces a diuresis regardless of an individual’s state of
hydration. Severe hypothermia causes an initial relative central hypervolemia as a
consequence of peripheral vasoconstriction. Cold diuresis may act as a volume regu-
lator to diminish the vasoconstriction-induced capacitance vessel overload. Hypother-
mia depresses renal blood flow, reducing it by 50% at 27–30°C. The kidneys then
excrete a large amount of dilute urine, termed “the cold diuresis.” Cold diuresis is
essentially glomerular filtrate, which does not efficiently clear nitrogenous waste prod-
ucts (18).

As a result of the hypothermic pathophysiology, the physical examination and “vital
signs” are often misleading. A relative tachycardia disproportionate to the temperature
may reflect secondary issues such as hypovolemia, hypoglycemia, or an overdose.
Relative hyperventilation implies an underlying metabolic acidosis or CNS dysfunc-
tion. Although the Glasgow Coma Scale is not prognostic during hypothermia, the level
of consciousness should be consistent with the temperature unless there is additional
anoxic, toxic, traumatic, or infectious impairment.

Management
Hypothermia should be preferably monitored at two sites with continuous core tem-

perature evaluation (19). Readings are least accurate during the transition between cool-
ing, core temperature afterdrop, and rewarming. The rectal temperature can lag behind
the brain, and cardiac rewarming and is influenced by lower extremity temperatures and
probe placement. The probe should be inserted to 15 cm and not placed in cold feces.

On the other hand, the tympanic temperature equilibrates most rapidly with the core
temperature and is closest to the hypothalamic temperature. The reliability of infrared
thermography, however, remains uncertain. If the patient is tracheally intubated, an
esophageal probe will record falsely elevated with heated inhalation. Nevertheless, the
trend line comparing the esophageal and rectal temperature is often helpful.

Pulse oximetry during conditions of poor perfusion, vasoconstriction, and hypother-
mia may not be accurate (20,21).Similarly, end-tidal carbon dioxide measurements only
reliably assess tissue perfusion and tracheal tube placement at normal temperatures.
Most of the commercially available devices will not function because airway rewarming
requires complete humidification.

Gentle endotracheal intubation is safe during hypothermia (9). Issues that could pre-
cipitate dysrhythmias include failure to preoxygenate, mechanical jostling, acid–base
changes, or electrolyte fluctuations. Decreased gastric motility and gastric dilatation also
occur commonly. The abdominal examination is unreliable because the cold can induce
rectus muscle rigidity. A large percentage of moderate and severely hypothermic patients
have diminished or absent bowel sounds.

During resuscitation and rewarming, monitor the patient’s volume status. Fluids
administered intravenously should be heated to 40–42°C (22). Counter-current heat
exchangers, and a variety of other blood-warming devices, efficiently heat crystalloids
and blood (23). In select cases, central venous pressure measurements may be useful.
The clinician should avoid insertion of the central venous catheter into a potentially
irritable right atrium. An arterial catheter for continuous monitoring of intra-arterial
blood pressure may also facilitate treatment of selected profoundly hypothermic pa-
tients. The risk–benefit ratio for pulmonary wedge pressure measurements is an even
larger concern than in normothermia. The placement of pulmonary artery catheters
theoretically risks perforation of a cold stiff pulmonary artery (24).
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Laboratory Evaluations

The ideal acid–base strategy causes the fewest cardiac and CNS complications during
rewarming (25). Blood gas analyzers routinely warm blood to 37°C, which increases the
partial pressure of dissolved gases. This results in an arterial blood gas (ABG) showing
higher oxygen and carbon dioxide levels and a lower pH than the patient’s actual in vivo
values. The correction of ABGs for temperature is unnecessary as a guide to therapy
(26,27). In fact, attempting to maintain a corrected pH at 7.4 and pCO2 at 40 mmHg during
hypothermia depresses cerebral and coronary blood flow, cardiac output, and increases
the incidence of VF (28). To accurately interpret uncorrected ABGs, the values should
simply be compared with the normal values at 37°C (29).

The buffering capacity of blood is markedly impaired by the cold. In normothermia,
when the pCO2 increases 10 mmHg, the pH decreases 0.08 units. At 28°C, this decrease in
pH doubles. Because the neutral pH point of water at 37°C is pH of 6.8, the normal 0.6 unit
pH offset between blood and intracellular water should be maintained at all temperatures.
Just as the neutral pH rises with cooling, so should actual blood pH.

Intracellular electrochemical neutrality ensures optimal enzymatic function at all tem-
peratures (26). Relative alkalinity affords myocardial protection and improves electrical
stability of the heart (28). When the uncorrected pH and pCO2 are 7.42 and 40 mmHg,
respectively, there is acid–base balance at any core temperature. This approach to guide
resuscitation is termed the  stat or ectothermic strategy. In induced hypothermia, low
concentrations of carbogen (1–5% CO2 with oxygen) can facilitate acid–base manage-
ment. Carbogen may eventually prove valuable in the treatment of hypothermia because
it flattens and shifts the oxyhemoglobin dissociation curve to the right during conditions
with minimal CO2 production, and helps maintain the uncorrected pCO2around 40 mmHg.

A patient’s hematocrit (Hct) may be deceptively high as the result of a decreased
plasma volume. The Hct level increases 2%/1°C fall in temperature. Therefore, a normal
Hct level in a moderate to severely hypothermic patient suggests a pre-existing anemia
or acute blood loss.

Frequent evaluation of serum electrolytes is essential, because there are no safe pre-
dictors of their values. Changes continuously occur in both membrane permeability and
in the efficiency of the sodium-potassium pump. The patient’s pre-existing physiologic
status, the severity and chronicity of hypothermia, and the method of rewarming will alter
the serum electrolyte values.

Hypothermia usually induces an increased natriuresis. Preexisting gastrointestinal
losses or previous diuretic treatment may also contribute to sodium loss. Patients with
normal sodium and osmolality values may have preexisting sodium overload as a result
of cirrhosis, nephrosis, or congestive heart failure. Most patients with chronic hypother-
mia will be free-water depleted, which will elevate their sodium and osmolality values.

The plasma potassium level reflects the underlying pathophysiology. The most clini-
cally relevant abnormality is hyperkalemia, which is often associated with metabolic
acidosis, rhabdomyolysis, or renal failure. An important caveat is that hypothermia
enhances the cardiac toxicity and obscures the premonitory EKG changes associated
with hyperkalemia. Conditions associated with hypokalemia include preexisting dia-
betic ketoacidosis, hypopituitarism, inappropriate secretion of antidiuretic hormone,
previous diuretic therapy, and alcoholism (30).

The blood urea nitrogen (BUN) and creatinine levels will often be elevated as a result
of impaired glomerular filtration or with pre-existing renal disease. With dynamic hypo-
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thermic fluid shifts, the hematocrit and the BUN levels are inadequate indicators of a
patient’s actual fluid status.

An acute cold exposure initially causes hyperglycemia through catecholamine-induced
glycogenolysis, diminished insulin release, and inhibition of cellular membrane glucose
carrier systems. Chronic hypothermia with antecedent shivering produces glycogen
depletion that predisposes to hypoglycemia. The symptoms of hypoglycemia may be
masked by hypothermia, and a cold-induced renal glycosuria may be observed in hypogly-
cemic patients.

When hyperglycemia persists during rewarming, the cause may be hemorrhagic
pancreatitis or diabetic ketoacidosis. Because insulin is progressively ineffective below
32°C, active rewarming is essential.

A physiologic increase in coagulation occurs with hypothermia, and a disseminated
intravascular coagulation type of syndrome occurs. The causes are multifactorial, includ-
ing catecholamine or steroid release, simple circulatory collapse and release of tissue
thromboplastin from cold, ischemic tissue (31).

In hypothermic patients, the activated clotting factor enzymes are depressed by the
cold (32). The clotting prolongation is proportional to the number of steps in the cas-
cade. Because the kinetic tests of coagulation are always performed in the laboratory
at 37°C, there will be a disparity between the clinically evident in vivo coagulopathy
and the deceptively “normal” prothrombin time or partial thromboplastin time or inter-
national normalized ratio reported by the laboratory (33). The only effective treatment
is rewarming, not administration of clotting factors. Additionally, cold-induced throm-
bocytopenia may result from either direct bone marrow suppression or hepatosplenic
sequestration. Platelet dysfunction is also caused by decreased thromboxane B2 pro-
duction (34,35).

Hypothermia compromises host defenses. Many of the usual signs of infection, com-
plicating cardiopulmonary and other diseases, will not be present. In addition to the
absence of fever, the absence of leukocytosis does not exclude infection. Splenic, hepatic,
and splanchnic sequestration in hypothermia decreases leukocyte counts.

Shaking, rigors, and chills during sepsis mimic shivering. Diminished bone marrow
release and circulation of neutrophils, along with impaired neutrophil migration and
bacterial phagocytosis, predispose to infection. Routine antibiotic prophylaxis is only
warranted, especially at the age extremes, if the clinical picture is consistent with sepsis
or if there is failure to rewarm.

Cold exposure normally induces adrenal unresponsiveness to adrenocorticotrophic
hormone (ACTH). As a result, decreased adrenal reserve can be misdiagnosed in hypo-
thermia. An acute cold stress initially stimulates cortisol secretion that may already be
elevated as a result of an underlying stress. The percentage of cortisol bound to protein
is increased with hypothermia, and therefore the active free fraction is decreased. If a
patient fails to rewarm, consider the possibility of adrenocortical insufficiency or steroid
dependence.

Empiric treatment with thyroxine should be reserved for patients thought to be myxe-
dematous. Thyroid hormone replacement is recommended if a history of hypothyroidism
is present, a suggestive neck scar is present, or the patient’s rate of rewarming is too slow.
Administration of intravenous levothyroxine results in a smooth effect after the onset of
action at 6–12 hours. This is evidenced by improvement in the vital signs and the rewarm-
ing rate. If there is no improvement, L-triiodothyronine should also be given every 6 hours
through a nasogastric tube (30).
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Cardiac Pharmacology
The efficacy of most cardiac and other medications is temperature dependent, because

protein binding increases during hypothermia and liver metabolism is decreased. Predict-
ably, the effects of hypothermia on the autonomic nervous system vary. In primate
studies, the sympathetic nervous system responds rapidly to cooling from 37 to 31°C
(36). It then switches off around 29°C, which suggests that some catecholamine support
is useful in that temperature range (37). Low-dosage catecholamine infusions should be
considered in euvolemic patients who do not respond to rewarming and remain dispro-
portionately hypotensive.

Atrial Arrhythmias
All atrial arrhythmias, including atrial fibrillation (AF), should normally have a slow

ventricular response during hypothermia. If a rapid ventricular response is observed,
common causes include hypovolemia, hypoglycemia or a cyclic antidepressant over-
dose. AF is commonly found below 32°C and usually converts spontaneously during
rewarming. Digitalis, like insulin, is ineffective and not indicated. Hypothermia renders
the negative inotropic effects of calcium channel blockers redundant.

The electrophysiologic AH interval prolongation is unresponsive to atropine. Mesen-
teric embolization is a potential hazard when the rhythm spontaneously converts to sinus
rhythm during rewarming, although with chronic hypothermia, there is usually a
coagulopathy.

In essence, all new atrial arrhythmias will usually convert spontaneously during
rewarming, and should be considered innocent. Efforts should be directed toward
correcting any acid–base, fluid, and electrolyte imbalances, although avoiding adminis-
tration of atrial anti-arrhythmics.

Ventricular Arrhythmias
The prophylaxis and treatment of ventricular arrhythmias is more problematic. The

past cardiac history from the hypothermia patient is often unavailable. Pre-existing
chronic premature ventricular contractions may be suppressed during hypothermia and
recur during rewarming. Most hypothermia-induced ventricular dysrrhythmias convert
spontaneously during rewarming. As a result, ventricular arrhythmias should generally
be treated expectantly. The terminal cardiac arrest rhythm in monitored hypothermic
patients is commonly not VF, but asystole (38). In hypothermia, asystole that develops
during rewarming is not a more ominous rhythm than VF.

Temperature depression progressively decreases the conduction velocity and increases
the action potential duration (APD). As a result, the ideal ventricular anti-arrhythmic
would not further decrease conduction through the His-Purkinje system but would shorten
the APD. Lengthening the APD only in warmer regions would reduce dispersion and
stabilize the rhythm.

In normothermia, the class IA ventricular antidysrhythmics have numerous unfavor-
able characteristics including negative inotropic and indirect anticholinergic effects.
These agents moderately decrease conduction velocity and depolarization, although
prolonging the APD and repolarization. One agent in this group, procainamide, increases
the incidence of VF during hypothermia. Another drug in this group, quinidine, surpris-
ingly has prevented VF during induced profound hypothermia. The cardiac effects of
disopyramide are unclear.
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Class 1B ventricular antidysrhythmics, in contrast, minimally slow conduction and
depolarization although shortening the APD and repolarization. Clinically, lidocaine
appears to have minimal effects. Class 1C agents such as encainide and flecainide, although
unstudied in this setting, would appear pharmacologically hazardous. Conduction and
depolarization are markedly slowed, and the APD and repolarization are prolonged.

Although class III agents prolong the APD, they possess variable direct antifibrillatory
action. Bretylium tosylate produces a chemical sympathectomy and is both an anti-
arrhythmic and an antifibrillatory agent. Bretylium increases the VF threshold, the APD
and the effective refractory period (EFP). Interestingly, at least at normal temperatures,
the antifibrillatory effects occur more acutely than the anti-arrhythmic effects.

The effect of bretylium on plasma catecholamines and electrically induced arrhythmias
is reported in hypothermia. Because catecholamine levels increase during cooling, the
demonstrated protection appears to be as a result of an alteration of the electrophysiologic
properties of the cardiac tissues (39).

Bretylium tosylate has been very effective in several animal studies. Unlike under
normothermic conditions, bretylium increases the VF threshold prior to increasing the
APD and the ERP when cold (40). Clinical chemical defibrillations with bretylium in
severely hypothermic humans are reported (41,42). The optimal dosage and ideal infu-
sion rates are unknown but normothermic guidelines are commonly observed. The com-
mercial availability of bretylium varies internationally.

The safety of amiodarone, another class III agent that possesses antifibrillatory activ-
ity, is unknown during hypothermic conditions. Magnesium sulfate at an intravenous
dose of 100 mg/kg has spontaneously defibrillated many CPB patients with induced
hypothermia.

Cardiac pacing for hypothermia-induced bradydysrhythmias is rarely indicated dur-
ing rewarming. External noninvasive pacing by means of large low-resistance electrodes
would appear to be a preferable alternative to potentially hazardous transvenous pacing
(43). New bradydysrhythmias that develop after rewarming rarely require pacing.

Blood flow during CPR also differs in hypothermia (44). The consensus guideline is
that CPR should be initiated unless do-not-resuscitate status is documented and verified,
obvious lethal injuries are present, any signs of life are present, rescuers are endangered
by evacuation delays or overriding triage considerations, or chest wall compression is
impossible (9). The role of a “thoracic pump” with the heart as a passive conduit during
closed chest compressions is an attractive hypothesis to explain clinical observations.
The “thoracic pump” model suggests that phasic alterations in the intrathoracic pressure
generated by compressions are applied equally to all thoracic vessels and cardiac cham-
bers. Competent venous valves are located at the thoracic outlet. These valves prevent
retrograde transmission of increased intrathoracic pressure into the venous circulation.
The resultant arteriovenous pressure gradients generate supradiaphragmatic antegrade
flow.

During compression systole, blood circulates through the left side of the heart, which
is functionally a passive conduit. During compression, blood moves through the mitral
valve into the systemic circulation. The mitral valve remains patent during systole and
blood continues to circulate through the left side of the heart.

Mechanical cardiac “massage” requires some degree of pliancy and may be a misno-
mer during hypothermic conditions. Consider the description of one survivor following
120 minutes of closed-chest compression: “At thoracotomy, the refrigerated . . . heart was
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found to be hard as stone and it is hardly conceivable how effective external cardiac
massage could have been (45) . . . .”

Clearly, closed-chest compressions are effective under hypothermic conditions in
humans. In the multicenter survey of 428 hypothermic cases, 9 of 27 patients receiving
field-initiated CPR survived, as did 6 of 14 who had CPR initiated in the emergency
department (9). Regional blood flow during hypothermic cardiac arrest in swine is
reported (44).The cardiac output, cerebral and myocardial blood flows averaged 50, 55,
and 31% of those achieved during normothermic conditions with closed-chest compres-
sions. Unlike normothermic conditions, blood flow did not decrease over time.

Rewarming Options
The indications for using active rewarming techniques include: cardiovascular insta-

bility, poikilothermia (below 32.2°C), inadequate rate or failure to rewarm, endocrino-
logic insufficiency, traumatic or toxicologic induced peripheral vasodilation, or
secondary hypothermia (Table 3; 46–48). Heat can be provided externally or internally
(49). Forced-air warming systems will efficiently transfer heat directly to the skin (50–
52). The air exits apertures on the patient side of the cover, which allows a convective
transfer of heat. Forced-air rewarming can decrease shivering and the attendant meta-
bolic stress, without inducing rewarming shock and core temperature afterdrop (53).

In contrast, immersion in a bath of 40°C complicates monitoring or resuscitation.
Other rewarming options include plumbed garments that recirculate warm fluids, hot
water bottles, heating pad and radiant sources. Thermal injury to vasoconstricted
hypoperfused skin is a common hazard with local heat application.

Arteriovenous anastomoses rewarming is another non-invasive AER technique (54–
56). Exogenous heat is provided by immersion of the lower parts of the extremities
(hands, forearms, feet, calves) in 44–45° C water. Heat opens the arteriovenous anasto-
moses (AVA) that are 1 mm below the epidermal surface in the digits (57).A permutation
of AVA rewarming is negative pressure rewarming, which is intended to open the AVAs.
To initiate negative pressure rewarming, the forearm is inserted through an acrylic tubing
sleeve device fitted with a neoprene collar. After a –40 mmHg vacuum pressure is cre-
ated, heat is applied over the dilated AVA (58). The clinical utility of this technique, if
any, remains to be determined.

Active Core Rewarming
Airway rewarming, as an adjunct to the other active core rewarming (ACR) tech-

niques, is noninvasive, assures adequate oxygenation, and will decrease respiratory
heat loss. The respiratory tract is a very limited site for heat exchange. A sufficient
respiratory minute volume (RMV) and complete humidification are necessary for
maximal heat delivery (59). The efficiency of heated mask ventilation is also being
explored. Another option is heated inhalation through face mask continuous positive
airway pressure (CPAP [60]). A thermal countercurrent heat exchanger, known as the
rete mirabile, is present in the cerebrovascular bed of humans. In theory, preferentially
rewarming the brainstem could facilitate earlier resumption of central thermoregula-
tory control. Additional benefits of airway rewarming include the stimulation of pul-
monary cilia, a decrease in pulmonary secretion viscosity, and a reduction of
cold-induced bronchorrhea. Pulmonic absorption occurs without adverse affects on
surfactant or increased pulmonary congestion.
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Maintenance of sufficient oxygenation is critical in moderate and severe hypothermia.
The effects of hypothermia, pH, PaCO2, and the level of 2,3-diphosphoglycerate on the
shift of the oxyhemoglobin dissociation curve decrease the capacity of hemoglobin to
unload oxygen to the tissues (61). Despite lower metabolic requirements, this decrease
in “functional” hemoglobin, combined with a depressed RMV, results in minimum oxy-
gen reserves (Table 2).

Most humidifiers are manufactured in accordance with the International Standards
regulations. The humidifier will not exceed 41°C close to the patient outlet with a 6-foot
tubing length. Strategies to circumvent the 41°C ceiling include reduction of tubing
length, adding additional heat sources, disabling the humidifier safety system, and
placing the temperature probe outside the patient circuit (62). All modified equipment
should be labeled to avoid routine use. A volume ventilator with a heated cascade
humidifier can also deliver CPAP or positive end-expiratory pressure (PEEP) if needed
during rewarming.

Heated Irrigation
Heat transfer from irrigation fluids depends on the surface area available for heat

exchange. Gastric or colonic irrigation can cause fluid and electrolyte fluxes, and is rarely
worth the effort. On the other hand, closed thoracic lavage rewarming in accidental
hypothermia is more efficient (63). Two large-bore thoracostomy tubes are inserted into
one or both hemithoraces. One is placed anteriorly in the second or third intercostal space
at the midclavicular line. The other is placed in the posterior axillary line at the fifth to
sixth intercostal space. Sterile normal saline ideally in 3-L bags is heated to 40° to 42°C
and infused and drained in a nonrecycled sterile system (64).

The efficiency of heat transfer varies with the flow rate and dwell times. Pleural
adhesions can prevent adequate drainage, which must be ensured to prevent intrathoracic
hypertension. Unless there are other indications for a thoracostomy tube, thoracic lavage
should be reserved for severely hypothermic patients who do not respond to standard
techniques (65,66). Left-sided thoracostomy tube insertion into perfusing patients could
easily induce VF.

The option of closed sterile thoracic lavage seems a natural selection during CA
resuscitations. In perfusing patients, this technique should clearly be considered poten-
tially hazardous unless extra-corporeal rewarming capability is immediately available.
The clinically reported infusion rates range from 180–550 mL per minute. The overall
rate of rewarming should easily equal or exceed that achievable with peritoneal lavage,
with the added benefit of preferential mediastinal rewarming. Additionally, closed-chest
compressions during CA can maintain perfusion. Open cardiac massage of a rigid con-
tracted heart may not be possible in severe cases prior to bypass. Thus, mediastinal
irrigation should be avoided when bypass is impossible (45).

Table 3
Indications for Active Rewarming

1. Poikilothermia
2. Cardiovascular instability/collapse
3. Vasodilation—toxicologic or traumatic
4. Secondary hypothermia—endocrine, predisposing issues
5. Inadequate passive rate of rewarming
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Mediastinal irrigation and direct myocardial lavage should only be considered in
patients without spontaneous perfusion. After a standard left lateral thoracotomy inci-
sion, leave the pericardium intact unless an effusion or tamponade is present. The heart
is bathed in 1–2 L of an isotonic solution heated to 40°C for several minutes. The fluid
is suctioned and the lavage repeated. Internal defibrillation is attempted at 1–2°C inter-
vals after the myocardial temperature exceeds 26–28°C. When a perfusing rhythm is
achieved, lavage is continued until the myocardial temperature exceeds 32°C. A median
sternotomy approach allows ventricular decompression in addition to direct defibrillation.

Peritoneal lavage should not be routinely used in treating stable mildly hypothermic
patients. In severe cases, the transfer of heat is lower than that achieved with cardiac
bypass or hemodialysis. The most common irrigant is normal saline or lactated Ringers,
but standard 1.5% dextrose dialysate solution with optional potassium supplementation
is another option. The isotonic dialysate is heated to 40–45°C. Up to 2 L are then infused
(10–20 cc/kg), retained for 15–20 minutes, and subsequently aspirated. The usual clinical
exchange rate is 6 L per hour, which yields rewarming rates of 1–3°C per hour. An
alternative to consider in severe cases is a larger catheter placed with the Seldinger
technique. The higher drainage capability will markedly increase the exchange rates and
minimize dwell times necessary for maximal thermal transfer. The flow rate via gravity
through regular tubing is approx 500 cc per minute, which can be tripled under infusion
pressure (67).

A unique advantage of peritoneal dialysis when hemodialysis in unavailable is over-
dose and rhabdomyolysis detoxification. Additionally, direct hepatic rewarming reac-
tivates detoxification and conversion enzymes. Peritoneal dialysis will worsen
preexistent hypokalemia. Vigilant electrolyte monitoring is essential prior to empiric
modification of the dialysate. The presence of adhesions from previous abdominal sur-
gery will increase the complication rate and minimize heat exchange. This technique can
be used in combination with all available rewarming techniques in CA patients.

EXTRACORPOREAL REWARMING

The four common techniques to directly rewarm blood are hemodialysis, venovenous
rewarming, arteriovenous rewarming, and cardiopulmonary bypass (CPB; Table 4).

Standard hemodialysis is portable, efficient, and should be considered in perfusing
patients with electrolyte abnormalities, renal failure, or intoxication with a dialyzable
substance. Two-way flow catheters allow cannulation of a single vessel. A Drake-Willock
single-needle dialysis catheter can be used with a portable hemodialysis machine and
external warmer. After central venous cannulation, exchange cycle volumes of 200–
250 mL per minute are possible.

Although heat exchange is less than with standard two-vessel hemodialysis, the ease
of percutaneous subclavian vein placement is a major advantage. Hemodialysis via two
separate single-lumen catheters placed in the femoral vein can achieve continuous blood
flow at 450–500 mL per minute. Hemodialysis can be performed heparin-free and can
transfer more heat than peritoneal lavage.

Extracorporeal venovenous rewarming is another option for warming and recirculat-
ing blood. With this technique, blood is removed, usually from a central venous catheter,
heated to 40°C, and returned via a second central or large peripheral venous catheter.
Flow rates of 150–400 mL per minute are achievable (68).The circuit is not complex and
is more efficient than many other nonbypass modalities. There is no oxygenator and
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because the method does not provide full circulatory support, volume infusion is the only
option to augment inadequate cardiac output.

Continuous arteriovenous rewarming (CAVR) is another option when the systolic
blood pressure is at least 60 mmHg. CAVR involves the use of percutaneously inserted
femoral arterial and contralateral femoral venous catheters (69).The Seldinger technique
is used to insert the 8.5 Fr catheters. Because the catheters are 8.5 Fr, the patient must
weigh at least 40 kg. Heparin-bonded tubing circuits obviate the need for systemic anti-
coagulation. CAVR has principally been performed on hypothermic traumatized patients.

The blood pressure of spontaneously perfusing hypothermic patients creates a func-
tional arteriovenous fistula by diverting part of the cardiac output out the femoral artery
through a counter-current heat exchanger. The heated blood is then returned with
admixed heated crystalloids via the femoral vein. Additional fluids are infused for
hypotension, and the rate of rewarming exceeds hemodialysis. CAVR does not require
the specialized equipment and perfusionist necessary for cardiopulmonary bypass. The
average flow rates are 225–375 ml per minute, resulting in a rate of rewarming of 3–4°C
per hour.

For CPB, the standard femoral–femoral circuit includes arterial and venous catheters,
a mechanical pump, a membrane or bubble oxygenator, and a heat exchanger (70).A 16–
30-Fr venous cannula is inserted via the femoral vein to the junction of the right atrium
and inferior vena cava. The tip of the shorter 16–20-Fr arterial cannula is inserted 5 cm
or just proximal to the aortic bifurcation. Supplemental transesophageal echocardio-
graphy may be required to evaluate the ventricular load and valvular function.

Systemic anticoagulation, which previously limited clinical applicability, can be selec-
tively avoided. Heparin-coated perfusion equipment, and the use of nonthrombogenic
pumps, are options. Another favorable hemodynamic factor is the enhanced physiologic
fibrinolysis seen in the first hour of CPB.

Table 4
ECR Considerations

HD Widely available
Adjust electrolyte/toxicologic derangements
Exchange cycle volumes 200–500 mL per minute
ROR 2–3°C per hour

VV Circuit nonbypass modality
Volume infusion to augment cardiac output
Flow rates of 150–400 mLl per minute
ROR 2–3°C per hour

AVR Percutaneous Seldinger technique
Requires arterial cannulation and BP >60 mmHg
No need for perfusionist/pump/anticoagulation
Average flow rates 225–375 mL per minute
ROR 3–4°C per hour

CPB Perfusate core temperature gradient—consider 5–10°C
Flow rates 3–7 L per minute (average 3–4 L per minute)
ROR 5–9.5°C per hour
Full circulatory support

HD, hemodialysis;VV, venovenous; AVR, arteriovenous; CPB, cardiopulmonary bypass;
ECR, extracorporeal rewarming; ROR rate of rewarming.
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Heated, oxygenated blood is returned via the femoral artery. Femoral flow rates of 2–
3 L per minute can elevate the core temperature 1–2°C every 3–5 minutes. Most pumps
are capable of generating full flow up to 7 L per minute. In one review the mean CPB
temperature increase was 9.5°C per hour (71). The optimal temperature gradient and
bypass rewarming rates are unclear. An excessive temperature gradient between brain
tissue and circulant may adversely affect electroencephalogram regeneration. Another
concern is the possibility of increased bubbling if high perfusate temperature gradients
are used. Most current investigators use 5°C or 10°C gradients (72).

The major advantage of CPB in perfusing patients is the preservation of flow if mechani-
cal cardiac activity is lost during rewarming (73).Potential candidates for CPB are patients
who do not respond to less invasive rewarming techniques, those with completely frozen
extremities, and those with rhabdomyolysis that is accompanied by major electrolyte
disturbances (74).

With any of these four techniques, rapid acceleration of the rate of rewarming per se
does not necessarily improve survival rates. Complications of rapid rewarming in severe
hypothermia include disseminated intravascular coagulation, pulmonary edema, hemoly-
sis, and acute tubular necrosis.

Extracorporeal blood rewarming should be attempted in hypothermic cardiac arrest
patients when no contraindications to CPR exist. Patients with secondary hypothermia
are often not appropriate candidates. Extracorporeal blood rewarming is unlikely to
succeed below 10–12°C (25). Resuscitation should be terminated if frozen or clotted
intravascular contents are identified. The most vexing decision often centers on the issue
of potential survivability. There may never be a validated neurologically predictive instru-
ment in hypothermia. Cardiopulmonary arrest (CPA) is more favorable when it is a direct
result of hypothermia, in contrast to asphyxia, acidosis, or cardiac arrest and the subse-
quent postmortem decline in core temperature. Because outcome is difficult to predict,
the type and severity of the underlying or precipitating disease process is the major deter-
minant (1,75,76). Patient age is not an independent predictor of mortality (77).

Trauma, infection, and toxin ingestions also affect survival unpredictably (78). The
search for a valid triage marker of death continues (79,80). Grave prognostic indicators
include evidence of intravascular thrombosis (fibrinogen less than 50 mg/dL), cell lysis
(hyperkalemia more than 10 mEq/L), and ammonia levels greater than 250 μmol/L, and
anoxia with severe acidosis (81).

SUMMARY

Because hypoxemia is the rule following hypothermic CA, the goal with supplemental
oxygen should be normoxia. The prolonged use of 100% oxygen after the return of
spontaneous circulation may increase oxidative brain injury by generating reactive oxy-
gen species including superoxide and hydrogen peroxide. The clinician should minimize
positive end-expiratory pressure unless it is essential to maintain normoxia, because it
decreases cerebral venous outflow.

As in normothermia, cerebral vasculature autoregulation may be lost after global brain
ischemia, and yet hypocarbia-induced vasoconstrictive mechanisms remain intact. There-
fore, avoid protracted hyperventilation without carbogen because hypothermic CO2 pro-
duction may be minimal.

Posthypothermic hyperglycemia is also potentially detrimental, because glucose lev-
els over 250 mg/dL are associated with lactate generation and exacerbation of metabolic
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acidosis. During resuscitation, avoid dextrose containing solutions without evidence of
hypoglycemia. Global brain ischemia can also induce seizures. The role of seizure pro-
phylaxis during hypothermia is unclear, as is the role of continuous electroencephalo-
gram monitoring in select cases. Diphenylhydantoin or fosphenytoin, which do not mask
the evolving neurological examination during rewarming, would seem to be the agents
of choice. If seizures are clinically evident, aggressive treatment is indicated, because
seizures dramatically increase the brain’s metabolic demands at any temperature.

When reperfusion is re-established, the initial transient hyperemic period is character-
ized by increased CBF with low oxygen consumption. This lasts for minutes, and is
followed by the “no reflow” phase, which lasts for hours. Some of this delayed
hypoperfusion is as a result of a secondary vasospasm. Reperfusion after rewarming is
also characterized by both cytotoxic edema during ischemia, and vasogenic edema as a
result of blood–brain barrier injury.

In summary, the final common pathway for the demise of many hypothermic patients
is a very dynamic neuronal injury. During rewarming, avoid issues known to exacerbate
the adverse neuronal responses to cerebral ischemia: hypoperfusion, hypoxia, hypergly-
cemia, hyperoxia, and seizures. The initial ideal target temperature during rewarming
may well be less than 37°C.
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INTRODUCTION

Cardiopulmonary resuscitation (CPR) in a patient with multiple injuries involves a
different approach than in a nontrauma patient. Although the basic principles are the same
as dealt with in other chapters of this book, CPR in the trauma victim has to address
prevention of cardiopulmonary failure from problems exclusive to the injured patient.
This chapter concentrates on these issues and highlights some of the recent developments
in the field.

CARDIOPULMONARY SUPPORT
IN THE EMERGENCY DEPARTMENT

Prompt resuscitation of the trauma patient in the emergency department (ED) includes
control and/or maintenance of the airway, reversal of life-threatening events (e.g., ten-
sion pneumothorax,cardiac tamponade), maintenance of cellular aerobic metabolism by
supplemental oxygenation and assisted ventilation, and restoration of normovolemia.
One important caveat has developed in volume replacement in recent years: in a bleeding
trauma patient, especially after penetrating trauma, aggressive attempts at stabilization
of the cardiovascular state by fluid infusion before definitive control of bleeding is
achieved may lead to a higher morbidity and mortality. This is not a new concept but a
resurrection of Cannon’s observations after World War I. He pointed out that “hemor-
rhage in the case of shock may not have occurred to a marked degree because blood
pressure has been too low and flow too scant to overcome the obstacle offered by a clot.
If the pressure is raised before the surgeon is ready to check any bleeding that may take
place, blood that is sorely needed may be lost” (1). The effect of massive, early fluid
resuscitation was recently examined critically in hypotensive prehospital trauma patients.
Kaweski et al. (2) reviewed the records of 6855 hypotensive trauma patients. Fifty-six
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percent of these patients received prehospital fluid resuscitation. Fluid challenge in this
group of patients did not improve survival. Bickell et al. (3) conducted a prospective trial
comparing immediate and delayed fluid resuscitation in 598 adults with penetrating torso
injuries who presented with a prehospital systolic blood pressure of less than 90 mmHg.
Patients assigned randomly to the immediate-resuscitation group received standard fluid
resuscitation before and after they reached the hospital. Those assigned to the delayed-
resuscitation group received intravenous cannulation but no fluid resuscitation until they
reached the operating room (OR). When fluid resuscitation was delayed, 203 (70%)
survived and were discharged from the hospital, as compared with 193 of the 309 patients
(62%) surviving when immediate fluid resuscitation was provided (p = 0.04). In delayed-
resuscitation patients who survived to the postoperative period, 55 (23%) had one or more
complications (adult respiratory distress syndrome, sepsis syndrome, acute renal failure,
coagulopathy, wound infection, or pneumonia), as compared with 69 of the 227 patients
(30%) in the immediate-resuscitation group, a difference that approached statistical sig-
nificance. The duration of hospitalization was shorter in the delayed-resuscitation group.
The authors concluded that delay of aggressive fluid resuscitation until operative control
of bleeding is accomplished improves the outcome of hypotensive patients with penetrat-
ing torso injuries. These clinical data are supported by animal models of uncontrolled
hemorrhagic shock, induced either by intra-abdominal large-vessel injury to the ileocolic
artery, or by tail resection. In these models, infusion of hypertonic saline (HTS) or large
volumes of normal saline increases rebleeding, hemodynamic collapse, and increased
short-term mortality (4–11). The concept appears to be applicable even in blunt trauma
animal models (12,13). Vigorous boluses of crystalloid infusion after “massive” or
“moderate” splenic injury in rats also increases bleeding and shortens survival time (14–
17). Thus, excessive early crystalloid infusion only increases bleeding and shortens
survival time in the early critical “golden hour” after injury. These data support the
concept that avoiding fluid resuscitation until definitive control of bleeding is achieved
or deliberate “hypotensive resuscitation” with a limited volume of crystalloid or colloid
solutions until bleeding can be controlled surgically results in better survival (18).

EMERGENCY DEPARTMENT THORACOTOMY
AND OPEN-CHEST CARDIAC COMPRESSION

It is crucial to provide the most efficient adequate cardiac and cerebral perfusion in a
hypovolemic patient with traumatic hemorrhagic shock. Multiple rib fractures and flail
chest can interfere with effective external chest compression. The past decade has seen
an ever-increasing enthusiasm for ED thoracotomy (EDT) in trauma centers because it
can optimize blood flow using direct cardiac massage, relieve traumatic pericardial tam-
ponade, and allow control of intrathoracic hemorrhage. Closed-chest compression often
results in poor cardiac index and other hemodynamic parameters even in nontraumatic
arrest patients. Babbs (19) developed an electrical model of the human circulatory system
with heart and blood vessels modeled as resistive-capacitive networks, pressures in the
chest, abdomen, and vascular compartments as voltages, blood flow as electric current,
blood inertia as inductance, and the cardiac and venous valves as diodes. Simulations
included two modes: the cardiac pump mechanism, in which the atria and ventricles of
the model were pressurized simultaneously, as occurs during open chest cardiac mas-
sage; and the thoracic pump mechanism, in which all intrathoracic elements of the model
were pressurized simultaneously, as is likely to occur in closed chest compression. The
two mechanisms were compared for the same peak applied pressure (80 mmHg). Pure
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cardiac pump CPR generated near normal systemic perfusion pressures throughout the
compression cycle. Pure thoracic pump CPR generated much lower systemic perfusion
pressure, only during the diastolic phase of the compression cycle. Cardiac pump CPR
produced total flows of 2500–3300, myocardial flows of 150–250 and cranial flows of
600–800 mL per minute, depending on the compression rate. In contrast, thoracic pump
CPR produced a total flow of approx 1200-myocardial flow of 70, and cranial flow of 450
mL per minute, independently of the compression rate. The author concluded that direct
cardiac compression is an inherently superior hemodynamic mechanism because it can
generate greater perfusion pressure throughout the compression cycle. Similar results
were reported by Sanders et al. (20). Reider et al. (21) compared the hemodynamic
effectiveness of closed-chest cardiac massage (CCCM) with closed subdiaphragmatic
massage (CSDM) and four open transdiaphragmatic cardiac massage techniques during
cardiac arrest (CA) with an open abdomen in dogs. CCCM resulted in the lowest cardiac
index (CI), mean arterial pressure (MBP), and carotid blood flow (CBF) of all cardiac
massage techniques tested. CSDM was not statistically superior to CCCM but did result
in a 23% increase in CI and a 54% increase in CBF. Transdiaphragmatic retrocardiac
massage through an incision in the diaphragm resulted in the highest hemodynamic
parameters of the four open transdiaphragmatic techniques and had significantly higher
values than those for CCCM. Open-chest manual compression was also found to be as
effective as open-chest compression-active-decompression (CAD). Therefore, open-
chest compression is vital in the trauma patient who is in extremis and is the rationale for
EDT in urban centers. The objectives of EDT for the “agonal” trauma patient are as
follow: (a) maintenance of coronary and cerebral perfusion by relief of cardiac tampon-
ade and/or restoration of efficient cardiac contractility; and (b) control of hemorrhage by
cardiorrhaphy, compression of bleeding intrathoracic vessels, and/or reduction of intra-
abdominal blood loss by temporary occlusion of the thoracic aorta. The ultimate objec-
tive is to improve survival in these desperate patients, a goal that has been achieved with
variable success in different series (22).

EDT has not improved survival in the majority of patients, even though it appears to
have value in important subgroups (e.g., patients with penetrating cardiac injuries). There
are additional concerns with EDT: the cost of indiscriminate, futile resuscitative attempts
in patients already dead and the risk for disease transmission to the surgical team. These
issues demand a critical analysis of patient selection for the procedure (23).

In a recent collective review of 111 stab wound (SW) and 239 gunshot wound (GSW)
patients who had EDT, Boyd and associates (24) noted a survival of 18% for SW and 2%
for GSW of chest. The survival was 10% for abdominal SW and 6% for abdominal GSW.
When multiple sites were injured, survival was 5–6%. Rhee et al. (25) reviewed 24
studies that included 4620 cases of EDT for both blunt and penetrating trauma over the
past 25 years. The overall survival rate was 7.4%. Normal neurological outcomes were
noted in 92.4% of surviving patients. Survival rates were 8.8% for penetrating injuries
(6.8% for SW and 4.3% for GSW) and 1.4% for blunt injuries. Survival rates were 10.7%
for thoracic injuries, 4.5% for abdominal injuries, and 0.7% for multiple injuries. Cardiac
injuries had the highest survival rate (19.4%). If signs of life were present on arrival at
the hospital, survival rate was 11.5% in contrast to 2.6% if none were present. Absence
of signs of life in the field yielded a survival rate of 1.2%. Similar data were provided by
a recent series (26). EDT, therefore, plays an important in the CPR of selected patients
with trauma, particularly in penetrating wounds of the chest. The technical details and
potential pitfalls of the procedure have been described in detail elsewhere (23).
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Hypertonic Saline for Resuscitating Trauma Patients

Hypertonic solutions are the new, potentially beneficial tools for shock/trauma resus-
citation. Compared with isotonic fluids, the lesser volumes of hypertonic solutions are
associated with equivalent or improved systemic blood pressure, cardiac output, and
survival in experimental animals. A positive cardiac inotropic effect is documented, as
is a decrease in systemic vascular resistance. Restoration of normal cellular transmem-
brane potential is enhanced, indicating a reversal of the cellular abnormalities induced by
hemorrhagic shock. As long as 24 hours after the shock episode, blood pressure is main-
tained more effectively than with conventional crystalloid solutions. A solution of 7.5%
saline has been shown to be more effective with respect to survival than 0.9, 5, or 10%
saline solutions. Improved tissue perfusion occurs as indicated by reduced lactate values.
An early increase in urine output, decreased fluid retention, and improved late pulmonary
function are also seen (27–33). Possible mechanisms by which hypertonic saline-dextran
(HSD) maintains circulation in hemorrhagic shock include rapid shift of fluid from
intracellular to extracellular space, improved peripheral perfusion, and increased cardiac
contractility.

Despite the abundance of animal studies in support of HTS resuscitation, only a few
clinical trials are available to establish its role. Bunn et al. (34) from the Cochrane group
reviewed the available literature data on all randomized trials comparing hypertonic to
isotonic crystalloid in patients with trauma, burns, or undergoing surgery. Seventeen
trials were identified with 869 participants. The pooled relative risk for death in trauma
patients was 0.84 (95% CI 0.61–1.16), in patients with burns 1.49 (95% CI 0.56–3.95),
and in patients undergoing surgery 0.62 (95% CI 0.08–4.57). The authors concluded that
there are not enough data to argue for the superiority of hypertonic crystalloid over
isotonic crystalloid for the resuscitation of patients with trauma, burns, or those under-
going surgery. The final recommendations must await further trials, large enough to
detect a clinical difference.

HTS is on a firmer ground in the resuscitation and maintenance in head-injured
patients (35). Two recent reviews summarize the current status (36,37). Although the
exact mechanisms by which HTS acts on the injured brain remain unclear, animal human
studies suggest that HTS possesses osmotic, vasoregulatory, hemodynamic, neurochemi-
cal, and immunologic properties. HTS improves and maintains mean arterial pressure
(MAP) better than the high volumes required of isotonic resuscitation and the consequent
increase in intracranial pressure (ICP). Cerebral perfusion pressure (CPP) may be
improved with HTS resuscitation, leading to better perfusion of injured areas of brain.
Unfortunately, these increases in CPP and cerebral oxygen delivery (CDO2) are transient,
with a rebound rise in ICP or fall in CPP to pre-infusion levels (38–41). HTS also appears
to counteract hypoperfusion and vasospasm via an increase in vessel diameter and through
plasma volume expansion. Additionally, HTS can attenuate the rise in ICP experienced
with hyperemia. The endothelial cell edema that is well documented after trauma may be
reversed by HTS, improving perfusion to multiple organs including the brain (37,42).

Animal models of brain injury suggest that HTS decreases leukocyte adherence and
migration and may alter production of certain prostaglandins. It has been demonstrated
to increase circulating levels of cortisol and adrenocorticotropic hormone (44,45). Neu-
trophil margination and trafficking are also decreased with HTS, possibly via alterations
in chemo-attractant production (46–50). As a result, HTS appears to afford some degree
of protection against serious bacterial illness (51,52).
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Numerous animal models demonstrate the efficacy of HTS in reducing ICP. There are
few human trials, generally limited to patients who have failed conventional manage-
ment. Worthley et al. (53) and Einhaus and associates (54) documented small case series
of patients with intractable intracranial hypertension who were treated successfully with
HTS. Suarez et al. (41) described eight patients (one with brain injury, one with brain
tumor, and others with subarachnoid hemorrhage) in whom HTS was used for ICP control
after failure of mannitol. Schatzmann et al. (55) observed similar effects of a single
100-mL bolus of 10% HTS to treat 42 separate episodes of intracranial hypertension
refractory to standard therapy in six patients with severe brain injury. Simma et al. (56)
were the first to perform a prospective, randomized trial in severely head-injured pedi-
atric patients to receive either 1.7% HTS or Ringer’s Lactate (LR) as maintenance fluid
for the first 72 hours after admission. They observed that patients receiving HTS had
lower ICP values and required fewer interventions to manage ICP elevations. These
patients also required less fluid to maintain blood pressure and had a decreased incidence
of respiratory distress syndrome. Survival was improved for patients receiving HTS.
Similar results were reported by Horn et al. (57) in a prospective study of patients with
traumatic subarachnoid .

The role of HTS as a resuscitation fluid was studied by Vassar and associates in a series
of studies (29,58,59). Dextran was added to HTS on the basis of its potential to augment
the favorable hemodynamic effects of HTS. They observed higher systolic blood pressure
with smaller fluid volumes of HTS in their prospective study involving 166 trauma
patients. The improvement in survival to discharge in patients treated with HTS vs con-
trols did not reach statistical significance for the entire population but was statistically
significant for the subgroup of patients with severe head injury. The same group of
investigators performed a multicenter trial to compare 7.5% HTS, 7.5% HTS/6% dextran,
7.5% HTS/12% dextran, and LR (250 mL of each) in hypotensive trauma patients, and
again observed improvements in systolic blood pressure with HTS (29). There was no
difference in overall survival. Survival was significantly higher than predicted in patients
receiving HTS but not LR. Subgroup analysis of patients with an initial Glasgow Coma
Score of 8 or less revealed significant improvements in survival to hospital discharge with
use of HTS. Dextran appeared to confer no additional benefit over HTS alone.

The side effects of hypertonic saline therapy are more theoretical than real. Osmotic
demyelination syndrome (ODS), acute renal insufficiency, and hematologic abnormali-
ties including increased hemorrhage, coagulopathy, and red cell lysis have been described
but have not been linked directly to HTS treatment (36). In summary, hypertonic saline
resuscitation of trauma victims is a concept with considerable promise but larger studies
are needed to establish its ultimate role.

Cardiopulmonary Support in the OR: The Concept of “Damage Control”

The trauma patient with massive injuries faces many potential landmines in the OR.
In addition to the ongoing bleeding from injuries, the patient rapidly faces the “triad of
death”: acidosis, hypothermia, and coagulopathy, all intertwined and contributing to one
another. The concept of abbreviating operations, also termed “damage-control” sur-
gery has evolved in recent times (60–68) in an effort to break this vicious cycle of
complications.

“Damage control” was a term originally coined by the US Navy in reference to “the
capacity of a ship to absorb damage and maintain mission integrity.” First discussed by
Stone in 1983 (60), the technique involved “saving the day for another day in battle” by
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truncation of laparotomy, intra-abdominal packing for tamponade of nonsurgical bleed-
ing from coagulopathy, and subsequent completion of definitive surgical repair when the
patient is in a better physiological state. Damage control consists of three separate phases:

• Rapid control of hemorrhage and contamination; intra-abdominal packing and tempo-
rary abdominal closure (phase I)

• Correction of hypothermia by rewarming; correction of coagulopathy; fluid resuscitation
and optimization of tissue perfusion (phase II)

• When normal physiology has been restored, re-exploration for definitive management of
injuries and abdominal closure (phase III).

PHASE I
The indication for damage control is, in general, a severity of anatomic and physiologi-

cal injury that is beyond the ability of the patient or the surgeon to handle in a time frame
that would likely result in patient survival. The triggers for abbreviating the laparotomy
are (67,68):

• Massive blood loss (10–15 units of packed red blood cells),
• Injury Severity Score greater than 35, hypotension, hypothermia (temperature <34°C),

clinical coagulopathy, and acidosis (pH <7.2)
• Inadequate resources in terms of personnel, equipment, and specialty backup.

Occasionally, with injury to the liver, pelvis, or large muscle beds, packing must be
done and prompt angiography performed to embolize and control bleeding from
intraparenchymal or intramuscular vessels. In the case of major vascular injuries, the
patient may need resection of the injured vessel and/or temporary intraluminal shunting
to accomplish distal perfusion; definitive vascular reconstruction is performed at a later
stage. Closure of the packed abdomen is best accomplished by temporary measures;
leaving the fascia open to prevent abdominal compartment syndrome (discussed in greater
length below).

PHASE II
The second phase of damage control consists of resuscitation in the intensive care unit

(ICU) to optimize tissue perfusion, correct hypothermia, and correct coagulopathy.
Acidosis associated with hypovolemic shock contributes to coagulopathic bleeding,
worsening the shock state. The goal is complete restoration of aerobic metabolism, as
indicated by normalization of serum lactate levels, base deficit, mixed venous oxygen
saturation, and in some patients, tissue end-points such as gastric mucosal pH (as dis-
cussed elsewhere in this volume).

Correction of hypothermia is crucial to break the vicious cycle of triad of death
(61,67,68). Passive external rewarming techniques include simple covering of the patient
to minimize convective heat loss. Active external rewarming techniques include fluid-
circulating heating blankets, convective warm air blankets, and radiant warmers. Active
core rewarming techniques include warmed airway gases, heated peritoneal or pleural
lavage, warmed intravenous fluid infusion, and extracorporeal rewarming. Countercur-
rent heat exchange mechanisms are excellent for rapid infusion of warmed banked blood
products. Continuous arteriovenous rewarming is an excellent technique that is driven by
the patient’s blood pressure and is currently the procedure of choice in massively injured
patients.

Dilution of coagulation issues and platelets by fluid resuscitation, decreased total
and ionized calcium concentration, hypothermia, severity of injury, shock, and meta-
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bolic acidosis may all contribute to coagulopathy. Replacement of clotting issues and
platelets based on clinical coagulopathy rather than laboratory values are the accepted
approach in these desperate circumstances.

PHASE III
This consists of a return to the OR for definitive organ repair, and fascial closure if

possible. The operation should be undertaken when the patient is on his or her way to
correction of hypothermia, acidosis, and coagulopathy. A complete correction is not
always necessary. However, continuing transfusion needs, uncorrectable acidosis, or
increasing bladder pressures suggest ongoing bleeding and the need for reexploration.
If the patient is on the way to correct the acidosis and is, at least, improving the
coagulopathy, he or she is ready for phase III of the damage control. At reoperation,
hemostasis is secured, the peritoneal cavity is irrigated thoroughly, and the bowel
anastomoses or repair are completed. Definitive vascular repair, if needed, is accom-
plished. Persistent visceral edema may limit abdominal closure in many patients.
Usually it is necessary to continue with prosthetic (plastic material) closure until favor-
able circumstances permit skin or fascial closure at a subsequent stage. Some access
to providing enteral feeding is desirable and must be weighed against the dangers of
opening a thick, edematous bowel. The patient is returned to the ICU for continued
resuscitation, gradual ventilator weaning, aggressive nutritional support, and antibi-
otic therapy, as indicated.

The open abdomen management has undergone significant refinements recently with
the advent of a “vacuum-pack” technique as described by Barker and associates (69).
After the completion of abdominal exploration, a polyethylene sheet is placed over the
peritoneal viscera and beneath the peritoneum of the abdominal wall to prevent adhesions
between the bowel and the fascial edges. Next, a moist sterile surgical towel(s) is folded
to fit the abdominal wall defect and is placed over the polyethylene sheet. The edges
of the towel are positioned below the skin edges. Two large drains are placed on top of
the towel. The wound is then covered with a plastic drape backed with iodophor-impreg-
nated adhesive. Each drain tube is connected to bulb suction. Each bulb suction is con-
nected to a limb of a Y-adapter. The Y-adapter is connected to a suction source at 100–
150 mmHg continuous negative pressure. Suction to the drains is maintained until
reexploration is required. At reexploration, the wound will be considerably smaller and
the fascial edges may be approximated in a significant number of patients. If there is
still tension between the fascial edges, the process is repeated and multiple explorations
may be necessary to close the fascia. An example of vacuum pack is shown in Fig. 1.

Barker and associates (69) reported on 216 vacuum packs performed in 112 trauma
patients. Sixty-two patients (55.4%) went on to primary closure and 25 patients (22.3%)
underwent polyglactin mesh repair of the defect followed by wound granulation and
eventual skin grafting. Similar excellent results with some variant of vacuum-pack tech-
nique were reported by other authors (70–72). Damage control has become an important
tool in the management of the severely injured patient. The concept is being extended to
other phases of trauma care (prehospital), other injuries (orthopedic and vascular), and other
populations (pediatric). A recent cumulative analysis has collected about 1000 patients with
a 50% survival (64). Rotondo et al. (61) found a remarkable salvage rate of more than 70%
in a subset of major vascular injuries. The challenges for the future are to define the
indications better, to reduce the morbidity of repeated operations and advance the man-
agement of open abdomen.
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Cardiopulmonary Support in the ICU:
The Increasing Problem of “Abdominal Compartment Syndrome”

Increased intra-abdominal pressure (IAP) occurs in a variety of clinical situations such
as accumulation of ascites, bowel distension from ileus or mechanical obstruction, fol-
lowing the reduction into the peritoneal cavity of large, chronic hernia contents that have
“lost their domain” and excessive crystalloid resuscitation of patients with burns, mul-
tiple trauma, abdominal catastrophes. Intra-abdominal hypertension (IAH), or markedly
increased IAP, is common after extensive abdominal trauma from accumulation of blood
and clot, bowel edema or congestion from injury to mesenteric vessels, excessive crys-
talloid resuscitation and perihepatic or retroperitoneal packing after “damage-control”
laparotomy. IAH can lead to the classic abdominal compartment syndrome (ACS), char-
acterized by a tensely distended abdomen, elevated intra-abdominal and peak airway
pressures, inadequate ventilation with hypoxia and hypercarbia, disturbed renal function,
and an improvement of these features after abdominal decompression. The adverse physi-
ological sequelae of increased abdominal pressure are becoming increasingly common
in ICU patients. It is imperative to monitor IAP in severely ill patients who are at the brink
of physiological exhaustion (73–80).

IAP can be monitored indirectly by using bladder pressure, either continuously or
intermittently. A simple technique consists of instilling 50 mL of saline into the urinary
bladder through the Foley catheter. The tubing of the collecting bag is clamped and a
needle is inserted into the specimen-collecting port of the tubing proximal to the clamp
and is attached to a manometer. Bladder pressure measured in cm H2O is the height at
which the level of the saline column stabilizes with the symphysis pubis as the 0 point.
The IAP can be measured either in mmHg or cm of H2O (1 mmHg = 1.36 cm of H2O).
The exact level at which IAP should be called IAH that requires treatment has not been
defined. Burch and associates (77) described a grading system of elevated IAP: grade I
(10–15 cm of H20), grade II (15–25 cm of H20), grade III (25–35 cm of H20), and grade
IV (>35 cm of H20). They suggested that most of the patients with grade III and all of the

Fig. 1. Illustration of a method of “vacuum-pack” technique of open abdomen management.
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patients with grade IV elevations in IAP should have abdominal decompression. As is
discussed in greater detail below, splanchnic hypoperfusion is noted at an IAP level of
15 mmHg (20.4 cm of H2O). Therefore, our practice is to consider a persistent elevation
of IAP beyond 20 to 25 cm H2O as IAH and institute therapy.

Hemodynamic and Respiratory Consequences of IAH
Venous return and cardiac output fall despite a normal arterial pressure as the IAP rises

above 10 mmHg. Beyond an IAP of 25 mmHg, a marked increase in end-inspiratory
pressures is noted (73–80). Barnes et al. (81) showed that the compliance of the peritoneal
cavity fell as IAP increased from 0 to 40 mmHg. Intrathoracic pressures increased.
Cardiac output and stroke volume were reduced by 36% after an IAP elevation to 40 mmHg.
Flow in the celiac, superior mesenteric, and renal arteries fell by 42, 61, and 70%, respec-
tively, possibly related to neural, hormonal or intrinsic influences. Whole-body O2 con-
sumption, pH, and arterial pO2 decreased. Since these reports, multiple reports recorded
the changes in hemodynamic parameters with increased IAP and the dramatic benefits
of decompression on the cardiovascular status (Fig. 2).

Renal Effects of IAH
Anuria can be produced in animal models by increasing the IAP above 30 mmHg

without a significant drop in systemic blood pressure. This is a reversible phenomenon
and the urine output increases with a drop in IAP. Other observed effects are a decrease
in renal plasma flow, glomerular filtration rate, and glucose reabsorption, independent of
the effect on cardiac output. In a prospective study of postoperative patients, Sugrue et
al. (82) noted renal impairment (defined as a serum creatinine >1.3 mg/L or an increase
in serum creatinine of >1mg/L within 72 hours of surgery) was observed in 33% of the
patients, of whom 20 of 29 or 69% had raised IAP.

IAH and Splanchnic Flow
Caldwell and Ricotta (83) documented a reduction in blood flow to all abdominal

viscera except the adrenal glands using radio-labeled microspheres in an animal model.

Fig. 2. Effects of abdominal decompression on intra-abdominal pressure (IAP), urine output (UO),
mean arterial pressure (MAP), and peak inspiratory pressure (PIP). (Data from ref. 88a.)
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Fig. 3. Effect of increasing intra-abdominal pressure (IAP) on cardiac output (CO), Superior
mesenteric artery flow (SMA) and laser Doppler flow (LDF) in intestinal mucosa. (Modified from
ref. 88a.)

As noted above, Barnes et al. (81) observed a marked decrease in the blood flow
through renal, celiac, and superior mesenteric vessels at an IAP of 40 mmHg. Diebel
and associates showed that the mesenteric and mucosal blood flow in anesthetized pigs
declined progressively to 61% of the base line with an IAP above 20 mmHg and 28%
of the baseline at an IAP of 40 mmHg (Fig. 3). Corresponding to these changes, the
intestinal mucosa (as studied by the tonometer) developed severe acidosis (Fig. 3).
Similar reductions were observed in hepatic arterial, portal and hepatic microcircula-
tory blood flow (84,85). Using fluorescence quenching optodes in the submucosa of the
ileum in ventilated swine to measure mucosal partial pressure of oxygen, Bongard et
al. (86) demonstrated a progressive fall in bowel tissue oxygen partial pressure (TPO2)
as the IAP was increased although the subcutaneous TPO2 remained unchanged. Ab-
dominal decompression in patients with IAH reduced the IAP and reversed these
changes (87).

A severe systemic inflammatory response corresponds with this splanchnic hypoper-
fusion. Rezende-Neto and associates induced IAH in Sprague-Dawley rats. As compared
with controls, IAH caused a significant decrease in mean arterial pressure. After abdomi-
nal decompression the pressure returned to baseline levels. A significant decrease in
arterial pH was also noted. Increase in the levels of tumor necrosis factor-  and interleukin
(IL)-6 was noted 30 minutes after abdominal decompression. Plasma concentration of
IL-1b was elevated after 60 minutes of IAH. Lung neutrophil accumulation was signifi-
cantly elevated only after abdominal decompression. Histopathological findings showed
intense pulmonary inflammatory infiltration including atelectasis and alveolar edema.
Doty and colleagues (89) observed in an experimental study that hemorrhage followed
by reperfusion and a subsequent insult of IAH caused significant gastrointestinal mucosal
acidosis, hypoperfusion, as well as systemic acidosis. These changes, however, were not
associated with a significant bacterial translocation as judged by polymerase chain reac-
tion measurements, tissue, or blood cultures.
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Oda et al. (90) hypothesized that sequential hemorrhagic shock (HS) and ACS would
result in a greater cytokine activation and polymorphonuclear neutrophil (PMN)-medi-
ated lung injury than with either insult alone. Twenty Yorkshire swine (20–30 kg) were
studied. Group 1 (n = 5) was hemorrhaged to a mean arterial pressure of 25–30 mmHg
for 60 minutes and resuscitated to baseline mean arterial pressure. Intra-abdominal pres-
sure was then increased to 30 mmHg above baseline and maintained for 60 minutes.
Group 2 (n = 5) was subjected to hemorrhagic shock alone and group 3 (n = 5) to
abdominal compartment syndrome alone. Group 4 (n = 5) had sham experiment without
either of these insults. Portal and central vein cytokine levels were equivalent but were
significantly higher in group 1 (hemorrhagic shock + abdominal compartment syndrome)
than in other groups. baseline lung lavage (BAL) PMNs were higher (p < 0.05) in group
1 (4.1 ± 2.0 × 106) than in the other groups (0.6 ± 0.5, 1.4 ± 1.3, and 0.1 ± 0.0 times 106,
respectively) and lung myeloperoxidase activity was higher (p < 0.05) in group 1 (134.6 ±
57.6 × 106/g) than in the other groups (40.3 ± 14.7, 46.1 ± 22.4, and 7.73 ± 4.4 × 106/g,
respectively). BAL protein was higher (p < 0.01) in group 1 (0.92 ± 0.32 mg/mL) compared
with the other groups (0.22 ± 0.08, 0.29 ± 0.11, and 0.08 ± 0.06 mg/mL, respectively).
The authors concluded that, in this clinically relevant model, sequential insults of ischemia-
reperfusion (hemorrhagic shock and resuscitation) and ACS were associated with signifi-
cantly increased portal and central venous cytokine levels and more severe lung injury
than caused by either insult alone.

These experimental reports and the clinical series, described below establish unrecog-
nized, untreated IAH as a major contributor to the classic and complete ACS and contrib-
ute to systemic inflammatory syndrome and multiorgan failure.

IAH and Intracranial Pressure
Josephs and associates (91) noted that elevated IAP during laparoscopy caused a

significant elevation in ICP. Bloomfield and coworkers (92–94) confirmed the effect of
elevated IAP on ICP in animals without head injury as well as in a patient with head
injury. The precise mechanism of the effects of increased IAP on ICP and CPP are not
yet elucidated. Bloomfield and colleagues suggest (94), based on their porcine model,
that elevated central venous pressure as a result of elevated IAP may interfere with venous
drainage from cerebral venous outflow, increase the size of the intracranial vascular bed
and raise the ICP.

Frequency of IAH and ACS
Ertel and associates (95) presented a combined prospective and retrospective study of

311 patients who had severe abdominal and pelvic trauma and had “damage-control”
laparotomy. They defined ACS as significant respiratory compromise, renal dysfunction
or hemodynamic instability, and in a small number of patients, bladder pressures more
than 25 mmHg. The syndrome developed in 5.5% of patients from intra-abdominal
bleeding or visceral edema. In a series of penetrating trauma patients undergoing “dam-
age-control” laparotomy, Ivatury and associates (74) noted that 33% of the patients
developed IAH (IAP >20 cms of H2O). Meldrum and associates (96) noted a 14% preva-
lence in 145 patients with abdominal injuries. ACS was defined as IAP greater than 20
mmHg with dysfunction of cardiovascular, respiratory, or renal systems. It is, therefore,
evident that the frequency of the complication varies with the definition. In a prospective
study from Miami, Florida (97), 15 (2%) of 706 patients had intra-abdominal hyperten-
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sion. Six of the 15 patients with intra-abdominal hypertension had abdominal compart-
ment syndrome. Half of the patients with abdominal compartment syndrome died, as did
two of the remaining nine patients with intra-abdominal hypertension.

Secondary Abdominal Compartment Syndrome

ACS can occur in the absence of abdominal injury. Maxwell and associates (98)
reported on six patients with secondary “hemorrhagic shock” in the absence of abdominal
injuries in 46 patients who had visceral edema. Bladder pressures in this group averaged
33 ± 3 mmHg. The syndrome is probably related to excessive resuscitation volumes
(average 19 liters of crystalloid and 29 units of packed cells). We have noted this phenom-
enon in patients with blunt nonabdominal injuries as well as in burn patients. The term
secondary ACS has been applied to describe patients who develop ACS but do not have
abdominal injuries. Secondary ACS appears to be a highly lethal event, as substantiated
by the series from Denver (99). Fourteen patients (13 male, aged 45 ± 5 years) developed
ACS 11.6 ± 2.2 hours following resuscitation from shock. Eleven (79%) required vaso-
pressors. The worst base deficit was 14.1 ± 1.9. Resuscitation included 16.7 ± 3.0 L
crystalloid and 13.3 ± 2.9 red blood cell units. Decompressive laparotomy improved
intra-abdominal, systolic, and peak airway pressures, as well as urine output. Mortality
was 38% among trauma, and 100% among nontrauma, patients. In another recent study
(100), 11 (9%) of 128 standardized shock resuscitation patients developed secondary
ACS. All presented in severe shock (systolic blood pressure 85 ± 5 mmHg, base deficit
8.6 ± 1.6 mEq/L), with severe injuries (injury severity score 28 ± 3) and required aggres-
sive shock resuscitation (26 ± 2 units of blood, 38 ± 3 L crystalloid within 24 hours). The
mortality rate was 54%. These data reinforce the notion that secondary ACS is an early
but, if appropriately monitored, recognizable complication in patients with major
nonabdominal trauma who require aggressive resuscitation.

Abdominal Compartment Syndrome and IAH

This substantial volume of experimental and clinical data supports the hypothesis that
IAH is associated with a significant adverse effect on splanchnic perfusion that is further
aggravated by the unfavorable systemic cardiorespiratory consequences of IAH. Current
studies suggest that IAH (defined as IAP >20–25 cm of H2O) and ACS may not be
synonymous, as was suggested in the past (73,74). IAH may be an earlier phenomenon
that, when uncorrected, leads to the full manifestations of ACS. Splanchnic hypoperfusion
and gut mucosal acidosis commence at much lower abdominal pressures, long before the
manifestations of ACS become clinically evident. For example, Ivatury et al. (74) ana-
lyzed 70 patients who had catastrophic penetrating abdominal trauma. Of these, 42 patients
had their gut mucosal pH monitored and 11 of them developed IAH; 7 of the 11(64%) had
acidotic pHi (7.15 ± 0.2) with IAH, despite having a high CI (3.8 ± 1.2), DO2I (646 ± 250)
and VO2I (174 ± 44) and normal PaO2/FiO2 (289 ± 98) and PaCO2 (40 ± 9). The pHi
improved after abdominal decompression in five and none developed ACS. Only two
patients with IAH and low pHi had established ACS. Diebel and associates (85) noted a
similar phenomenon of IAH and gastric mucosal acidosis without the other manifesta-
tions of ACS. Sugrue et al. (101) evaluated postoperative patients prospectively with IAP
and pHi monitoring. Patients with a pHi less than 7.32 were 11.3 times more likely to have
an IAP greater than 20 mmHg compared to patients with normal pHi. Abnormal pHi was
also associated with a poor outcome.
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The complications of IAH and ACS appear to be particularly serious after prior insults
of traumatic shock and resuscitation. With a few exceptions mentioned in the prior
section on IAH and splanchnic flow, many of the earlier studies only addressed the
adverse effects of IAH alone. Both experimental and clinical data now support the con-
cept that these sequential insults predispose the patient to multiorgan failure and death.
In a series of experiments, Friedlander and Simon (102,103) substantiated the amplifying
effect of IAH on top of ischemia-reperfusion on superior mesenteric arterial flow as well
as pulmonary dysfunction. In a clinical study, Raeburn and associates (104) analyzed
patients requiring postinjury damage-control surgery. The patients were divided into
groups depending on whether or not they developed ACS. ACS was defined as an IAP
greater than 20 mmHg in association with increased airway pressure or impaired renal
function. ACS developed in 36% of the 77 patients with a mean IAP prior to decompres-
sion of 26 ± 1 mmHg. The ACS group was not significantly different from the non-ACS
group in patient demographics, Injury Severity Score, ED vital signs, or ICU admission
indices (blood pressure, temperature, base deficit, CI, lactate, international normalized
ratio, partial thromboplastin time, and 24-hour fluid). The initial peak airway pressure
after surgery was higher in patients who went on to develop ACS. The development of
ACS was associated with increased ICU stays, days of ventilation, complications,
multiorgan failure, and mortality (Fig. 4).

Management of IAH
IDENTIFICATION OF PATIENTS “AT RISK” AND PREVENTION OF IAH

Patients who are at increased risk for IAH include those with the following:

1. Pre-operative hypovolemic shock and massive fluid resuscitation: burns, peritonitis, pan-
creatitis, ruptured abdominal aortic aneurysm (AAA), gastrointestinal hemorrhage, mul-
tiple or multisystem injuries.

2. Increased intra-abdominal fluid accumulation: Ascites, excessive resuscitation fluids,
coagulopathy and abnormal bleeding, acute abdominal pathology, ruptured AAA, pelvic

Fig. 4. Intensive care unit course of a patient with extensive abdominal injuries from a gunshot
wound of the abdomen. Note the inverse relationship between intra-abdominal pressure (IAP) and
gastric mucosal pH (pHi). Note the persistent elevation of IAP and decrease in pHi at the onset of
multiorgan failure (157 hours). These parameters could not be corrected before the patient’s death
a few days later. ARF, acute renal failure; ARDS, acute respiratory distress syndrome; Lap,
laparotomy.
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and retroperitoneal hematomas, intestinal obstruction and hemoperitoneum from
nonoperative management of solid organ injury.

3. Mechanical increase in pressure: Pelvic and retroperitoneal hematoma, “damage-con-
trol” surgery with intra-abdominal packing, sudden intra-abdominal reduction of long-
standing hernial contents, tension pneumothorax, massive hemothorax, “chronic”
abdominal compartment syndrome from morbid obesity, intestinal obstruction.

It is important to anticipate IAH and attempt prophylaxis by “open abdomen” in these
patients. The “open abdomen” approach offers several advantages. It provides a rapid
method of abbreviating the laparotomy and transporting the patient to the ICU for resus-
citation. In a significant number of patients, it may actually prevent IAH. In recent
reports, Mayberry and associates (105,106) analyzed 73 consecutive patients who had an
absorbable mesh closure of the abdomen, 47 at the initial celiotomy (group 1) and 26 at
a subsequent celiotomy (group 2). The two groups had similar injury severity but group
2 had a higher incidence of postoperative ACS (35 vs 0%). A similar statistically signifi-
cant reduction in IAH was also noted by Ivatury and colleagues (74).

It is also important to keep in mind that prophylactic open abdomen and nonclosure
of fascia does not always prevent IAH and ACS, as has been observed by several inves-
tigators (74,97, 99,104,107). These patients, therefore, should have close IAP monitoring
in the postoperative period.

Treatment of IAH and ACS

We suggest that a critical level of 25 cm of H2O (18.3 mmHg) should trigger careful
monitoring of IAP and prompt treatment if it continues to increase. The first step in the
evaluation of an increased IAP, especially in the presence of agitation and restlessness,
is to sedate and, if necessary, chemically paralyze the patient. If the bladder pressures are
still high and/or systemic manifestations of IAH (as described above) are evident, the
appropriate treatment, in most instances, is abdominal decompression by laparotomy.

Recently, two studies emphasized the nonoperative approach to ACS in burn patients
(108,109). The first study (108) evaluated the utility of percutaneous drainage (PD) of
peritoneal fluid compared with decompressive laparotomy in burn patients. Nine of 13
(69%) study patients developed IAH that progressed to abdominal compartment syn-
drome in five (31%). All were treated with PD using a diagnostic peritoneal lavage
catheter. Five patients underwent PD successfully, and their IAH did not progress to
ACS. Four patients with greater than 80% total body surface area burns and severe
inhalation injury did not respond to PD and required decompressive laparotomy. There
was no evidence of bowel edema, ischemia, or necrosis. All patients requiring decom-
pressive laparotomies died either from sepsis or respiratory failure. The second study
(109) reported similar success with percutaneous drainage in ACS in three burn victims.
Similar paracentesis treatment of IAH was described in patients with liver injury being
treated nonoperatively by Yang et al. (110).

In summary, the current evidence suggests that routine use of IAP monitoring is indi-
cated in all patients “at risk” (includes most of the massively injured patients or critically
ill patients in the ICU). The critical level of IAP that becomes IAH is around 20–25 cm
of H2O. IAH may be an earlier phenomenon that, when persistent or neglected, may lead
to the complete manifestations of ACS. ACS may become manifest at much lower
pressures than recognized previously. Prophylaxis and aggressive and prompt treatment
of IAH is recommended to prevent ACS from becoming an irreversible syndrome and
culminate in cardiopulmonary arrest in the severely ill or the multiply injured patient.
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INTRODUCTION

Shock is a complex entity defined traditionally as a state in which the oxygen utiliza-
tion 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 per-
spective, cardiopulmonary arrest represents the most extreme of shock states.

 Figure 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). As noted, VO2 can remain constant over a wide range of DO2. This is possible
because most tissue beds are capable of efficiently increasing the extraction of oxygen.
This will be reflected by decreasing venous oxygen saturation from each organ. How-
ever, when DO2 reaches a critical threshold, tissue extraction of oxygen cannot be further
increased to meet tissue demands. It is at this point that VO2 becomes directly dependent
on DO2 (DO2crit) and cells begin to convert to anaerobic metabolism as manifested by
increases in certain metabolic products such as lactate, nicotinamide adenine dinucle-
otide (NADH), and reduced cytochrome oxidase. The point of DO2crit is the point of
dysoxia or ischemia in 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 will be discussed latter, the level of accumulated oxygen
debt in shock states is linked critically with survival (4,5).

Several unique physiological aspects and principles of cardiac arrest (CA) and car-
diopulmonary resuscitation (CPR) exists that will limit the usefulness of many monitor-
ing modalities, some of which will be more useful in the postresuscitation period. These
include the following:
1. CA produces a global state of ischemia wherein all organ systems especially those most

metabolically active (heart and brain) experience severe ischemia within minutes. DO2crit
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is surpassed immediately. As opposed to other shock states such as those produced by
hemorrhage or sepsis, there is no compensatory state prior to sudden death CA. Thus
every minute of CA results in a greater temporal-based oxygen debt than other etiologies
of shock. This state of profound whole-body ischemia is further complicated by the fact
that the brain and heart, which are usually spared globally from dysoxia until the late
stages of other forms of shock, almost immediately (within minutes) reach dysoxia in
CA. Additionally, depending on the cause of the arrest, individual organ regions may
have undergone significant ischemia (such as the case of acute myocardial infarction)
prior to arrest or globally, in the case of asphyxial arrest and thus accumulated a signifi-
cant degree of regional or whole-body oxygen debt prior to the actual arrest.

2. Traditional CPR is incapable of restoring DO2 to the 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 return of spontaneous circulation or
alternative methods of CPR such as open-chest cardiac massage or cardiopulmonary
bypass (CPB) can produce this.

3. Optimal outcomes from CA are, for the most part linked, directly to pre-arrest events and
the duration of arrest. Thus, the goal of CPR is to achieve hemodynamic changes capable
of producing ROSC within seconds to minutes as opposed to the minutes to hours time
frame that can be used to affect favorable hemodynamic changes during the postresuscitation
period. To date, the major hemodynamic factor determining the ability to produce ROSC
is coronary perfusion pressure (CPP).

Fig. 1. Biphasic relationship between oxygen delivery (DO2) and oxygen consumption (VO2).
Oxygen extraction ratio (OER) increases and mixed venous oxygen saturation (SvO2) decreases
in response to decreased DO2. Below a critical DO2 (DO2crit), VO2 becomes delivery dependent.
DO2 below DO2crit results in the beginning of anaerobic metabolism as noted by an increase in
a variety of cellular products including lactate, NADH, and reduced cytochrome oxidase (CtOx).
The DO2crit of various organ systems can occur at points either above or below whole body
DO2crit depending on the metabolic and blood flow regulatory characteristics of the organ system
and the rapidity of the reductions in DO2. DO2 = CO × CaO2 (normal range: 460–650 mL/min/m2);
VO2 = CO × (CaO2 – CvO2) (normal range: 96–170 mL/min/m2); CaO2 (arterial oxygen content)
= (Hb × 1.39 × SaO2) + (0.003 × PaO2); CvO2 = (Hb × 1.39 ×SvO2) + (0.0003 × PvO2). CO, Cardiac
output; PaO2, arterial oxygen tension; Hb, hemoglobin, SvO2 normal range 70–80%.
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With these issues in mind, it is apparent that the immediate goal of CPR is to restart
the heart as soon as possible to limit the total time of ischemia especially to the brain, and
the heart itself. Because of this compressed timeframe, selected monitoring end-points
must have the ability to detect targeted processes or parameters, which are linked with
ROSC and which are capable of changing within seconds of interventions (i.e., CPP).
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 palpa-
tion along with electrocardiogram (EKG) evaluation 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
because pressures generated by chest compressions may be transmitted equally to both
the major arterial and venous vessels (6). Additionally, inability to palpate a pulse has not
been demonstrated to conclusively rule out spontaneous forward flow in certain rhythms
such as pulseless electrical activity (PEA) (7). Additionally, myocardial blood flow is not
dependent on palpated arterial systolic pressure but instead on CPP, which is defined as
the difference between aortic diastolic and coronary sinus (or right atrial) diastolic pres-
sure (8). EKG 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 regarding the effec-
tiveness of CPR (both mechanical and pharmacologic interventions) or prognosis given
current treatment recommendations.

Central Hemodynamic or Global Monitoring

CORONARY PERFUSION PRESSURE

Laboratory data has clearly demonstrated the relationship between CPP and myocar-
dial blood during CPR and the need to reach a certain threshold of CPP in order to achieve
ROSC (8–10). Clinical studies have confirmed the link between CPP and ROSC and have
clearly demonstrated that using current treatment resuscitative treatment modalities as
recommended by the American Heart Association (AHA), a minimum CPP of 15 mmHg
is necessary to achieve ROSC if initial defibrillation attempts fail (11,12). This is neces-
sary although not always sufficient to achieve ROSC and issues such as significant
coronary artery lesions, down-time and others will mean that despite reaching a CPP of
15 mmHg, ROSC is not possible. For example, not only are myocardial oxygen require-
ments of ventricular fibrillation (VF) higher than for example the asystolic heart, fibril-
lation has been demonstrated to cause mechanical compression of subendocardial vessels
(13,14). Higher opening pressures and flow may be required to achieve ROSC in these
circumstances (15,16). Additionally, vasopressors such as epinephrine have been dem-
onstrated in some instances to further increase the imbalance between myocardial oxygen
demand and delivery despite increasing myocardial blood flow (9).

Clinical studies have demonstrated that CPP can be positive or negative during CPR
and cannot be distinguished by palpation of a pulse alone (Fig. 2; 17). Although moni-
toring of CPP is the most reliable direct indicator of the adequacy of chest compression
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and pharmacological interventions, its major drawbacks is that it requires time and
resources (equipment and human) because access to both the arterial and central venous
vasculature is required to determine arterial diastolic and central venous diastolic pres-
sure. Additionally, pressure transduction supplies and equipment are required to verify
pressure tracings and calculate CPP because most pressure monitors, although capable
of reporting systolic and diastolic arterial pressure, will report central venous pressure
(CVP) as a mean value.

Animal data indicates that the ability to achieve a diastolic arterial pressure of at least
40 mmHg is predictive of ROSC and is likely related to achieving a threshold CPP,
however clinical CPP data to substantiate this is lacking and critical CPPs can be achieved
in humans without achieving a diastolic arterial blood pressure of 40 mmHg (18). Fur-
thermore, it may be impossible to achieve a diastolic arterial pressure of 40 mmHg in
some individuals using traditional closed-chest compressions.

Fig. 2. Aortic (Ao), right atrial (RA), and coronary perfusion (Ao-RA) pressure tracings during
human cardiopulmonary resuscitation: (a) positive coronary perfusion pressure (CPP) generated
during both compression and relaxation phases of chest compressions; (b) positive CPP generated
only during relaxation phase of chest compressions; and (c) negative CPP throughout compression
cycle. The degree of CPP cannot be predicted by palpation of CPR produced peripheral pulses.
(From ref. 17.)
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Measurement of CPP in the manner described above is possible in an in-hospital
setting especially in intensive care units in which patients may be instrumented already.
Unfortunately, this important variable is often ignored. The measurement is also possible
in most emergency departments (EDs) with proper staffing and preparation and should
be taken advantage of especially in circumstances in which central vascular access is
obtained for the purposes of drug administration. Unfortunately, it does not appear that
simply monitoring diastolic CVP alone can predict CPP. In reality, because it is becoming
increasingly popular to carry out CA resuscitations in their entirety in the prehospital
setting, it is unlikely that real-time direct CPP monitoring will ever become a standard
in EDs 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 oscillometric or other noninvasive blood pressure monitoring techniques will
be unreliable in their ability to measure arterial blood pressure during CPR. These meth-
ods 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 variance are increased greatly in states of critical
illness. Motion produced during CPR as well as the low pressure produced will require
a sensitivity not required of standard applications of the technology (19). If knowledge
of systolic pressure is desired, use of a manually inflated pressure cuff along with a
Doppler device is recommended remembering that diastolic pressure cannot be deter-
mined in this manner. It must be emphasized, however, that achieving a target systolic
pressure alone during CPR has never been associated with ROSC, thus use of noninvasive
blood pressure monitoring will be of little value during CPR. Because of the physiology
of CA and CPR-induced perfusion pressures, significant changes in systolic blood pres-
sure may occur without favorable changes in CPP. Direct arterial blood pressure moni-
toring 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 [7]).

During the postresuscitation phase, invasive arterial blood pressure monitoring is
recommended because of the noted unreliability of noninvasive measures during labile
states (19). Because a minimal perfusion pressure of 70 mmHg is suggested to stay in
the autoregulatory range of the brain and to maintain CPP, 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 basically will have 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 hemoglobin levels in addition
to potassium levels within minutes. These may, of course, be helpful in excluding hyper-
kalemia and severe anemia as a cause or arrest or inhibitor of attempts at resuscitation.
Co-oximetry measurement of hemoglobin for evidence of carbon monoxide poisoning
would be helpful in the right circumstances. Severely elevated carboxyhemoglobin lev-
els are likely to preclude successful resuscitation using standard resuscitation techniques
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given the fact that a state of functional anemia will exists 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 alkalosis that are
reflective of the large dead space created in the lungs by CA and the poor forward blood
flow produced by chest compressions as compared to the normal circulation (Figs. 3,4;
[2–23]). SaO2 is usually 99% with PO2 levels well above 100 mmHg.

Lactate monitoring during CPR itself has been examined as a means to determine
down and to titrate therapy (24–26). Normal lactate levels (in the absence of liver failure)
are less than 2 mmol/L. Lactic acidosis existing during CPR and the initial postresusci-
tation period is as a result of inadequate DO2 (type A lactic acidosis). However, single
measures will have limited value. Changes in lactate will not occur rapidly enough during

Fig. 3. Representative blood and tissue gas levels of the normal circulation. Mixed venous values
represent aggregate values from all organ systems. Thus, tissue venous values are not necessarily
identical to mixed venous values but can be higher or lower depending on the individual organ
system’s level of metabolic activity. The majority of blood volume at the level of the tissue is
contained in the venous compartment.
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CPR to allow changes in therapy. In fact, it can be argued that better CPR may result in
increasing lactate levels because of wash out phenomena (removal of lactate sequestered
in tissue beds into the central circulation) and/or because of enhanced delivery of sub-
strate to cells, which are still below the point of DO2crit thus resulting in additional lactate
production. Additionally, lactate levels at the beginning of CPR may differ among indi-
viduals based in the etiology of arrest. For example, a person with asthma who experi-
enced significant hypoxemia prior to arrest will have higher levels of lactate and a higher
oxygen debt compared to the victim of sudden death. Lactate levels during CPR have not
been demonstrated in humans to correlate with neurologic outcome (27).

Fig. 4. Representative blood and tissue gas levels of the circulation produced during CA and CPR.
As a result of the tremendous reductions in blood flow produced by CPR a dead space in the lungs
is created thus producing gaps between mixed venous PCO2, PetCO2, and PaCO2. The severe
reductions in DO2 to each organ system results in very high oxygen extraction at the level of the
tissue, which produces very low tissue venous PO2 and thus SO2 levels. The very high venous
PCO2 levels are as a result of both decreased removal of aerobically and anaerobically produced
CO2 (see Fig. 5). As with Fig. 3, the mixed venous values represent aggregate values of all organ
systems.
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The major utility of lactate monitoring will be in the postresuscitation setting as a
useful endpoint to guide postresuscitation hemodynamic management. Lactate levels
will be universally elevated immediately after ROSC, therefore use of lactate as a
postresuscitation endpoint to the adequacy of DO2 will require serial measurement. It is
thus not the absolute level of lactate that is prognostic in shock as much as it is the ability
to halt dysoxic lactate production and clear it (28–31). Lactate clearance of at least 5–10%
an hour should be a goal. Rising lactate levels or the inability to clear lactate indicates
continuing accumulation of oxygen debt and thus DO2 levels below DO2crit or signifi-
cant regional dysoxia (3,29). 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 elevated systemic blood pressures. This should be interpreted
as an indication of severe microcirculatory shunting, which may be secondary to exces-
sive circulating levels of catecholamines or other vasocative mediators (32). In this
setting, the presence of elevated lactate levels concomitant with elevated central or mixed
venous hemoglobin oxygen saturation again indicates severe microcirculatory injury and
portends a poor outcome (32,33). Nonintuitive therapies such as vasodilator therapy may
be required to reverse this state.

Although lactic acid and base deficit are highly correlated, hyperlactatemia (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 increases the glycolytic flux of
glucose to lactate such as catecholamine administration (34). Despite this, 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, neuronal injury, immune and inflammatory function, and so on, will
inevitably come into being as our ability to treat CA and the postresuscitation syndrome
evolves. Much of this will result from advances in our understanding of the molecular
basis and complex interplay between systems in the pathology and treatment of the
disease. One could envision performing bedside genomic and proteomic profiling in the
postresuscitation period to understand prognosis better or to develop individual
pharmacogenomics approaches to therapy for the patient.

PULSE OXIMETRY

The technique of pulse oximetry utilizes two wavelengths of light (red and infra-red)
to determine the percentages of oxy and deoxy hemoglobin. This is determined by isolating
the small increase in blood volume occurring at the site of measurements in response to
systole and comparing it to background absorption, which includes blood, bone, skin, and
other tissue components. The technique thus requires pulsatile flow in order to make the
measurement. There has been confusion to the role of pulse oximetry during CPR. Because
of the physiology of CPR that produces low systemic blood flows and significant increases
in physiologic dead space 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 (20,35). Thus in the absence of significant anemia, obtaining maxi-
mum arterial oxygen content during CPR is rarely a problem. In terms of its use to monitor
the effectiveness of chest compressions, use of SpO2 monitoring to observe the produced
plethysmograph is unreliable as a result of various issues including such things as nail
polish, temperature induced vasoconstriction of digits, shunting as a result of reductions
in CPR blood flow, and others. Additionally to this, studies have demonstrated very low
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pulsatile blood flow is capable of producing a plethysmograph (36,37). Various manu-
facturers have developed very bright light emitting diodes and sensitive detectors, which
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 thus information on signal intensity is not available. Thus, the ability to detect a
peripheral SpO2 produced plethysmograph is not indicative of adequate CPR.

Examination of the characteristics of the plethysmograph determined by pulse oxim-
etry has not been examined for its ability to correlate with central hemodynamics pro-
duced 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 issues 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. The measurement of CO2 concentrations at the very end of expiration is
termed end-tidal CO2 (PetCO2). Measurement of CO2 in respiratory gases can be per-
formed by several methods with infrared spectroscopy being the most common. PetCO2
can also be measured qualitatively and semi-quantitatively using pH-sensitive filter
papers containing metacresol purple, which changes color in response to varying concen-
trations of CO2 as a result of the formation of hydrogen ions (38,39).

Beginning with the work of Kalenda and Smallhout, the value of PetCO2 monitoring
for the resuscitation of victims of CA has been demonstrated repeatedly (40). The value
of PetCO2 monitoring lies in its ability to closely reflect alveolar CO2. Alveolar CO2 is
determined by the combination of CO2 production (VCO2), pulmonary capillary blood
flow (i.e., cardiac output), and alveolar ventilation. As such, alveolar CO2 and PetCO2 are
linearly related to VCO2. VCO2 depends on two different issues: pulmonary 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 increases in dead space (up to 0.7 in the
setting of CPR [41]). 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 production from decreases in
DO2 (21,42,43). Although sometimes described as logarithmic, VCO2 and thus PetCO2
basically have almost the same biphasic relationship with DO2 as does VO2 (Fig. 5).
As such, DO2crit as been determined by following changes in VCO2 and PetCO2 and does
not significantly differ compared to determination using changes in VO2 or lactate pro-
duction (42,44). Concomitant with reductions in DO2 will be increases in tissue CO2
as decreases in blood flow will reduce the amount of aerobically produced CO2 that
is removed from tissue, creating a tissue respiratory acidosis (45–47). Additional tissue
CO2 will be produced after DO2crit is reached as metabolic acids such a lactic acid
is buffered by tissue bicarbonate although tissue CO2 production as a whole will be
decreased in accordance with decreases in VO2 (48).

VCO2 and thus PetCO2 are linearly related to DO2 during states of oxygen supply
dependent metabolism. Because during CPR, oxygen content does not significantly
change, then the major component of DO2 tracked by VCO2 or PetCO2 is cardiac output.
This is, of course, advantageous during CPR because as discussed earlier, CPR is a state
in which VO2 is directly dependent on DO2.
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Fig. 5. Biphasic relationship between DO2 and VCO2. Note the similarities between the relation-
ships as compared to Fig. 1. When minute ventilation is held constant, DO2crit can be determined
by reductions in VCO2 and thus PetCO2. This corresponds to the point of delivery dependent VO2.
*CO2 represents CO2 that accumulates as a result of decreased removal of aerobically produced
CO2 secondary to decreases in flow (respiratory acidosis). #CO2 represents additional tissue CO2
production and accumulation as a result of buffering of metabolic acids produced by anaerobic
metabolism after DO2crit is reached. Overall VCO2 is decreased as a result of drops in VO2.
Quantities of CO2 as depicted on the y-axis are not drawn to scale but instead are depicted to
demonstrate their temporal relationship to each other in reference to changes in DO2.

Again, in order for this to be valid, both alveolar ventilation (minute ventilation) and
VCO2 must be assumed to be relatively constant. If this is assumed, then changes in
PetCO2 will reflect changes in the pulmonary capillary blood flow or cardiac output. In
this setting, although PetCO2 correlates with cardiac output, it does not correlate with
actual PaCO2 during CPR in humans because of the large increase in pulmonary dead
space produced.

Although VCO2 production during CPR is difficult to measure, there are not likely to
be wide swings. Additionally, the extremely high concentrations of CO2 in the mixed
venous blood pool (>60 mmHg) and large pulmonary dead space ensure that small
changes in VCO2 do not cause appreciable changes in PetCO2 (21). 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 one is to use PetCO2 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 (49–51). The correlation between PetCO2
and CPP and CePP is as a result of its relationship with cardiac output in the low-flow
setting of CPR. This can be predicted based on the known relationship between mean
arterial pressure and cardiac output when peripheral vascular resistance (PVR) is con-
stant. Thus, when PVR is not significantly changing, increases in cardiac output will
result in increases in organ blood flow with the increase in cardiac output being noted by
an increase in PetCO2 if minute ventilation and VCO2 are 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 demonstrated that PetCO2 decreases when large doses of epinephrine are
used during CA despite significant increases in CPP and myocardial and cerebral blood
flow (10,52). Initially thought to be as a result of increases in shunt fraction, it has been
found that this effect is as a result of actual decreases in CPR produced cardiac output as
a result of increases in afterload (10). Thus, although cardiac output is decreased, DO2
to the myocardium and cerebrum are increased as a result 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 (53,54). 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 length of time these changes last, if they occur
clinically 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 vasopressors to the systemic circulation.

Because sodium bicarbonate contains and produces CO2, its bolus administration
during CPR will cause a variable but significant transient rise in PetCO2. The timing of
this increase is within 1 minute of administration, last usually less than 2 minutes depend-
ing on whether minute ventilation changes (55).

End-tidal CO2 can be used as a feedback to optimize chest compressions during CPR.
Monitoring PetCO2 during CA may detect unrecognized CPR provider fatigue (49,56).
Because an effective threshold for chest compressions has been demonstrated, PetCO2
may be of value in detecting compression thresholds whether manual or mechanical chest
compressions are used (57,58). Changes in pulse pressure as detected by palpation of
CPR-produced peripheral pulses do not necessarily correlate with flow (6). PetCO2 on
the other hand, provides evidence of improvements or deterioration in real-time forward
flow given that one recognizes the possible effects of bicarbonate and vasopressor agents
on PetCO2. One effective strategy might be to perform CPR at a rate and compression
depth to produce the 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 monitoring should be valuable in
indicating the immediate success of such therapeutic maneuvers as needle decompres-
sion 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 vs those
with significant cardiac contractions but in whom a pulse cannot be palpated as a result
of obesity, vasoconstriction, or hypothermia. Paradis et al. found a significant number of
patients with PEA to have arterial pulse pressures when invasively monitored, with
several patients having systolic blood pressures of 90 mmHg (7). PetCO2 monitoring
would have demonstrated values significantly greater than 0 mmHg in these patients
when no chest compressions are performed.

Several investigators have reported PetCO2 values during CPR that may offer prog-
nostic information concerning chances of obtaining ROSC. These include averaging
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
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PEA (59–64). Levine and colleagues have demonstrated that a PetCO2 value of less than
10 mmHg after 20 minutes of resuscitation in out-of-hospital CA with PEA has a 100%
predictive value of no ROSC (63). Similar results have been observed in other out-of-
hospital studies as well as in the in-hospital setting (53,54,60,61). Others have demon-
strated that an initial PetCO2 value of less than 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 reductions 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% (53,54).
Nonetheless, it should be remembered that epinephrine doses of greater than 1 mg may
decrease or have no effect on PetCO2 (54).

Although no formal guidelines or recommendations have been made by any organi-
zation concerning the use of PetCO2 to guide CPR efforts, the following is suggested. For
PetCO2 less than 10 mmHg, the clinician should modify the ongoing resuscitation. Better
standard CPR (e.g., increased rate or depth of compression) should be performed. If
despite optimal performance of CPR, PetCO2 values remain less than 10 mmHg and the
clinical scenario warrants aggressive intervention, the clinician should consider an alter-
native method of CPR such as open-chest cardiac massage. If despite optimal resuscita-
tive efforts, the PetCO2 cannot be raised to greater than 10 mmHg and the patient’s
dysrhythmia is not amenable to electrical therapy, ceasing resuscitation efforts in a nor-
mothermic arrest patient should be considered (55).

Because values are low during CPR and mixed venous PCO2 is so high, ROSC should
be immediately detected by significant increases in PetCO2. PetCO2 values have been
shown to be the first changes noted after ROSC (55,65,66). On ROSC, there is a rapid rise
in PetCO2 that will generally overshoot values of 40 mmHg. This overshoot stems from
the large tissue and venous respiratory acidosis that has existed because 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 dead space back
to levels in which PetCO2 can be used to estimate PaCO2. This will assist in using
ventilation to control systemic pH. Similarly, PetCO2 monitoring can help detect dete-
rioration in perfusion after resuscitation. Sudden drops in PetCO2 after ROSC when no
changes in ventilation have been made can be interpreted as significant deterioration in
cardiac output consistent returning to a state below DO2crit (42,44). In these instances,
re-arrest is likely to be imminent if not action is taken.

In summary, PetCO2 monitoring is an ideal monitoring tool for use during CPR and
in the postresuscitation period as a result of its linear relationship with cardiac output in
low-flow states and the relationship between cardiac output and critical perfusion pres-
sures such as CPP and CePP. Its link with these central hemodynamic events during CPR
allows real-time changes to be detected within seconds of interventions given current CA
treatment protocols. For purposes of diagnostic and treatment decisions, PetCO2 moni-
toring during CPR should be carried out with devices using infrared technology so that
quantitative values can be obtained and inspection of the capnogram can take place.

Cardiac Output and Oxygen Consumption Monitoring
There are now numerous invasive and noninvasive means to monitor cardiac output.

These range from traditional thermodilution methods using the pulmonary artery catheter
to less invasive methods, which utilize impedance cardiography, esophageal Doppler
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technology, rebreathing of CO2 (CO2 Fick method) and others (67–70). Although the use
of noninvasive 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 previously. 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 unto itself is ill advised because significant end-organ
hypoperfusion can exist despite normal and even supernormal cardiac output (71–77).
Instead, a more appropriate use of cardiac output monitoring may be as a guide to volume
resuscitation in determining optimal preload (volume challenges provided until no fur-
ther increase in cardiac output obtained). Additionally, its use in conjunction with mark-
ers of end-organ perfusion (discussed below) may assist in identifying the points in which
pharmacologic therapy to increase cardiac output has been maximized and in turn the
need to institute additional circulatory adjuncts such as intra-aortic balloon pumping. The
method of cardiac output monitoring used is not as important as how and when it is used.

Measurement of VO2 in states of critical illness is very underutilized. Although its use
during CPR will be uninformative because a state of severe DO2-dependent VO2 is
present, it use during the postresuscitation phase of care has shown promise in being
predictive of survival. There are two major methods of measuring VO2 (1). These include
the use of the indirect or reverse Fick method, which requires insertion of a pulmonary
artery catheter for determination of cardiac output and the arterial to mixed venous
difference in oxygen content and the use of indirect calorimetry. The latter is believed to
be more accurate because it eliminates the potential for mathematical coupling of VO2
with cardiac output that is believed to occur (1). Additionally, it takes into account actual
oxygen utilization of the lung itself, which can be substantial in some situations (78).

Rivers et al. reported the use of VO2 monitoring after CA and found that failure to
achieve of VO2 greater than 90 mL per minute per m2 within the first 6 hours of arrest was
associated with a 100% mortality at 24 hours after ROSC (32). The reasons for this appear
to be twofold. First there is as expected a component of cardiogenic shock in which DO2
is impaired from a cardiac output perspective. However, importantly but under-recog-
nized is that the oxygen extraction ratio in these individuals is lower than expected and
is accompanied by the presence of venous hyperoxia (32,33). This indicates the likely
presence of an impairment in microcirculatory DO2 as a result of microcirculatory occlu-
sion or shunting, which contributes to the accumulation of a fatal level of oxygen debt.

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 advocated as a means to detect tissue
hypoxia in the critically ill or injured patient because it is a reflection of oxygen extraction
that in turn is a reflection of the adequacy of DO2 (72). Normal values average 75%. SvO2
reflects the aggregate balance between tissue oxygen delivery and consumption or the
extraction ratio of all tissues and is thus a reflection of global DO2 (Fig. 1). It is not
difficult to understand the potential value of such a measure as an early warning system
in identifying reductions in DO2 prior to DO2crit as well as the need for increasing DO2
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even after reaching a state of VO2 independent DO2. However, placement of a pulmonary
artery catheter is difficult in the immediate postresuscitation period (and in fact may not
be needed) and impossible during CPR. Although not truly mixed, a suitable surrogate
of SvO2 may be ScvO2 monitoring (79–82). ScvO2 has been advocated for use during
CPR (79). Similar to tissue CO2 measurements, ScvO2 values will be significantly 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 resuscitated. In there 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 be reflective of the adequacy
of DO2 based on the cardiac output produced during CPR. Unfortunately, the study by
Rivers did not simultaneously report PetCO2 levels and thus it is unclear if ScvO2 moni-
toring would have any significant advantage over PetCO2 monitoring during CA that
would justify it 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 DO2.
Of special note is the ability of the technique to detect venous hyperoxia as a manifesta-
tion of severe microcirculatory injury especially after high dose vasopressor use (32). In
this setting ScvO2 levels are noted to be significantly elevated in the presence of elevated
lactate levels indicating the likely presence of significant shunting (32,38). In this setting,
the body is not consuming oxygen (again likely as a result of problems with microcircu-
latory DO2) and measures that increase microcirculatory 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 techniques.
Although studies examining the use of both SvO2 and tissue specific indicators of oxy-
genation such as gastric tonometry in other shock states such as trauma and sepsis (dis-
cussed below) have demonstrated the superiority of tissue-specific measures over SvO2,
these studies have not applied the techniques ultra early. It is therefore unclear if there
would be cases in the immediate postarrest period in which ScvO2 would be normal but
tissue-specific measures would be abnormal. The transition from perfusion limited shock
states (hemorrhage, cardiogenic) to those associated with significant inflammation (sep-
sis) make the interpretation of both SvO2, ScvO2 and tissue-specific measures such as
gastric tonometry more difficult (71,72,84). However, recent evidence suggest that early
use of ScvO2 will be capable of identifying significant tissue hypoxia (much of it occult)
and will be useful as an end-point to guide treatment and in identifying states of venous
hyperoxia after CA (32,82,85). The technique has the added advantage of allowing the
user to monitor CVP and thus assist in optimizing preload.

ULTRASOUND

Rapid access and use of ultrasound in the emergent setting is becoming a more com-
mon reality given advances in the quality and portability of devices. In the setting of CA,
ultrasound can rapidly assist the clinician in distinguishing between true 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
pericardiocentesis) and in diagnosing exsanguinating intra-abdominal or intrathoracic
hemorrhage. The use of special ultrasound variations such as transesophageal
echocardiography that provide higher resolution visualization of the heart and medias-
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tinal structures, may be useful in identifying other causes of CA such as pulmonary
embolism or aortic dissection and in detecting severe valvular abnormalities (86).
Finally, the use of ultrasound for echocardiography in the postresuscitation period
could be extremely useful in judging the degree of postarrest myocardial dysfunction and
in making decisions on how to assist the failing heart. Ultrasound may also be used to
assist in vascular cannulation of central vessels when blind cannulation using anatomical
landmarks is unsuccessful (87,88).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 intra-abdominal hemorrhage will require less skill than deter-
mining the degree of myocardial dysfunction in the postresuscitation setting.

Tissue-Specific Monitoring
Figure. 1 demonstrates the biphasic relationship between VO2 and VCO2 with DO2

existing not only for the whole body but also for individual organ systems that may have
DO2 crit values, which differ from whole-body DO2 crit. Studies have demonstrated, for
example in hemorrhagic shock that the DO2 crit of the splanchnic bed occurs at a higher
global DO2 than the DO2crit of the whole body (48,89,90). However, as noted earlier, CA
immediately results in a state of profound delivery-dependent VO2 so that all organ
systems are immediately past their DO2crit values. As such, each would demonstrate
evidence of profound tissue hypoxia and flow stagnation as represented by very low
venous hemoglobin oxygen saturations and elevated venous or tissue CO2 levels. The
advantage of monitoring one tissue over another in this setting is difficult to defend.
However, tissue-specific monitoring in the postresuscitation setting may make sense
based in the characteristics of the tissue and the goals to be achieved.

Tissue CO2 Monitoring
Several monitoring options are available to monitor tissue CO2 and have been studied

in various shock states. These include transcutaneous CO2 (PtcCO2) skin monitoring,
interstitial fiberoptic PCO2, gastric mucosal CO2 via gastric tonometry (PgCO2), and
most recently, sublingual tonometry (PslCO2 [72,91–99]). PtcCO2, PgCO2, and PslCO2
are noninvasive, whereas interstitial PCO2 monitoring requires probe insertion into tissue
parenchyma. The details regarding how CO2 is actually measured by these techniques has
been well described (72). All of these methods are based on the diffusion of CO2 from
tissue. Each of these techniques will reflect the balance between 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 will be a composite of
vascular and interstitial levels in the immediate environment of the sensor. Because the
majority of blood volume in tissues in venous (approx 70%), the tissue CO2 concentra-
tions will mainly reflect venous PCO2 concentrations (100,101). The ability of these
measures, however, to reflect the balance between DO2 and VO2 or to reflect perfusion
pressures or other real-time hemodynamic changes during CPR has not been studied. It
is unknown how high CO2 concentrations can reach in each tissue after CA in humans.
However, in animal models, some tissue beds reach levels well over 100 mmHg (102).
The majority of CO2 accumulation in each tissue will be secondary to inability to remove
aerobically produced CO2 that was being produced prior to ischemia. As mentioned
previously, 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 endog-
enous bicarbonate stores. Interpretation of real-time changes in tissue PCO2 in response
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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 (22). 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 meaningful during the short duration of CA, especially given the redis-
tribution of blood flow, which occurs during CPR and in response to vasopressor admin-
istration. Response times are unlikely to be rapid enough to guide the resuscitation effort.
Although this seems counterintuitive based on the previous discussion of PetCO2 moni-
toring, it must be remembered that PetCO2 is reflecting CO2 at the end of its journey from
the tissue beds. Its rapid breath-by-breath analysis makes its response time to interven-
tions difficult to improve on. The only thing that can be said with certainty is that on
ROSC, tissue PCO2 should rapidly decline as CO2 is removed from previously stagnant
tissue beds and aerobic metabolism is re-established.

The real value of tissue CO2 monitoring will be in the postresuscitation phase of care
in which it can be used to assist in assuring resolution of end-organ perfusion abnormali-
ties. PgCO2 and perhaps PslCO2 may be particularly helpful. The splanchnic bed is
particularly sensitive to reductions in systemic blood flow in part because the responsive-
ness of its vasculature to the myriad of vasoactive mediators associated with shock
(103,104). Of special concern in the victim of CA are the mediators angiotensin II,
vasopressin, endothelin, and epinephrine. Endogenous levels of these agents are signifi-
cantly elevated during shock and of course will be even higher in the postresuscitation
phase if vasopressin and epinephrine are administered during the arrest to achieve ROSC
or in the postresuscitation period to maintain blood pressure (105,106). These and other
vasopressor agents provided for blood pressure support in shock states have been dem-
onstrated to contribute to intestinal mucosal ischemia (103,107). This in turn has been
hypothesized to lead a breach of the intestinal mucosal barrier, allowing bacteria and
other toxic mediators into the systemic circulation, which leads to sepsis and multisystem
organ failure (108–112). This paradigm, which is generally accepted in other shock states
has not been well studied in the setting of CA (104). The postresuscitation experience of
patients who received vasopressin during CPR has not been well described and no clinical
studies regardless of vasopressin use have been reported that have examined the inci-
dence of splanchnic hypoperfusion or ischemia as determined by PgCO2 monitoring.
Regardless, the need for vasopressor support in the postresuscitation phase is high and
will be complicated by a large component of cardiogenic shock. Monitoring of splanch-
nic blood flow by either PgCO2 or PslCO2 as performed in other shock states makes sense
especially in the very early stages of postresuscitation care because, as with other shock
states, there is clear evidence that occult splanchnic ischemia can exists in the presence
of normal systemic variable such as blood pressure, heart rate, cardiac output, and mixed
venous hemoglobin oxygen saturation (71,113,114).

PgCO2 monitoring has been used successfully to guide the resuscitation of trauma
patients and those with septic and cardiogenic shock (74,94,115). This technique essen-
tially monitors intraluminal CO2 in the stomach, which has diffused from the stomach
mucosa. A modified nasogastric tube containing a CO2 permeable balloon is placed in the
stomach. Air is circulated intermittently through the balloon. CO2 diffuses from the
mucosa into the balloon in which it is circulated proximally and measured via an infrared
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detector in the same manner as PetCO2. This CO2 value has been used previously to
estimate the intramucosal pH (pHi) by substituting it for arterial CO2 in the Henderson-
Hasselbach equation. Use of this formula assumes that arterial HCO3—and mucosal
HCO3—are equivalent. pHi values of less than 7.32 are considered abnormal. The tech-
nique also assumes constant minute ventilation. A more robust use of the technology uses
PgCO2–PaCO2 or PgCO2–PetCO2 gap to detect abnormalities in perfusion because this
does not require the previous assumptions regarding HCO3—and in addition does not
require strict maintenance of normocapnia because hypo- or hyperventilation, although
effecting PgCO2, will not effect the gap. Given the arterial to alveolar pCO2 gap is approx
4 mmHg, it is felt that a PgCO2–PaCO2 or PgCO2–PetCO2 gap greater than 11–14 mmHg
is abnormal and reflective of perfusion abnormalities (95). Although the response time
of current PgCO2 methodologies will not lend themselves to using during CPR, they
should prove to be quite valuable during the postresuscitation period. As with other shock
state, 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.

The development of PslCO2 monitoring as a substitute for PgCO2 monitoring to detect
shock and guide its treatment is a recent development. Several studies appear to support
the premise that the sublingual surface of the tongue may be as sensitive to disturbances
in perfusion as the rest of the gastrointestinal (GI) tract perhaps owing that its shares the
same embryonic origin as the rest of the gut (45,46,96,97,116–119). This technique uses
fiberoptic determination of CO2 within a disposable cover (similar to 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 because the sensor is more or less in direct contact with tissue surface as opposed
to PgCO2 balloon, which is in the middle of a large lumen (the stomach). The disadvan-
tage is that it is still as of yet difficult to perform continuous monitoring. As with PgCO2,
or any other tissue CO2 monitoring technique, the gap of the measure using 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 likely that it will have no advan-
tage over simple PetCO2 monitoring. As suggested above, it is plausible 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 interstitial tissue PCO2 monitoring of
tissues such as skeletal muscle may be useful in the postresuscitation setting in assuring
resolution of end-organ tissue perfusion abnormalities. Both should be used similar that
described for PgCO2 and PslCO2. Continued elevation of CO2 as measured by these
methods in the presence of normocapnia have been associated with an increased mortal-
ity (91,98,99,120,121). Of note is that the technology used to measure interstitial PCO2
is the same used in the development 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 considerable calibration time (on the order
of 30 minutes).
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Tissue Oxygen Monitoring

Similar to tissue CO2 monitoring, several options exist to monitor tissue oxygenation,
which provides information regarding 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)
using near infrared absorption spectroscopy (NIRS). The general principles making tis-
sue oxygenation monitoring potentially helpful are the same as those discussed above
concerning tissue PCO2.

Of special interest is the use of StO2 monitoring using NIRS. Visible light (450–700 nm)
penetrates tissue only short distances because it is usually strongly attenuated by various
tissue components, which 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
electronic 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 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 begin interrogated by NIRS is
dependent 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 proportioned among the arteriolar, capillary and
venular compartments in a ratio of 10:20:70%, respectively (100,101). 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 becomes the reflection of such in an individual organ (skeletal muscle, brain, and
so on). In addition to being noninvasive, the use of StO2 monitoring may prove more
sensitive over ScvO2 or SvO2 if the organ being interrogated is sensitive to changes in DO2.

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 effect the
brain such as carotid endarterectomy, or cardiopulmonary bypass (122,123). It is also
being aggressively studied in the setting of trauma by using skeletal muscle or GI tract
as the end-organ of interest (124–127). Normal NIRS derived StO2 values for brain and
skeletal muscle range from 60 to 80%. The use of NIRS during both CA and in the
postresuscitation phase has been reported only for the brain (128–131). For use in the
brain, 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 because myoglobin exist in almost equal proportions to hemoglobin in skeletal
muscle with the P50 for myoglobin being only 5 mmHg (132,133). There is some evi-
dence that when used as an indicator of skeletal muscle oxygenation, the NIRS signal is
derived mainly from myoglobin and not hemoglobin within the tissue (134). This would
limit its use during CPR and potentially the postresuscitation period if skeletal muscle
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was chosen and the end-organ to guide resuscitation efforts. Based on these issues, when
used for brain oxygenation monitoring, the NIRS signal is reported then to derive from
the frontal lobes. The bilateral probes have their origin in allowing comparison between
the cerebral circulations of both hemispheres during surgical procedures in which the
circulation to one hemisphere may be compromised. As expected, StO2 values are so low
during CPR they cannot be registered in many instances. There is some evidence, how-
ever, that during CPR, higher cerebral StO2 values are associated with ROSC (128). This
is not surprising given the redistribution of blood flow during CA and the relationship
between myocardial and cerebral blood flow with CPR-produced cardiac output de-
scribed earlier. Similar to PetCO2 monitoring, StO2 values should immediately increase
on ROSC. Additional studies will need to be performed to include a larger number of
patients to understand if, as with PetCO2 monitoring, there is a threshold cerebral StO2
values below which victims cannot achieve ROSC. Unfortunately, no studies to date have
measured cerebral StO2 values concomitantly with PetCO2 monitoring to understand if
StO2 values are simply a reflection of cardiac output and therefore CPP and CePP similar
to PetCO2. If it is, it may be hard to justify StO2 monitoring during CPR over the tech-
nology of PetCO2 monitoring that also is capable of providing information concerning
proper airway management and sudden hemodynamic collapse after ROSC.

It is tempting to suggest the use of cerebral StO2 monitoring in the postresuscitation
phase to guide therapy. Although it may be a valid assumption that the circulation to the
frontal lobes during CA is indicative of blood flow to the rest of the brain (because the
cerebral circulation is maximally 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
(135–139). Although there is potential for use of cerebral oximetry in this setting, it has
met with mixed results (128,131). 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 be reflective of global cerebral blood flow and oxygenation,
especially given that the majority of blood flow heterogeneity and damage will occur in
the regions of the hippocampus and basal ganglia, which are supplied by different circu-
lation than the frontal lobes. Because of blood flow heterogeneity and differences in
regional cerebral metabolic activity, it may be difficult to understand changes in cerebral
StO2 values as being secondary to changes in blood flow vs extraction as a result of
increased metabolism. Infarction of a region of brain tissue being interrogated may result
in increases in StO2 (129). It is unclear how the use of therapeutic hypothermia will effect
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 postresuscitation period will require further study. Use of NIR StO2 moni-
toring 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 cyto-
chrome oxidase (the terminal electron acceptor in the mitochondrial transport chain) and
thus the point of DO2crit for the organ being monitored, this has proven to be extraordi-
narily 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 hemoglobin. Thus, in order to use NIRS to monitor the redox state
of the mitochondria, monitoring must take place prior to changes in the redox state. This
obviously limits value for monitoring during CA or the postresuscitation state.
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Ventricular Waveform Analysis

It has long been held that VF represented 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 course VF seemed to be more
amendable 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. In fact, several studies have demonstrated that treat-
ment of VF with chest compressions and epinephrine prior to countershock appears to
increase the chances of successful defibrillation into a perfusing rhythm (140–142).
Before the last decade, little had been done to objectively analyze the rhythm for patterns,
which could predict response to treatment.

Various aspects of the VF waveform have been analyzed in various models of CA.
These include amplitude, median frequency, dominant frequency, edge frequency, cen-
troid frequency, and peak power frequency (143–149). Of these, the parameter of median
frequency appears to hold the most promise in predicting successful defibrillation. The
median frequency correlates directly with myocardial blood flow in animal models of
CPR. Digital filtering is effective at removing CPR-induced artifact such that spectral
analysis of the VF waveform may proceed without the need to interrupt chest compres-
sions. Although median frequency has shown promise in predicting down time, the
animal and human models studied were those in which the initial rhythm was VF and
there was no intervening therapy prior to spectral analysis.

The attractiveness of using spectral analysis of the VF waveform is its apparent direct
link to myocardial blood flow (demonstrated in animal models). This will be particularly
important in humans in whom significant coronary artery occlusions may exist, which
impede myocardial blood flow despite what appears to be good CPR-produced cardiac
output and CPP based on PetCO2 analysis.

Use of VF analysis tools is of course limited to VF and will thus not be helpful in
gauging the response of asystole, PEA or pulseless ventricular tachycardia (VT) to
treatment nor predict outcome. An important aspect of VF waveform analysis technol-
ogy that will require study is its performance in settings in which VF is not the initial
rhythm encountered or in which patients have repetitive episodes of VF with interven-
ing rhythms including ROSC followed by re-fibrillation. Despite this, incorporation of
this type of technology in defibrillators including automated external defibrillators
holds great potential to improve outcomes from VF. Although the data is compelling,
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 CA victim does not end with ROSC. The immediate post-ROSC
period represents a complex shock state with components of both traditional cardiogenic
shock from ischemia, and microvascular shunting as a result of 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 neurologic outcomes (see Fig. 1).
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The time of ROSC does not ensure that a state of VO2-independent DO2 exists. It is thus
incumbent on the clinician to 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 overemphasized. Both animal and clinical studies have demonstrated the
effect of cumulative oxygen debt on mortality or in developing significant morbidity such
as multisystem 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 individual with a baseline VO2 of 120 mL/min/m2, a 30-minute CA
would create an oxygen debt of only 3600 mL/m2. Rivers demonstrated that significant
additional oxygen debt can accumulate after ROSC that cannot be quantified by blood
pressure and other conventional means (32,33). It is thus apparent that significant ongo-
ing accumulation of oxygen debt is possible during the postresuscitation period. Defer-
ring aggressive postresuscitation care until for example, the patient is moved from the ED
into the intensive care unit is ill conceived and runs the risk of allowing patients to develop
cumulative 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 clinical team
to determine whether additional monitoring and therapy is 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 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 considered
to optimize the postresuscitation effort. Although many may consider these experimen-
tal, they are far and beyond more objective and sensitive than the use of traditional heart
rate and blood pressure monitoring.

Table 1

Monitoring End-Points During CPR

CPP >15 mmHg
PetCO2 >10 mmHg (prior to vasopressor administration)
ScvO2 >40%

Postresuscitation Monitoring Goals

Global End-Points
Mean Arterial Pressure 70–90 mmHg
CVP/PCWP 10–15/15–18 mmHg (or pressure, which results in no further improve-

ment in CO)
Hemoglobin >10 g/dL
Lactate <2.0 mM
SaO2 94–99%
ScvO2/SvO2 70–80%
VO2 > 90 mL/min/m2

Tissue-Specific End-Points
pHi >7.32
PgCO2–PaCO2 gap <15 mmHg
PgCO2–PetCO2 gap <15 mmHg
PslCO2–PaCO2 gap <15 mmHg
PslCO2-PetCO2 gap <15 mmHg
StO2 >65% (skeletal muscle, brain, or gastrointestinal tract)
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RESUSCITATION TODAY

Real strides have been made in the last decade in the treatment of sudden cardiac death.
Survival rates from out-of-hospital cardiac arrest (CA) have been reported as low as 1 and
2% in large cities (1,2). Communities with rapid emergency response teams have reported
better results with survival rates from 15 to 30% (3). Within the last few years providing
early defibrillation by equipping nonmedical first responders with automated external
defibrillators (AEDs) has been a crucial step in improving survival from out-of-hospital
CA. Recent reports from Rochester, Minnesota, where police are now providing early
defibrillation, have shown a community-wide survival rate of 40% for patients whose
initial rhythm is ventricular fibrillation (VF [4]). Casinos in which security personnel
were trained to use AEDs have reported overall survival rates from VF of 59% for victims
of sudden CA on property (5). Similarly, the Chicago Airport Authority experience has
been impressive (6,7). After placing AEDs in the terminals of both O’Hare and Midway
airports, they found a 56% neurologically normal survival rate for VF CA within the first
24 months of starting this public access defibrillation program.

Another important recent advance in improving survival from sudden cardiac death
has been the success of intravenous amiodarone administered in the field for refractory
VF CA. Two clinical trials (Amiodarone in Out-of-Hospital Resuscitation of Refractory
Sustained Ventricular Tachyarrythmias [ARREST] and Amiodarone vs Lidocaine in
Pre-Hospital Refractory Ventricular Fibrillation Evaluation [ALIVE]) have now shown
improved survival to hospital admission in patients treated with amiodarone vs placebo
(ARREST [8]) or lidocaine (ALIVE [8,9]).

In the United States alone, an estimated 400,000 individuals will suffer CA this year
(10). An initial resuscitation rate of 15–25% of this group would produce about 100,000



504 Cardiopulmonary Resuscitation

early survivors. If recently reported advances can be achieved in general communities
across the United States, then initial resuscitation rates could be as good as 40–50%,
translating into as many as 200,000 individuals resuscitated initially.

Such improvements in the treatment of sudden death are impressive and encouraging.
However, many initially resuscitated individuals do not survival to leave the hospital.
Current estimates of survival to hospital discharge are only 25–35% of those initially
resuscitated (11,12). This late loss of those resuscitated initially is a large and yet often
ignored problem. Such devastating losses can literally wipe out all the recent gains by
early defibrillation and effective advanced cardiac life support drug therapy leaving only
10–15% of all CA victims. We must improve the postresuscitation long-term survival
rate to realize a true advance in the survival of cardiac arrest victims.

POSTRESUSCITATION DEATHS

Why do those who are originally resuscitated die before leaving the hospital? The vast
majority of such deaths occur from either central nervous system (CNS) damage or
myocardial failure, manifested as cardiogenic shock or recurrent CA. In reporting a series
of out-of-hospital CAs, Schoenenberger et al. found that approximately one-third of such
postresuscitation deaths were from brain damage, one-third from myocardial failure, and
one-third from a variety of causes including infection (13). The need to better understand
and treat such postresuscitation deaths has recently highlighted at the recent American
College of Cardiology 31st Bethesda Conference on Emergency Cardiac Care (14) and
at the National Institutes of Health’s 2000 “PULSE” Conference on scientific priorities
and strategic planning for resuscitation research and lifesaving therapies (15).

What is Postresuscitation Myocardial Dysfunction?
The first detailed description of cardiac dysfunction following CA and successful

resuscitation came from the Safar Center for Resuscitation Research at the University of
Pittsburgh (16). Using their canine VF CA model, these investigators studied myocardial
filling pressures and cardiac output before and after resuscitation following normother-
mic CA periods of 7.5, 10, and 12.5 minutes of “no flow.” Central venous pressures were
elevated initially post resuscitation after all three periods of CA, but returned to pre-arrest
baseline levels by 1 hour. Pulmonary capillary “wedge” pressure rose by about 40% in
all three groups immediately after resuscitation, but remained elevated at 6 hours only in
the group receiving 12.5 minutes of untreated CA. Cardiac index (CI) decreased by an
average of 25% in all animals by 4 hours postresuscitation, but remained depressed only
in the 12.5-minute group by 6 hours postresuscitation. Left ventricular (LV) stroke work
index was also depressed about 25–30% at 2–6 hours postresuscitation. Interpretation of
the data is confused by the postresuscitation care, which allowed the use of norepineph-
rine for hypotension within the first 2 hours, then dopamine, fentanyl, and pancuronium
between the hours 2 and 24.

Researchers at the Institute for Critical Care Medicine in Palm Springs, California
measured dP/dt and pressure volume relationships in isolated perfused hearts from
Sprague-Dawley rats, which had been resuscitated following VF CA (17). Fifteen rats
underwent 4 minutes of untreated VF followed by 5 minutes of cardiopulmonary resus-
citation (CPR) before defibrillation. Hearts were harvested at 2 minutes and 20 minutes
postresuscitation, isolated, and then perfused using a modified Langendorff preparation.
Serial measurements of LV-developed pressure, dP/dt, and pressure-volume relation-
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Fig. 1. Left ventricular pressure-volume curves. Left ventricular dysfunction after resuscitation.
Pressure-volume relationships after progressive increase in left ventricular balloon volumes.
Effects on the generated ventricular systolic and diastolic pressures are shown in hearts harvested
at 2 min after resuscitation (2 min PR) and 20 min after resuscitation (20 min PR). LV, left
ventricular; PR, postresuscitation. Values are mean ± SD. Adapted from ref. 17, with permission.

ships showed a progressive deterioration in LV function in the first 20 minutes
postresuscitation. Both systolic and diastolic function declined, with a decrease in con-
tractility and a decrease in ventricular compliance (Fig. 1.)

This same group of investigators also performed a study of LV function using a
conductance catheter in an in vivo porcine model of CA and resuscitation (18). Thirteen
animals underwent 4 minutes of untreated VF then 8 minutes of CPR before electrical
defibrillation was attempted. Seven animals were successfully resuscitated. An addi-
tional seven animals were utilized as “sham” controls, in which CA was never induced.
LV pressure-volume relationships and hemodynamics were measured pre-arrest and at
30, 60, 240, and 360 minutes postresuscitation. Progressive increases in both diastolic
and systolic volumes were noted. Ventricular dilatation was associated with a reduction
in stroke volume (although cardiac output remained constant via compensatory increases
in heart rate) and ventricular work. A dramatic rightward shift in the pressure-volume
relationship occurred characteristic of impairment in LV contractile function. The rate of
LV pressure decrease did not change, suggesting no alteration in lusitropic properties.
Figure 2 illustrates these pressure-volume relationships. These results differ from their
previous report in which diastolic function was noted to be abnormal postresuscitation (17).

At the same time, we at the University of Arizona Sarver Heart Center, also studied
postresuscitation myocardial dysfunction in a swine model of prolonged VF CA (19).
Twenty-eight domestic swine (26 ± 1 kg) underwent both invasive and noninvasive
measurements of ventricular function before and after 10 or 15 minutes of untreated CA.
Contrast left ventriculograms, ventricular pressures, cardiac output, isovolumetric relax-
ation time (tau), and transthoracic Doppler-echocardiographic studies were performed.
The aim of this study was to define the nature, extent, and duration of postresuscitation
myocardial dysfunction in an in vivo porcine model of prolonged VF CA. Twenty-three
of 28 animals were successfully resuscitated and postresuscitation data obtained. LV
ejection fraction (EF) showed a significant reduction 30 minutes after resuscitation,
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which progressively worsened through the first 5 hours postresuscitation. Partial recov-
ery was seen by 24 hours, and full recovery was seen by 48 hours (Table 1). The systolic
LV dysfunction was a diffuse, global process with wall motion abnormalities seen in all
ventricular walls (Fig. 3). End-systolic and end-diastolic LV volumes were calculated
from the contrast ventriculograms. No change in end-diastolic volume was seen after
resuscitation, but end-systolic volume increased consistently when measured at 30 min-
utes, 2 hours, and 5 hours after resuscitation (Table 1). Similarly, stroke volume was also
compromised in all groups during the first 5 hours postresuscitation. Peak LV systolic
pressure divided by end-systolic volume, a commonly calculated ratio for measurement
of load-independent global myocardial contraction, decreased significantly in all groups
over the same follow-up period (Table 1).

Fig. 2. Left ventricular pressure-volume loops. Rightward shift of pressure-volume loops in a
successfully resuscitated animal (solid line) compared with changes in an animal subjected to
"sham cardiac arrest" (dashed line). PR, postresuscitation. (Adapted from ref. 18, with permis-
sion.)

Table 1
Left Ventricular Angiographic Data

30-minute 2-hour 5-hour 24-hour 48-hour
Pre-arrest PR PR PR PR  PR

EF (%) 54 ± 2 26 ± 3a,b 27 ± 3a,b 30 ± 4a,b 42 ± 2a 54 ± 3
EDV 31 ± 5 32 ± 5 29 ± 2 32 ± 5 35 ± 4 31 ± 6
ESV 15 ± 2 24 ± 4a,b 22 ± 2a,b 22 ± 3a,b 19 ± 2 13 ± 3
SV 17 ± 3   9 ± 2a,b   7 ± 1a,b 10 ± 2a,b 16 ± 2 18 ± 4
PSP/ESV   7 ± 1   5 ± 1a,b   5 ± 0a,b   5 ± 1a,b   5 ± 1a 10 ± 1a

Note: All volumes are in milliliters.
a p < 0.05 vs pre-arrest baseline.
b p < 0.005 vs 48-hour postresuscitation.
PR, postresuscitation; EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume; SV,

stroke volume; PSP/ESV peak systolic pressure to end-systolic volume ratio. (Adapted from ref. 19, with
permission.)
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Fig. 3. Contrast left ventriculograms after resuscitation. Contrast left ventriculograms from one
animal (swine) illustrating the progressive global hypokinesis seen after successful resuscitation
from prolonged cardiac arrest. Baseline (A); 30 minutes PR (B) 2 hours PR (C); 5 hours PR (D);
48 hours PR (E). From ref. 19, wth permission.

Hemodynamic changes seen after resuscitation included a dramatic rise in LV end-
diastolic pressure (LVEDP), a fall in cardiac output measured by thermodilution tech-
nique, and an increase in isovolumic relaxation time or “tau” (Table 2). These changes
demonstrate significant diastolic LV dysfunction as well as the systolic dysfunction seen
by the angiographic measurements.

Table 2
Left Ventricular Hemodynamic Data

30-minute 2-hour
Pre-arrest PR PR 5-hour 24-hour 48-hour

LVEDP  11 ± 1b  18 ± 2a  22 ± 3a,b  21 ± 3a,b  14 ± 2    7 ± 1
CO  18 ± 1  16 ± 1  13 ± 1a  13 ± 0a  14 ± 1a  19 ± 1
“Tau”  29 ± 1  38 ± 4  46 ± 3a  41 ± 3  34 ± 2  26 ± 1

a p < 0.05 vs pre-arrest baseline.
b p < 0.005 vs 48-hour postresuscitation
CO, cardiac output (mL per minute); LVEDP, left ventricular end-diastolic pressure; PR,

postresuscitation; “Tau,” isovolumetric relaxation time (ms). (Adapted from ref. 19, with permission.)
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Table 3
Left Ventricular Echocardiographic Data

Pre-arrest 5-hour PR 24- to 48–hour PR

Fractional shortening (%) 29 ± 1 23 ± 1a,b 28 ± 2
Mitral deceleration time (ms) 98 ± 5 61 ± 3a,b 88 ± 4a

LV isovolumic relax time (ms) 72 ± 3 91 ± 3a,b 73 ± 4

ap < 0.05 vs pre-arrest baseline.
bp < 0.005 vs 48-hour postresuscitation.
PR, postreuscitation; LV, left ventricular. (Adapted from ref. 19, with permission.)

Transthoracic echocardiographic studies collaborate these findings, showing dimin-
ished systolic ventricular function as a decreased fractional shortening and diminished
diastolic ventricular function by a decreased mitral valve deceleration time as well as an
increased isovolumetric relaxation time at 5 hours postresuscitation (Table 3).

This was the first report in an in vivo model of CA to elucidate the time course and
transient quality of both LV systolic and diastolic dysfunction after successful CPR.
Maximal dysfunction was seen at 6 hours with partial resolution by 24 hours and full
recovery by 48 hours, indicating a true “stunning” phenomenon. After 15 minutes of VF,
no data could be obtained at 24 hours because all such subjects died overnight. Such data
suggest that transient LV failure postresuscitation can be life threatening. Only after the
CA interval was shortened to 10 minutes was 24-hour survival accomplished and follow-
up data on LV function obtained.

In some respects, these two porcine studies (18,19) complemented each other, but also
disagreed in particular whether diastolic function was abnormal after resuscitation from
prolonged CA. Other studies of ischemic injury to the myocardium have suggested that
lusitropic properties are not spared, but are, in fact, the most sensitive to such injury
(20,21).

RIGHT VENTRICULAR FUNCTION POSTRESUSCITATION

That LV function is impaired transiently following resuscitation from prolonged CA
seems clear from the experimental data. Is right ventricular (RV) function also compro-
mised? Does the right ventricle also recover? What is the time course before its function
returns to normal? These questions were addressed in a recent experimental study at the
University of Arizona (22). RV function was studied before and after 15 minutes of VF
CA in 28 swine, 16 of which received no treatment to define the natural history of RV
dysfunction postresuscitation. RVEF decreased, although end-diastolic pressure increased
(Table 4). RV systolic and diastolic properties were both affected. In comparison to the
left ventricle (19), RV dysfunction following resuscitation appears to occur earlier and
resolve more rapidly. RV dysfunction peaked at 30 minutes and showed improvement by
2 hours, whereas LV dysfunction peaked about 6 hours and showed improvement at 24
hours. The global ischemic insult of prolonged CA presumably has different effects on
the two ventricles. The thin-walled right ventricle has less myocardial mass and appears
to be more resilient to the ischemia of CA. Clinical experience with RV infarction sug-
gests the same. Right ventricles almost always make a full functional recovery even after
extensive ischemic insults and injuries (23).
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VF vs Non-VF CA: Effect on Postresuscitation Myocardial Dysfunction
Does the type of CA affect the development of postresuscitation myocardial dysfunc-

tion? The data show that resuscitation following prolonged VF CA can result in substan-
tial impairment of both systolic and diastolic function of both the left and right ventricles.
VF is known to be an energy-consuming dysrhythmia. High-energy phosphates are
depleted quickly during VF (24). Would non-VF causes of CA produce less myocardial
stunning if successfully treated and resuscitation achieved? Weil et al. attempted to
answer these questions by studying asphyxial CA (mean aortic pressure less than 30 mmHg)
vs VF CA in their murine model of postresuscitation myocardial dysfunction (25).
Postresuscitation myocardial function was compared between two groups of animals,
one undergoing asphyxial and the other VF CA. The two groups were standardized in the
duration of CA and in the number of defibrillation shocks (including shocks given to the
asphyxial group to make them comparable to the VF group). Greater impairment of CI,
dP/dt40, -dP/dt40, and LVEDP was seen in those with VF CA compared to those with
asphyxial CA. Further studies to include EF, pressure-volume relationships, and tau
would be helpful.

Clinical Evidence for Postresuscitation Myocardial Dysfunction
Postresuscitation myocardial dysfunction has also been described clinically. Numer-

ous case reports have suggested that transient LV failure can occur after successful
resuscitation (26,27). We recently published such a case involving a previously healthy
young woman with no known cardiac disease who required both fluid resuscitation and
subsequently CPR for 5 minutes for postdelivery bleeding and CA. Echocardiography
6 hours postresuscitation showed generalized LV hypokinesis with an EF of 35%. Over
the subsequent 3 days, full recovery of LV function occurred with a final echocardiogram
showing a LVEF of greater than 55% (28).

Several clinical resuscitation trials have noted the occurrence of myocardial dysfunc-
tion postresuscitation. Of the 778 patients enrolled in the two international “Brain Resus-
citation Clinical Trials” (I and II), 65% of those initially resuscitated died within 1 week
(11,12). More than half of those who expired manifested evidence of significant
postresuscitation myocardial dysfunction either as hypotension/shock or malignant ven-
tricular arrhythmias with recurrent sudden death.

Table 4
Right Ventricular Dysfunction Postresuscitation

Baseline 30 minutes 2 hours 5 hours

RVEF 50 ± 2 34 ± 2a       40 ± 28a,b     41 ± 2a,b

RVEDP   5 ± 1   8 ± 1a    4 ± 1b     5 ± 1b

Heart rate 122 ± 24 160 ± 14a 136 ± 21 127 ± 20

a p < 0.05 vs baseline.
b p < 0.05 vs 30 minute postresusciation.

RVEF, right ventricular ejection fraction; RVEDP, right ventricular end-diastolic
pressure. (Adapted from ref. 22, with permission.)
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Laurent and coworkers in France reported a series of 148 patients admitted to the
hospital after successful resuscitation following out-of-hospital CA (29). All patients
underwent acute cardiac catheterization and coronary angiography. Seventy-three patients
(49%) developed myocardial dysfunction manifested early by tachycardia and an elevated
LVEDP, then later at 6–8 hours postresuscitation developing hypotension (mean arterial
pressure <75 mmHg) and low cardiac output (CI <2.2 L/min/m2). Table 5 summarizes
the hemodynamic and angiographic differences between those patients who developed
the postresuscitation myocardial dysfunction syndrome and those that did not.

Significant differences in the resuscitation efforts between the two groups were noted.
The time from CA to restoration of circulation was longer, the amount of epinephrine
received higher, and the number of defibrillation shocks greater in those who developed
the myocardial dysfunction (Table 6). These differences in resuscitation characteristics
suggest a longer and more difficult effort is more likely to produce myocardial dysfunc-
tion postresuscitation.

Table 5
Hemodynamic and Angiographic Data

Myocardial No myocardial
dysfunction dysfunction  p

N 73 75  0.92

Heart rate (bpm) 105 (75–143) 85 (48–118) < 0.05
LVEDP (mmHG) 19 (10–32) 12 (5–25) <0.01
LVEF (%) 32 (25–40) 43 (35–50) <0.01
Coronary occlusion 51% 37%  0.06
Two- or three-vessel CAD 52% 51%  0.99
Significant CAD 74% 71%  0.98

bpm, beats per minute; LVEDP, left ventricular end-diastolic pressure; LVEF, left
ventricular ejection fraction. (Adapted from Laurnet I, et al., poster presentation, American
College of Cardiology 49th annual Scientific Sessions, Anaheim, CA and ref. 29, with
permission.)

Table 6
Resuscitation Data

Myocardial No myocardial
dysfunction dysfunction  p

N 73 75  0.92

Collapse to CPR (minutes) 5 (1–5) 5 (2–9) 0.59

CPR to ROSC (minutes) 25 (14–38) 15 (7–30) < 0.01
VF as initial rhythm 70% 66% 0.75
Number of defibrillation shocks 3 (1–6) 2 (1–3) < 0.01
Epinephrine dose (mg) 10 (3–15) 2 (0–10) < 0.01

CPR, cardiopulmonary resuscitation; ROSC, return to spontaneous circulation; VF,
ventricular fibrillation.(Adapted from Laurnet I, et al., poster presentation at the American
College of Cardiology 49th annual Scientific Sessions, Anaheim, CA and ref. 29, with
permission.)
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In accordance with the previously outlined experimental data showing that such
postresuscitation myocardial dysfunction is generally transient, the patients who devel-
oped such typically showed improvement in LV function by 24 hours. Cardiac index
showed a nadir at 8 hours postresuscitation, then partially improving by 24 hours, with
further improvement noted by 72 hours (Table 7). If such improvement did not occur by
24 hours, the myocardial pump failure generally led to refractory shock and death. Of those
patients with postresuscitation myocardial dysfunction, 14 (19%) expired in this fashion.

A second series of patients evaluated for postresuscitation myocardial dysfunction
was reported by investigators in Austria (30). Twenty patients resuscitated from out-of-
hospital (as well as four control patients) had transesophageal echoes at and 24 hours
postresuscitation. LV contractility was calculated using the load-independent parameter
of mean velocity of circumferential fiber shortening (Vcfc) and the meridional wall stress.
Patients resuscitated had a mean z score of –7.0 at 4 hours and –3.7 at 24 hours indicating
significant LV systolic dysfunction, compared to controls (0.0 and 0.7). The authors
concluded that severe LV systolic dysfunction is present after resuscitation from CA
although the cause remains speculative.

Factors Effecting Postresuscitation Myocardial Dysfunction
A number of factors have been shown to impact the degree of myocardial dysfunction

seen after resuscitation (Table 8). Perhaps most important is the underlying state of the
myocardium prior to CA. Experimental models to date have employed healthy rats or
swine, without precedent myocardial or coronary disease. The degree of postresuscitation
myocardial dysfunction in such cases is clearly the result of the insults of CA and sub-
sequent resuscitation. On the other hand, the two reported clinical series (29,30) found
a majority of the resuscitated CA victims had evidence of at least peri-arrest myocardial
infarction that can also influence ultimately the postresuscitation myocardial function.

Table 8
Issues Influencing Postresuscitation Myocardial Dysfunction

Duration of untreated cardiac arrest
Duration of resuscitation effort
Use of vasoconstrictive medications
Use of buffer agents
Use of high-dose defibrillation
Type of waveform used for defibrillation (monophasic vs biphasic)

Table 7
Recovery of Cardiac Index Postresuscitation

Survivors Nonsurvivors

N 59 14

8 hours PR 2.1 (1.4–2.9) 2.4 (1.3–3.8)
12 hours PR 2.6 (1.9–3.5) 2.4 (1.9–2.8)
24 hours PR 3.2 (2.7–4.2) 2.6 (2.3–3.0)
72 hours PR 3.7 (2.9–4.5) 2.9 (2.2–3.6)

Note: Cardiac index (l per minute/m2). PR, postresusci-tation. (Adapted
from Laurnet I, et al., poster presentation at the American College of
Cardiology 49th Annual Scientific Sessions, Anaheim, CA and ref. 29,
with permission.)
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Fig. 4. Ejection fractions postresuscitation: effect of ventricular fibrillation duration. (Adapted
from ref. 31, with permission.)

Unfortunately, no clinical series to date has been able to collect known LV function data
prior to the CA. Hence, the pre-arrest state of LV function in these clinical series is not
known.

Duration of CA
The duration of CA should affect the degree of subsequent myocardial dysfunction if

such dysfunction reflects (in part) the injury from global ischemia during the “no-flow”
period. Experimental and clinical data suggests that this is the case. We found that swine
undergoing 15 minutes of untreated VF had worse LV function than did swine undergo-
ing only 10 minutes of untreated VF (19). Tang and coworkers found that swine under-
going 10 minutes of untreated VF had worse EFs postresuscitation than those undergoing
only 4 minutes of untreated VF (31). Figure 4 illustrates these composite data and the
relationship between duration of untreated VF and resultant postresuscitation LVEF.

Laurent et al., in their clinical series, found a similar relationship between the length
of resuscitation effort and subsequent postresuscitation myocardial dysfunction (29).
They found no difference in time from collapse to CPR between those who developed
postresuscitation myocardial dysfunction and those who did not, but did find a significant
difference in the duration of resuscitation effort until the return of spontaneous circula-
tion (Table 6). Other statistical differences were found in the amount of epinephrine
utilized and the number of shocks delivered (Table 6). Both these parameters speak to
a more difficult resuscitation in those who develop postresuscitation myocardial dys-
function.

Pressors
Epinephrine has been the -adrenergic vasopressor of choice for cardiac resuscitation

for more than 40 years. Epinephrine probably adversely affects postresuscitation myo-
cardial dysfunction through disproportionate increases in myocardial oxygen consump-
tion via a -adrenergic-mediated mechanism and by persistent increases in systemic
vascular resistance postresuscitation. Tang et al. demonstrated this concept using an
established rodent model of cardiac resuscitation (32). Forty rats divided in two groups
were assigned to undergo VF-induced CA for 4 and 8 minutes, respectively. Four thera-
peutic subsets were established within each group to receive epinephrine alone, epineph-
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rine with esmolol, phenylephrine or placebo, within 4 minutes of CPR initiation.All
animals were defibrillated at 8 minutes of CPR. LV pressure, dP/dt40, and negative dP/
dt were measured continuously for an interval of 240 minutes after successful cardiac
resuscitation. The duration of survival after successful resuscitation was decreased and
the total energy required for successful defibrillation was significantly increased in epi-
nephrine-treated and placebo-treated animals when compared with phenylephrine and
epinephrine–esmolol-treated animals after 4 or 8 minutes of untreated VF. Myocardial
contractility, as measured by dP/dt40, was significantly decreased in all animals after
successful resuscitation but the change was more dramatic when the duration of untreated
CA increased from 4 to 8 minutes. Impairment of myocardial contractility was greater in
animals treated with epinephrine or placebo compared to those receiving epinephrine and
esmolol or phenylephrine. The lack of difference in postresuscitation LV function between
animals receiving epinephrine and those receiving saline placebo was unexplained by the
authors. The severity of postresuscitation myocardial dysfunction was reduced signifi-
cantly when epinephrine was administered in combination with esmolol, supporting the
proposed -agonist-mediated detrimental effect of epinephrine on postresuscitation myo-
cardial dysfunction. This study also demonstrated again the existence of postresuscitation
diastolic dysfunction, which was increased in the placebo- and epinephrine-treated
groups.

-Agonist and to some extent -1 agonist stimulation may result in increased myocar-
dial oxygen consumption through its inotropic and chronotropic effects, even with fib-
rillating ventricles. Based on the results from the previous study and considering that no

-2 agonist receptors have been found in the myocardium, Sun et al. conducted a study
to assess the effects of the selective -2 agonist -methylnorepinephrine ( -MNE [33]).
Using the same rodent model described above, 20 rats were studied to measure LV
pressure, dP/dt40, negative dP/dt and cardiac index for an interval of 240 minutes after
resuscitation. CPR was initiated after 8 minutes of untreated VF. Either -MNE, epi-
nephrine, or saline placebo was injected 2 minutes after the start of precordial compres-
sion. As an additional control, one group of animals was pretreated with the 2-receptor
blocker, yohimbine, before injection of -MNE. Defibrillation was attempted 4 minutes
later. Coronary perfusion increased equally on both the epinephrine and -MNE treated
groups. Systolic and diastolic dysfunction occurred expectedly in all groups, but those
receiving -MNE had significantly less dysfunction. This contrasted with animals treated
with epinephrine or with saline placebo in which there was greater impairment of myo-
cardial contractility and relaxation. The beneficial effects of -MNE were completely
blocked by pretreatment with yohimbine.

-Blockers have been avoided traditionally in resuscitation as a result of the ease with
which these drugs cross the blood–brain barrier. In the CNS, 2-adrenergic agonists exert
a negative inotropic and chronotropic action with a subsequent there decline in myocar-
dial contractility and arterial blood pressure. Investigators did not note this effect with

-methylnorepinephrine in this study. More recent data from the same laboratory docu-
ment the effects of -methylnorepinephrine in a swine model of CA (34). Fourteen male
domestic pigs underwent 7 minutes of untreated VF, followed by CPR and either -MNE
(100 μg/kg) or epinephrine (20 μg/kg) after 2 minutes of precordial compression. Follow-
ing an additional 4 minutes of precordial compression, defibrillation was attempted. LV
systolic and diastolic function was quantitated with the use of transesophageal echo-
Doppler imaging. Coronary perfusion increased equally with both epinephrine and

-MNE, and all animals were successfully resuscitated. -MNE was as effective as
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epinephrine in restoring spontaneous circulation, but resulted in less postresuscitation myo-
cardial dysfunction. EF in the postresuscitation follow-up period of 4 hours was 52 ± 7% in
the -MNE treated group and 36 ± 8% in the epinephrine treated group (p < 0.01).

Besides the concern about excessive stimulation of -receptors, the beneficial aspect
of vasoconstrictors during CPR (to improve coronary perfusion pressure [CPP] by
vasoconstricting the peripheral circulation), may become a problem in the postresus-
citation phase. Our group studied endothelin, a potent vasoconstrictor without -adren-
ergic effects, during swine CPR (35). The purpose of this study was to compare the
effectiveness of standard-dose epinephrine vs standard-dose epinephrine plus endothelin
in improving successful resuscitation and survival outcomes. Animals underwent 2 min-
utes of unassisted CPR followed by 6 minutes of ventilation and chest compressions after
which they were assigned to receive 1 mg epinephrine or 1 mg epinephrine plus 0.1 mg
endodthelin-1 randomly. CPR was provided for 10 minutes after initial drug administra-
tion before defibrillation was attempted. The addition of endothelin-1 to standard-dose
epinephrine improved CPP and the initial rates of ROSC significantly, but the intense
vasoconstriction in the postresuscitation period resulted in very narrow pulse pressures,
then progressive hypotension, resulting in significantly higher mortality rates. This sug-
gested that excessive vasoconstriction postresuscitation produces significant myocardial
dysfunction resulting in detrimental effects on post-CA survival.

BUFFERS

Controversy exists about the use of buffers during CPR. Initial data demonstrated that
buffers were ineffective when used during the initial phases of cardiac resuscitation, as
they were unable to modify myocardial pH and had no beneficial effect on the rate of
successful resuscitation (36,37). This was attributed to systemic vasodilatation that pre-
sumably impacted CPP adversely during resuscitation. Recently, other studies have
examined the effect of buffer solutions on post resuscitation myocardial dysfunction.

Sun et al., using their well-described rodent model, studied the effect of both carbon
dioxide (CO2)-generating and CO2-consuming buffers on postresuscitation myocardial
dysfunction (38). They studied 40 rats divided in two groups undergoing 4 and 8 minutes
of unassisted VF, respectively. Four different subsets were established within each group
and were assigned to receive sodium bicarbonate (CO2 generating buffer, Carbicarb®),
tromethamine (CO2-consuming buffer), hypertonic saline, or placebo. There was less
depression in dP/dt40 and less increase in LV diastolic pressure, as well as greater duration
of survival (hours) was in the Carbicarb® and tromethamine-treated animals when com-
pared with hypertonic saline-treated animals after 4 minutes of untreated VF. However,
the administration of each buffer agent, including sodium bicarbonate, resulted in less
myocardial dysfunction and increased duration of survival when compared with hyper-
tonic saline placebo after 8 minutes of untreated VF. These findings suggest that
hypercarbia can contribute to postresuscitation myocardial dysfunction, and that CO2-
consuming buffers may alleviate some of that dysfunction.

A second study from the same investigator using their rodent model evaluated if the
combination of buffers and adrenergic agents was useful in preventing or improving
postresuscitation myocardial dysfunction (39). The first group was assigned to receive
sodium bicarbonate, tromethamine,or 0.9% sodium chloride in a blinded fashion, before
the administration of epinephrine and the -blocker esmolol. The second group received the
same treatment in reverse order. Sixteen rats underwent 8 minutes of untreated VF-induced
CA, followed by CPR as previously described. Buffers and adrenergic agents were given
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at 2 and 4 minutes of CPR. Resuscitation was attempted with up to three 2-J countershocks
after 16 minutes of CA and 8 minutes after the start of precordial compression. Myocar-
dial function was assessed from measurements of LV pressure, cardiac output, isovolumic
contractility (dP/dt40), and myocardial relaxation (–dP/dt). In each instance, as opposed
to their previous report, a greater impairment of postresuscitation myocardial function
and decreased postresuscitation survival was observed after the use of buffer agents. The
authors speculated that the mechanism for this adverse effect of buffers is through arterial
pH-mediated increases in myocardial oxygen requirements and intensified myocardial
ischemia. Given these results, they recommend caution in using buffer agents during
CPR or postresuscitation.

DEFIBRILLATION: ENERGY

The amount of energy delivered during defibrillation has also been studied as a poten-
tial cause in the degree of resulting myocardial dysfunction after resuscitation. The
magnitude and duration of the transthoracic electrical shock has always been suspected
as being responsible for myocardial injury. Several initial studies in intact animals under
physiologic conditions (not in CA) demonstrated that the magnitude and duration of a
transthoracic shock was not detrimental to the overall myocardial function postresuscitation.
Work performed by our group supported this notion by failing to demonstrate a relation-
ship between the amount of energy (Joules) delivered during normal sinus rhythm and
any subsequent post shock myocardial dysfunction (19). Xie et al. however, using a
rodent VF CA model demonstrated that high-energy defibrillation (during VF) can be an
important contributor to postresuscitation myocardial dysfunction and ultimately can
impact postresuscitation survival (40). Using their group’s standard measurements, includ-
ing LV diastolic pressure, dP/dt40, and -dP/dt, they found a correlation between defibrilla-
tion energy and subsequent degree of postresuscitation myocardial dysfunction.
Unfortunately, the maximal dose per kilogram employed (20 J/kg) was well above that
recommended clinically (5 J/kg). Hence, any conclusions about the effects of clinically
relevant doses are difficult to ascertain.

Other investigators searching for a mechanism by which defibrillation could contrib-
ute to postresuscitation LV dysfunction have shown that free radicals are generated after
defibrillation when electrodes are applied directly to the endocardium (41). Generation
of free radicals could be explained by damaged sarcolemma and mitochondria, calcium
overload, impaired mitochondrial function, and impaired oxidative metabolism.

DEFIBRILLATION: WAVEFORM

Tang et al. reported that the type of waveform used in defibrillation can influence
the degree of myocardial dysfunction that ensues following resuscitation (42). In a
study of 20 swine undergoing 4 or 7 minutes of untreated VF, they compared the effects
of biphasic vs conventional monophasic defibrillation on the degree of postresuscitation
myocardial dysfunction. After 4 minutes of untreated VF, the LV stroke volume, EF,
fractional area change, and LV-end diastolic volume were significantly greater in the
group defibrillated with biphasic waves. The same findings were noted when the VF
duration was increased to 7 minutes. Furthermore, successful resuscitation and sur-
vival was greater in the biphasic group, although those differences were not significant.
Niemann et al., however, found no relationship between defibrillation waveform and
post-resuscitation myocardial function (43). Studying 38 swine (26–36 kg) submitted
to 5 minutes of untreated VF then defibrillated with either monophasic (200 J, 300 J,
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360 J) or biphasic (150 J, 150 J, 150 J), they could not demonstrate any differences in
postresuscitation cardiac output, dP/dt, or peak LV pressure. The sensitivity of these
LV function measurements has been questioned (44), nonetheless the issue of whether
the type of defibrillation waveform contributes to postresuscitation ventricular dys-
function appears not yet resolved.

Current Treatment Options for Postresuscitation Myocardial Dysfunction
Several treatments for postresuscitation myocardial dysfunction have been proposed

and studied. Recognizing the similarities of postresuscitation myocardial “stunning”
with the global stunning seen after some cardiac surgery particularly postcardiac trans-
plantation, we explored the use of a -adrenergic agonist (dobutamine), which is com-
monly used in the immediate postcardiac surgery period (45). Previous work has shown
this agent to be a significant inotrope capable of enhancing LV function including stunned
myocardium (46).

Using our previously published porcine model of postresuscitation systolic and dias-
tolic LV dysfunction (19), we studied the effect of dobutamine infusions (10 μg/kg per
minute in 14 animals and 5 μg/kg per minute in 5 animals) begun 15 minutes after
resuscitation and compared to no treatment in 8 control animals (47). The marked dete-
rioration in systolic and diastolic LV function postresuscitation seen in the control ani-
mals was ameliorated in the dobutamine-treated animals (Fig. 5). Measurement of
isovolumic relaxation of the left ventricle (tau) demonstrated a similar benefit of the
dobutamine infusion for overcoming postresuscitation diastolic dysfunction. Tau rose,
indicating decreased LV compliance in control animals whereas it remained constant in
the dobutamine-treated animals (Fig. 6). LVEDP rose significantly in the control group
but not in the dobutamine group when comparing pre-arrest and 5-hour data (Fig. 7). Of
particular concern was the increased heart rate seen in the dobutamine-treated group.
Average heart rate at 30 minutes postresuscitation in animals treated with 10 μg/kg per
minute of dobutamine was 190 ± 12 beats per minute (bpm) as opposed to only 134 ± 8
bpm in the control group (p < 0.05). As a result of the excessive heart rate increase seen
in the animals receiving 10 μg/kg per minute of dobutamine, additional animals were

Fig. 5. Postresuscitation ejection fraction and dobutamine. (Adapted from ref. 47, with permission.)
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Fig. 6. Postresuscitation tau and dobutamine. (Adapted from ref. 47, with permission.)

studied post hoc using the same protocol except for a lower dose of dobutamine (5 μg/
kg per minute). Heart rate response was significantly less with 5 μg/kg per minute,
however LVEF did not improve as much as with the 10 μg/kg per minute dose.

Concern about raising heart rate (thereby increasing myocardial oxygen consumption
in a “sick” heart postresuscitation) stimulated a search for alternative treatments. Intra-
aortic balloon counterpulsation (IABP) seemed like a good choice. A commonly
employed therapy for severe but reversible heart failure (particularly with acute ischemic
disease), aortic counterpulsation has no intrinsic chronotropic effects, but has been
shown to decrease LV work while still maintaining adequate peripheral perfusion. IABP
aids cardiac performance primarily through reduction in afterload. This is reflected typi-
cally in a reduced systolic arterial pressure (generally decreased by 10–20%). Rather than
increase myocardial oxygen demand it improves myocardial oxygen delivery by increas-
ing coronary perfusion secondary to an increase in diastolic aortic pressure.

Fig. 7. Postresuscitation left ventricular end-diastolic pressure and dobutamine. (Adapted from
ref. 47, with permission.)
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We therefore designed a preliminary study to examine the efficacy of the IABP vs
dobutamine in the treatment of postresuscitative dysfunction in an established preclinical
CA model (48). We hypothesized that IABP will be a better therapy than dobutamine
because of its ability to improve acute myocardial dysfunction without increasing the
subsequent heart rate.

Ten domestic swine (49 ± 3 kg) underwent 15 minutes of untreated VF before being
successfully resuscitated. LV systolic and diastolic function was measured at pre-arrest
baseline, at 30 minutes and at 6 hours postresuscitation. Five animals were treated imme-
diately after resuscitation with IABP and five were given dobutamine (5 μg/kg per
minute).

At 30 minutes postresuscitation, pulmonary capillary wedge pressure and LVEDP
were significantly higher (16 vs 7mmHg and 20 vs 11 mmHg), whereas LV isovolumic
relaxation (tau) was significantly longer (34 vs 20 ms) in the IABP treated vs the
dobutamine treated animals. Likewise, at 6 hours postresuscitation LV EF was signifi-
cantly less (20% vs 38%), and LVEDP significantly higher (18 vs 10 mmHg) in the IABP
group. Heart rate was not different between the groups at any time postresuscitation.

Dobutamine was superior to IABP for treatment of postresuscitation LV systolic and
diastolic dysfunction, at least in our experimental model without antecedent coronary artery
disease (CAD). The hypothesized advantage of IABP for treatment of postresuscitation
myocardial stunning without excessively raising the heart rate like dobutamine was not
realized. The role for IABP in the clinical arena in which the typical victim of sudden
cardiac death has substantial coronary disease remains undefined.

 What’s the best dose of dobutamine in the setting of postresuscitation care? We
recently explored the optimal dose of dobutamine for postresuscitation myocardial dys-
function in our swine model (49). Twenty animals were studied for 6hours after success-
ful resuscitation, with five each receiving 0, 2, 5, or 7.5 μg/kg per minute of dobutamine.
Drug infusions were begun at 30 minutes postresuscitation. We found that both the 5 and
7.5 μg/kg per minute doses completely reversed the decline in EF. Both doses were
significantly better than either 2 μg/kg per minute or controls for improving systolic LV
function (Table 9). However, both also raised the heart rate at 6 hours postresuscitation
above that seen with either 2 μg/kg per minute or placebo controls. Only the higher dose
of 7.5 μg/kg per minute had an adverse effect on myocardial oxygen consumption.

In exploring other avenues of treatment, Weil, Tang, and coworkers examined the
possibility that ischemic preconditioning could ameliorate postresuscitation myocardial

Table 9
Optimal Dobutamine Dosing Postresuscitation: EF (%)

Time PR
dose Pre-arrest 25-minute  30-minute 2-hour 4-hour 6-hour
(μg/kg per minute) PR PR PR PR PR

0 49 35 35 34 28 33
2.5 49 33 34 43  37 41
5 47 29 38 45 46 48
7.5 42 27 43 44 45 46

EF, ejection fraction; PR, postresuscitation.
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dysfunction (50). Using a rodent CA model, five different strategies were tested includ-
ing: (a) ischemic preconditioning by repetitive episodes of short duration VF; (b) admin-
istration of a potassium adenosine triphosphate (ATP) channel activator (cromakalim);
(c) administration of a potassium ATP channel blocker (glibenclamide) 1 minute after
VF; (d) administration of a potassium ATP channel blocker (glibenclamide) 45 minutes
before ischemic preconditioning; and (e) administration of placebo. The potassium ATP
channel activator lowered CPP during CPR significantly, but produced a reduction of
postresuscitation myocardial dysfunction and an increase in postresuscitation survival.
Ischemic preconditioning by repetitive VF episodes also reduced postresuscitation myo-
cardial dysfunction significantly. LV dP/dt40, CI, and negative dP/dt40 were all improved
in rats undergoing preconditioning (whether by potassium ATP channel activation or by
repetitive VF episodes) when compared to placebo controls at 1, 2, 3, and 4 hours
postresuscitation. Forty-eight-hour survival was better in preconditioned animals than
either those receiving placebo or the potassium ATP channel blocker. Of note, providing
preconditioning through the pharmacological activation and opening of the potassium
ATP channel during cardiac resuscitation provided similar protective effects for
postresuscitation myocardial function as did ischemic preconditioning.

These same investigators reported preliminary data on the use of 21-aminosteroids for
the treatment of postresuscitation myocardial dysfunction at the American Heart
Association’s (AHA) Scientific Sessions 2000 (51). Such compounds have been shown
to minimize reperfusion injury mediated by liberation of free radicals. Weil, Tang, and
associates tested their administration for improved postresuscitation function and better
neurologically normal survival. VF was induced in 10 rats, left untreated for 8 min-
utes, and then CPR was performed for an additional 6 minutes prior to defibrillation.
A 21-aminosteroid (U-74389G-Upjohn) was injected into the right atrium 1 minute
prior to starting CPR in five animals with placebo injected into the others. CI, dP/dt40,
negative dP/dt40, LVEDP were all better postresuscitation in the group treated with the
21-aminosteroid. Neurological deficit scores were less in the active treatment group
(33 ± 66 vs 151 ± 63; p < 0.05), and duration of postresuscitation survival was also greater
(57 ± 22 vs 29 ± 16 hours; p < 0.05). These investigators concluded that 21-aminosteroids
administered during CPR improve post resuscitation myocardial function, neurological
outcome, and postresuscitation survival. Whether similar results can be achieved by their
administration after resuscitation is unknown.

FUTURE DIRECTIONS IN STUDYING POSTRESUSCITATION MYOCARDIAL DYSFUNCTION

The possibility of improving long-term outcome following CA by better understand-
ing, preventing, or treating postresuscitation myocardial dysfunction is exciting and
promising. Several intriguing pathways have been suggested recently for future study in
this regard (15).

The possibility of preventing much of the myocardial dysfunction following resusci-
tation from prolonged CA by inducing a state of suspended animation or hibernation
during CA is appealing. Hibernating animals tolerate ischemic and reperfusion condi-
tions as they enter and emerge from hibernation without apparent injury. Remarkably,
such animals regulate their local and systemic oxygen needs, reducing them to levels in
which ischemic injury does not occur, even when oxygen delivery is substantially com-
promised. Heart rate may decline to 5% of normal levels during hibernation, yet no
ischemia seems to occur nor does the rhythm degenerate into VF or complete asystole.
After arousal and with restoration of normal heart rates and oxygen delivery, no
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reperfusion injury is evident. Molecular signaling mechanisms and intracellular cascades
are just now being defined and discovered. Application of such discoveries in the field
of resuscitation science hold great hope for extending the time limits for successful
resuscitation with reduced postresuscitation injuries.

Hypothermia is another recognized therapeutic modality with promise in the field
of resuscitation. Two recent clinical reports (52,53) have shown improved CNS out-
come in CA survivors treated with mild hypothermia postresuscitation. Very little has
yet been done examining the effects of hypothermia on myocardial function
postresuscitation. One report calls for caution however, after showing increased his-
tological damage to the myocardium after induction of postresuscitation moderate (28–
32ºC) hypothermia (54). No functional assessment of LV or RV function was performed
in this study however.

SUMMARY

Myocardial dysfunction postresuscitation is now well described and characterized in
both experimental models and in clinical studies. Both systolic and diastolic functions are
affected. Both the left and right ventricles can be involved. Global decreases in systolic
and diastolic function are temporary, and full recovery is possible. Large animal models
used in translational experiments suggest that 48 hours is required for full recovery.
Clinically, this period may be longer depending on the precedent ventricular function and
underlying CAD. Severe compromise of myocardial function can occur and lead to death
from acute pump failure, shock. and recurrent CA if therapy is not undertaken. Successful
reversal of both LV and RV dysfunction postresuscitation has been achieved with
dobutamine in experimental models. Preconditioning with potassium ATP channel activa-
tion may also improve both postresuscitation myocardial dysfunction and outcome.
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INTRODUCTION

Permanent brain damage caused by ischemia and reperfusion that results from disease
processes such as stroke and cardiac arrest (CA) with resuscitation has been estimated to
affect approx 200,000 patients in the United States annually (1). Neuronal damage from
stroke and CA occur by different mechanistic models of injury. In ischemic stroke, only
a portion of the brain is at risk, and the ischemia is only complete in the center of the
vulnerable area. This central area of dense ischemia is surrounded by a penumbral zone
in which blood flow is diminished but not completely lost. As opposed to CA with
resuscitation, flow ceases altogether and the entire brain is at risk for a transient period
of complete ischemia followed by reperfusion (2).

Neuronal impairment after ischemia and reperfusion from CA is determined by many
elements, including arrest (no-flow) time, resuscitation (low-flow) time, reperfusion
(no-flow, hyperemic phase, and global and multifocal hypoperfusion) severity, and
temperature. The enormous significance of the postresuscitation phase for long-term
outcome is often underestimated. Nevertheless, the time from onset of cardiopulmonary
arrest (CPA) until restoration of an effective spontaneous circulation is, probably the
single most vital determinant of long-term, neurologically intact survival from CPA. The
majority of neuronal-injuring processes occur not during the actual CA or resuscitation
but throughout reperfusion.

The idea of cerebral resuscitation was first introduced by Peter Safar in the 1970s and
started with the concept of “brains too good to die” after cardiac standstill (3). Despite
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all the marvelous and exciting improvement in resuscitation techniques in the last few
decades, neurological recovery continues to be the major limiting factor in acquiring a
meaningful quality of life postresuscitation. Cerebral injury occurring after CA and resus-
citation becomes a primary focus in the management priorities in the postresuscitation
phase of care. Unfortunately, recent estimates show that only 3–10% of cardiopulmonary
resuscitation (CPR) attempts outside of the hospital setting result in survival without
brain damage (4,5). The poor tolerance of neurons to global ischemia accounts for much
of the morbidity and mortality associated with CA. Additionally, in the last two decades,
research focused on amelioration of neuronal injury has been extensive but at best frus-
trating, principally because the mechanisms responsible for the injury caused by cerebral
ischemia and reperfusion are extremely complicated and multifactorial in nature and not
yet entirely understood.

In addition to cerebral dysfunction following global ischemia, other factors contribute
to the morbidity and mortality after CA, which may hinder recuperation from neuronal
injury. These include cardiovascular and hemodynamic derangements, respiratory insuf-
ficiency, and hyperthermia, all of which are common after the return of spontaneous
circulation (ROSC [6,7]). Although the multiorgan dysfunction syndrome from other
causes such as hemorrhagic or septic shock has been linked by an intermediary state
termed systemic inflammatory response syndrome (SIRS), there is limited evidence for
a clear relationship between that syndrome and the postresuscitation syndrome (8,9).
Instead, it appears more likely that protracted derangements of hemodynamic and respi-
ratory function, many of which may be iatrogenic in nature, in the postresuscitation
period are fundamentally responsible. The postresuscitation syndrome proved to affect
primarily the brain, but also to some extent the extracerebral organs, even when systemic
blood pressure, arterial blood gases, and blood volume were normalized. This syndrome
is identified by protracted tissue acidosis and reduced cardiac output and tissue perfusion.

Shortly after resuscitation, patients may display a wide range of physiological condi-
tions. Patients may regain normal hemodynamic and cerebral function. On the other
hand, many remain comatose with cardiopulmonary insufficiency. All patients require
meticulous, repeated assessments to establish the status of their neurologic and cardio-
pulmonary systems. Postresuscitation goals include preservation of brain function and
optimization of respiratory, cardiovascular, metabolic, renal, and hepatic function in
order to arrest secondary organ injury. Additionally, it includes an assessment and treat-
ment for the cause of the CA.

To improve on the survival after ROSC, one fundamental objective is the complete
reestablishment of regional cerebral perfusion. In normal circumstances, cerebral blood
flow is autoregulated such that it is independent of perfusion pressure over a wide range of
blood pressures, usually between a mean arterial blood pressure (MABP) of 50 to150 torr
(10). After global brain ischemia, however, autoregulation is lost, and perfusion becomes
contingent on arterial pressure primarily. Consequently, the occurrence of postresuscitation
hypotension, a common phenomenon, can reduce cerebral blood flow severely and result
in further brain damage (11). Therefore, after restoration of spontaneous circulation,
MABP should be at least normalized, and attaining a blood pressure higher than pre-
arrest values by administration of fluids or vasopressors may be even more beneficial (2).

A consistent problem in the postresuscitation phase is counting on simple vital signs
to indicate adequate resuscitation. Simple restoration of blood pressure, even in the
presence of excellent coronary perfusion alone and improvement in tissue gas exchange
do not necessarily correlate with better survival (12). However, if spontaneous ventila-
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tion and circulation do not occur early, then successful cerebral resuscitation usually does
not happen. These commonly used endpoints fail to indicate appropriate resuscitation of
end-organs and restoration of their blood supply which contribute to continued organ
dysfunction after an ischemic and reperfusion injury (13,14).

Particularly vulnerable neurons die, in part, because of a complex cascade of events
during reperfusion. Reverting the patient to the level of pre-arrest neurological function
is the ultimate goal of resuscitation. This objective has been termed cardiopulmonary–
cerebral resuscitation (CPCR) by Dr. Safar (15). Cerebral dysfunction occurring after
flow is reestablished is contingent on the severity and duration of the ischemic insult (16).
The shorter the interval between onset of CA and restoration of systemic and cerebral
blood flow, the greater the success of resuscitation and likelihood of hospital discharge
(17). Prevention of postresuscitation cerebral dysfunction is dependent on decreasing the
downtime interval and increasing perfusion to the brain and heart during CPR. The best
method for decreasing the downtime interval and reducing the severity of the
postresuscitation syndrome is summarized in the American Heart Association’s (AHA)
“chain of survival,” which calls for early activation of the emergency medical services,
early CPR, early defibrillation, and early advanced life support (18). Cerebral viability
appears to require at least 20% of normal cerebral blood flow, which standard external
CPR cannot reliably generate (19). Occasionally, optimal standard CPR may produce a
sufficiently high cerebral blood flow, but cannot sustain electroencephalogram (EEG)
activity or cerebral oxygenation (20).

Numerous techniques have been designed to improve blood flow during cardiac stand-
still. Several new experimental CPR methods have been shown to augment cerebral
blood flow and outcomes in animal models and some have been shown to improve
outcome in limited human trails. Recently, mild induced hypothermia has been the only
clinically effective therapeutic protocol for amelioration of brain damage caused by
ischemia and reperfusion. Clinical trials of therapies directed at reducing the extent of
ultimate neuronal damage by use of either barbiturate, calcium antagonist, excitatory
amino acid blockers, oxygen-free radical inhibitors, and protein synthesis modulators
have been at best disappointing. The limitation of most therapies currently being devel-
oped to attenuate neuronal damage after CA is that they affect a single pathway impli-
cated in the ischemic and reperfusion syndrome. Neuronal injury as a result of ischemia
and reperfusion is a complex and multifactorial disease. Thus, it is unlikely that a single
therapeutic option is going to be effective (15,21,22). Recently, the 5-minute limit for
neuronal survival from normothermic arrest has recently been extended to 11 minutes
with the use of a combination treatment regime (23). The complex pathogenesis of
neuronal damage from ischemia and reperfusion is more likely to be amenable to a
combination of therapies directed at specific mechanisms for injury (15,24).

The ultimate goal of CPR research is to find methods that can improve survival and
postresuscitation quality of life in patients with CA. To accomplish this, an understanding
of the pathways implicated in neuronal death and neuronal repair during ischemia and
reperfusion and the issues that modulate these processes are critical. Experimental stud-
ies performed at the cellular level have begun to define vital determinants in the process
of cerebral dysfunction and have shown promise toward improving neurological out-
come. Further understanding of the elemental pathways involved in the pathophysiology
of neuronal injury and repair may allow for a paradigm shift in therapeutic approaches.
Because the mechanism for neuronal injury is multifactorial, therapy directed at the most
prominent mechanisms that lead to brain damage must be developed. This chapter pro-
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vides an overview of the present knowledge about the mechanisms underlying cerebral
dysfunction from ischemia and reperfusion. Additionally, it describes treatment modali-
ties, some speculative, for the amelioration of cerebral dysfunction associated with CA.

CEREBRAL DYSFUNCTION: PATHOPHYSIOLOGY

Standard CPR often allows ROSC, but cannot be relied on to protect the brain from
injury during resuscitation. Disruption of blood flow to the brain for even a few minutes
with restoration of perfusion sets in motion a cascade of cellular derangements resulting
in continued neuronal damage. These cascades appear to be triggered in part by cellular
energy depletion during ischemia from CA and circulation of oxygenated, acidotic blood
during reperfusion. After global ischemia from CA, reperfusion and reoxygenation of
tissues is necessary to restore energy metabolism and cell viability and remove toxic
metabolites. Reperfusion, although essential for reestablishing energy metabolism and
cell viability, results in generation of oxygen-free radicals, release of excitatory amino
acids, nitric oxide and inflammatory mediators, increase in intracellular calcium and
many additional derangements at the cellular level. All of these processes create a tissue
milieu responsible for the postresuscitation syndrome. Following a CA with no flow of
greater than 10 minutes with subsequent reperfusion generates the cerebral postresuscitation
syndrome or postischemic-anoxic encephalopathy. This syndrome consists of a series of
multiple organ system derangements, which may hinder recovery from CA even when
systemic arterial pressure, arterial blood gases, and blood volume are maintained at
normal levels.

The precise mechanisms by which ischemia and reperfusion causes neuronal injury
and produces cerebral postresuscitation syndrome has not been established firmly and is
generally assumed to be multifactorial (15,22,25–27). Many of these processes are still
speculative and are being studied actively. Some of the mechanisms for neuronal injury
include the following:

1. Depletion of adenosine triphosphate (ATP).
2. Derangements in neuronal ion membrane.
3. Perfusion abnormalities.
4. Brain tissue acidosis.
5. Reoxygenation chemical cascades leading to generation of oxygen-free radicals and

release of excitatory amino acids resulting in cellular death.
6. Influx of calcium flux and sodium with cell swelling
7. Nitric oxide release.
8. Post-arrest activation of the inflammatory mediators.
9. Loss of protein translation competence.

10. Calpain-mediated proteolysis.
11. Derangements as a result of blood stasis.
12. Inhibition of growth-factor signal transduction.
13. Induction of apoptosis.
14. Extracellular organ and tissue derangements (see Fig. 1).

Based on conventional staining, morphological evidence shows that most structural
cellular damage in vulnerable neurons occurs during reperfusion in two phases (28,29).
Cytosolic microvacuolization is noted within the first 15 minutes of reperfusion, although
a substantial degree of normalization occurs over the next hour. Further morphological
evidence of progressive damage to these neurons is then seen throughout the following
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6 hours. At about 24 hours post-arrest and notably by 48 to 72 hours post-arrest the
irreversible morphologic changes can be seen scattered on light microscopy in some
neurons (30,31). The histological features of necrotic cell death include mitochondrial
and nuclear swelling, dissolution of organelles, and condensation of chromatin around
the nucleus. These events are followed subsequently by the rupture of nuclear and cyto-
plasmic membranes and the degradation of DNA by random enzymatic cleavage (31).
The ongoing neuronal damage occurring 48 to 72 hours after reperfusion from CA raises
hope that new promising resuscitative therapies may be effective in ameliorating neu-
ronal damage (32).

Ischemic brain edema results from both cell swelling (cytotoxic edema) and increased
blood vessel permeability (vasogenic edema). Although intracranial pressure remains
normal after survivable CA, extracellular-to-intracellular fluid and electrolytes shifts
occur early during ischemia leading to cytotoxic edema (30,33). Vasogenic edema may
occur later during reperfusion following severe insults and is made worse by hypoxia or
hypercapnia (30,34). Reperfusion restores blood flow, bringing oxygen, glucose, and
leukocytes to the injured neurons. Several tissue and leukocyte-derived mediators, (e.g.,
oxygen-free radicals, nitric oxide [NO]), and proteases) are released. These mediators

Fig. 1. A schematic representation of the mechanism involved in ischemia and reperfusion neu-
ronal injury.
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promote microvascular permeability, damage the blood–brain barrier (BBB) and are
responsible for the generation of vasogenic edema (35). Vasogenic edema plays a critical
role because of the increased risk for hemorrhage from damaged blood vessels and excess
fluid (36).

Other mechanisms of cerebral edema formation have been described in focal ischemic
models, but have yet to be proven in global ischemia from CA. An abnormality in a brain
water transport protein, called aquaporin 4 (AQP4) can contribute to brain edema (37).
Another pathway thought to contribute to ischemia and reperfusion injury is through the
formation and release of matrix metalloproteinases (MMPs [38]). They constitute a
family of at least 20 zinc-containing serine proteases. After a focal ischemic and
reperfusion injury, the MMPs are thought to contribute to the breakdown of the BBB
integrity and have been involved in several phases of inflammation (39).

If the brain edema is untreated, it will lead to an increase in intracranial pressure (ICP)
as a result of the brain being enclosed in a rigid cranial vault with limited room for
expansion. Further increases in ICP will eventually lead to compression of cerebral
tissue, decreased cerebral perfusion pressure, impaired cerebral blood flow, and further
neuronal injury. Characterizing the pathogenesis of cerebral edema formation may one
day lead to therapeutic agents that may attenuate neurological damage after a CA.

CEREBRAL BLOOD FLOW

Normal Brain
Under normal circumstances, autoregulation preserves global cerebral blood flow

(gCBF) constant at about 50 ml/100g brain tissue per minute, within a broad range of
mean arterial pressure. CBF is maintained despite varying cerebral perfusion pressure
(CPP). CPP is represented by the equation of MABP minus ICP and is maintained gen-
erally between 50 and 150 mmHg.

Brain cells require a continuous supply of oxygen and glucose, two primary substrates
for brain metabolism. High-energy phosphates are produced primarily from oxidative
metabolism of glucose. A significant amount of the ATP is used to maintain ionic equi-
librium across neural membranes by the Na+-K+ ATPase, Ca2+ ATPase, and pathways
involved in the synthesis, reuptake, and metabolism of neurotransmitters (40).

Ischemic Brain
When CPP is below 50 mmHg, CBF starts to decrease. When CPP is reduced below

40 to 50 mmHg, autoregulatory reserve is exhausted, CBF decreases, and oxygen extrac-
tion increases. When CPP is reduced below about 30 mmHg, oxygen extraction is at
maximal, although cerebral oxygen consumption decreases (41). During incomplete
ischemia, as seen with standard CPR, the viability of normal neurons becomes threatened
by CPP less than 30 mmHg, gCBF less than 15 mL/100 g of brain tissue per minute or
cerebral venous oxygen partial pressure (PO2) of less than 20 torr (42,43). The brain
tolerates low flow (CBF 10% of normal) better than no flow or trickle flow (<5 mL/100 g
of brain tissue per minute [44]). Trickle flow is usually meant to imply very low blood flow
that is adequate to provide sufficient glucose delivery for anaerobic glycolysis but only
able to support very limited oxidative phosphorylation.

During a CA there is either loss or rightward shift of autoregulation (45). With loss of
autoregulation, CBF becomes contingent on CPP. One must keep MABP at a higher level
than expected to maintain cerebral perfusion adequate during a resuscitation. This has
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been confirmed in an animal model, in which a higher CPP was required to restore CBF
and ATP when CPR was delayed for 6 minutes than if CPR was initiated immediately
following induction of ventricular fibrillation (VF [46]).

Perfusion Failure
No cell depends more on oxygen and glucose than a neuron. The vulnerability to

oxygen deprivation derives from the brain’s predominantly aerobic metabolism, lack of
energy reserves, and significant activity of ion-transporting pathways. With sudden CA
at normothermia, loss of oxygen delivery to the brain and loss of consciousness occur
within 10 seconds, although EEG activity becomes isoelectric within 20 seconds (43,47).
Following sudden CA, high-energy phosphates are depleted more rapidly in the brain
than in most other organs and because of limited reserves results in energy failure.
Reduced oxygen delivery causes cells to revert to anaerobic metabolism. Anaerobic
metabolism of tissue stores of glucose and glycogen produces small amounts of ATP for
several minutes. During anaerobic metabolism, consumption of a unit of glucose results
in the formation of lactic acid and 2 ATP molecules as compared to 32 ATP molecules
generated via aerobic pathways (48). The currently accepted maximal period of time of
normothermic no flow that is consistently reversible to complete recovery of neuronal
function is less than 5 minutes (49). Evidence for this 5-minute limit includes maximal
depletion of brain glucose and ATP stores with no activity of the membrane Na+-K+

ATPase pump (50). This 5-minute limit is being challenged by the observation that
occasional animals or humans recover after 10 minutes of arrest time (51). However, even
though there is complete gross neurological recovery after normothermic VF of 5 min-
utes in a dog model, there is some evidence of early damage to vulnerable neurons on
histological examinations of the brain (52).

During cerebral ischemia, intracellular calcium loading, increased extracellular con-
centration of excitatory amino acids, and brain tissue lactic acidosis set the stage for
reoxygenation injury (43,53–55). These mechanisms seem to be in part responsible for
the phenomenon of “selective vulnerability” of neurons from an ischemic and reperfusion
injury. These neurons include specifically the cornu ammonis-1 (CA-1) and CA4 sector
of hippocampus, thalamic reticular nucleus, cortical layers III, V, and VI, and cerebellar
Purkinje cells (1,56).

Cerebral perfusion abnormalities occur both during CA and after return of spontane-
ous circulation. Reperfusion, but not autoregulation, is recovered with the initiation of
CPR. When a patient is resuscitated successfully and there is ROSC, the brain appears
to pass through four stages of abnormal perfusion and substrate delivery, which leads to
further injury, especially to vulnerable neurons.

These stages are as follows:
• Immediate multifocal absence of reperfusion (“no-reflow phenomenon”). This has been

readily prevented by maintaining normal postresuscitation blood pressures or with
slightly elevated blood pressures (24,57). Early postresuscitation hypotension can be
detrimental by not overcoming the absent reperfusion in vulnerable neurons.

• Transient global hyperemia lasting between 5 and 40 minutes (33,58). Increasing the
duration of ischemia usually increases the duration of hyperemia, except after extremely
long ischemic times when severe brain edema may restrict reperfusion altogether (59).
The mechanism of vasodilation is multifactorial and includes elevated extracellular
concentrations of potassium and adenosine and decreases in extracellular pH and calcium
(60). Using xenon studies in dogs, this hyperemia is relatively heterogeneous among
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brain regions and areas with diminished perfusion are likely as a result of swollen astro-
cytes that impede blood flow (61). The uneven distribution may account for why some
neurons are not vulnerable to ischemic injury.

• Delayed, prolonged global and multifocal hypoperfusion throughout the brain and is
evident 2 to 12 hours postarrest (33,58,62).gCBF is reduced to 50% of pre-arrest values,
however global oxygen uptake returns to normal or above pre-arrest values (53,60).
Cerebral venous PO2 may show a critically low level (<20 mmHg), reflecting mismatch-
ing of oxygen delivery and uptake (63). The etiology is most likely multifactorial and
includes vasospasm, edema formation, blood cell aggregates, and excessive release of
endothelins (64).

• This stage is characterized by either: (a) resolution, when normal CBF and oxygen uptake
return to normal and consciousness occurs; (b) persistent coma, when both CBF and
oxygen uptake remains low; or (c) secondary hyperemia with associated decrease oxygen
uptake and eventual neuronal death (2,22,58,63). This reduction occurs even if cerebral
perfusion is normal. Any elevation of ICP or reduction in systemic MABP may reduce
CPP and further compromise CBF and ultimately leads to more neuronal injury. Physi-
ological mechanisms responsible for persistent hypoperfusion may involve impairment
of endothelial-dependent vasodilation in arterioles or CBF responses to CO2; hypoxia or
blood pressure; decreased red blood cell deformability; increased platelet aggregation;
pericapillary cellular edema; and abnormal calcium fluxes (43,65,66).

Reoxygenation Chemical Cascades

Reoxygentation (Fig. 2), although effective and a prerequisite for restoring energy
charge, also has been implicated in the chemical cascades that ultimately result in lipid
peroxidation with destruction of plasma membranes and neuronal DNA (67). These
cascades include intracellular calcium loading, release of excitatory amino acids, genera-
tion of oxygen-free radicals, free iron mobilization, and intracellular acidosis. These
cascades have been demonstrated in vitro and in extracerebral organs. However, only
partial evidence of their presence have been recognized in the brain (68). Excitatory
amino acids and lactic acid are removed quickly during reperfusion, although ionic
balance takes longer time to be restored to normal (69). Although there may be transient
elevation of intracellular calcium after an arrest, treatable surges in brain intracellular
calcium after arrest remain yet to be demonstrated (1). Some of these molecular changes
could merely be an epiphenomena of permanent brain injury, whereas other chemical
events might explain why dying neurons can be found side by side with surviving cells.

The pathogenesis of postresuscitation cerebral dysfunction is complex. Cell injury
develops not only as a direct result of oxygen deprivation and ATP depletion during the
interval of CA but also as a result of cellular events that develop only after reperfusion
with oxygenated blood has been established. There are two main theories explaining the
injury caused to selectively vulnerable neurons. The excitotoxic amino acid neu-
rotransmitter theory focuses largely on events during ischemia, although the oxygen-free
radical theory focuses primarily on events during reperfusion. These theories are not
mutually exclusive, and considerable evidence supports each of them independently.
There is evidence that calcium entry into a cell is mediated by both energy depletion and
glutamate receptor activation during ischemia. Furthermore, substantial evidence exists
for membrane damage caused by both calcium activation of lipases and oxygen-free
radical generation during reperfusion. Unfortunately, treatments directed at only one of
the mechanisms have not yet been shown to be beneficial.
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Normal Neuronal Cell Membrane Function
To understand the initial neurological derangement that accompanies global cerebral

ischemia, one must first understand the normal physiologic conditions that occur in the
neuron. Because of the marked permeability of cellular membranes to potassium, the
distribution of potassium largely determines the cellular membrane potential. ATP is
used primarily to maintain an elevated intracellular potassium by exchanging 3 Na+ for
2 K+. These changes result in an intracellular concentration of potassium 40 times that
of the extracellular concentration (70). Extracellular calcium is increased by 1 Ca2+ in
exchange for 2 Na+. The net result of these active processes is that extracellular sodium
concentration are 10 times greater than intracellular concentration and extracellular cal-
cium is 10,000 times greater than intracellular concentration (71).

When an influx of calcium occurs, most of it is buffered rapidly or sequestered intra-
cellularly, resulting in only small, brief increases in cytosolic Ca2+ (72). Such bufferering
may become saturated if a large influx of Ca2+ is sustained, as is postulated to occur during
global ischemia. The regulation of [Ca2+]i is achieved by the plasma membrane Ca2+/
Mg2+-ATPase (Ca2+ gate), the ATP-dependent uptake of Ca2+ into the endoplasmic
reticulum and mitochondria, and by the arachidonic acid (AA) cascade. The Na+/Ca2+

exchanger normally represents the principal efflux pathway for Ca2+. It utilizes the usual
Na+ gradient to allow Ca2+ efflux but is capable of reversal under circumstances in which
[Na+]i is elevated, such as with depletion of ATP during ischemia and membrane depo-
larization (73). The release of bound Ca2+ from the endoplasmic reticulum is believed to
occur from stimulation of specific membrane receptors that causes activation of phospho-
lipase C enzyme. This enzyme hydrolyzes the membrane lipid phosphatidyllinositol,
yielding the second messengers inositol-1,4,5 triphosphate (IP3) and/or by free arachi-
donic acid. IP3 mobilizes Ca2+ stores from the endoplasmic reticulum. Release of Ca2+

bound in mitochondria is not thought to occur until the endoplasmic reticulum stores are
depleted. The initial response of many different cell types to stimulation, such as in
ischemia and reperfusion, is an increase in [Ca2+]i as a result of release of intracellular
endoplasmic reticulum-bound Ca2+, an influx of extracellular Ca2+, or both.

During Ischemia: Excitotoxic Amino Acid Neurotransmitter Theory
of Neuronal Death and Calcium Overload

This theory is often referred to as the excitotoxicity theory of neuronal death because
damage is prominent in neurons with excitatory neurotransmitter receptors, such as those
for glutamate and aspartate, and not in neurons with inhibitory neurotransmitter recep-
tors, such as those for -aminobutyric acid (GABA). The amino acids glutamate and
aspartate are ubiquitous excitatory amino acid (EAA) neurotransmitters, eliciting fast
excitatory responses at postsynaptic receptor sites, primarily of dendritic origin (74).
There are two classes of glutamate receptors, the ionotropic receptor, which are ligand-
gated ion channels, and the metabotropic glutamate receptors, which are coupled to
cellular effectors via guanosine triphosphate (GTP)-binding proteins. The types of recep-
tors on selectively vulnerable neurons include: two subtypes of glutamate ionotropic
receptors that are activated by either N-methyl-D-aspartate (NMDA), or -amino-3-
hydroxyl-5-methyl-4-isoxazole proprionic acid (AMPA); and the metabotropic recep-
tors, activated selectively by quisqualate (Q).

Signal transmission between neurons is mediated by release from presynaptic neurons
of chemical neurotransmitters that bind to postsynaptic membrane surface receptors and
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activate them. One of the first events during ischemia is the net loss of intracellular
potassium (75). This intracellular potassium loss occurs when there is approx 50% reduc-
tion in CBF (71). The mechanism of this efflux is not understood well, because this K+

efflux during early ischemia is not associated with an equal gain in intracellular sodium
(76). The K+ efflux occurs well before the cells are energy depleted.

With advance global ischemia, cellular energy stores are exhausted and approaches 0
within about 4 minutes (77). The EAA neurotransmitter theory states that the rapid
depletion in cerebral phosphocreatine (PCr) and ATP during ischemia induces an inhi-
bition of the Na+-K+ ATPase membrane pump. The effect is a net efflux of K+and a net
influx of Na+ (27,68). Increased tissue acidosis causes H+ accumulation with further
influx of Na+ via the Na+/H+ exchanger (78). The rise in intracellular Na+ also leads to
an osmotically driven net influx of water, which is responsible for causing cytosolic
edema. A net influx of Ca2+ occurs when intracellular sodium is exchanged with extra-
cellular calcium by way of the Na+/Ca2+ exchanger (79). The increase in intracellular
Ca2+ mobilizes a set of events, including lipolysis during ischemia followed by free fatty
acid metabolism and generation of superoxide radical (O2

-) during reperfusion.
These electrolyte derangements create a prolonged depolarization of the plasma mem-

brane that leads to a release into the extracellular fluid of an immense amount of the
neurotransmitters glutamate and aspartate (80). Excitotoxic neurotransmitters bind to
two inotropic receptors that are distinctively activated by NMDA or AMPA on the
selectively vulnerable neurons. The rise in extracellular glutamate causes an extended
and excessive activation of these receptors. The result is opening of channels that indi-
rectly or directly cause an increase in the influx of calcium into the cytosol of the cell
(15,53,81). Increased intracellular calcium itself activates glutamate release from presyn-
aptic vesicles containing the neurotransmitter (77). Re-uptake of glutamate is inhibited by
AA or products of lipid peroxidation and results in further activation of inotropic recep-
tors (82). AMPA receptor activation specifically opens a Na+ channel. Na+ influx occurs
along a steep electrochemical gradient, which also allows Cl- to enter via normal or
activated anion channels. A secondary effect of the Na+ influx is the translocation of
osmotically obliged water into the cell leading to cytosolic edema. The increased intra-
cellular Na+ is speculated to induce reversal of the normal Ca2+ extrusion through the Na+/
Ca2+ antiporter, thereby resulting in a further increase in intracellular Ca2+. Activation of
the NMDA receptor opens a Ca2+ channel, allowing Ca2+ influx. The Ca2+ conductance
is strongly antagonized by Mg2+, which blocks the channel in a voltage-dependent man-
ner (83).

The metabotropic glutamate receptor subtypes do not control ion channels directly but
are linked by GTP-binding proteins to second messenger systems, involving phospholi-
pase C and phopholipase D enzymes. Activation can lead to a rise in inositol-1,4,5
triphophate (IP3) which act to release Ca2+ from intracellular stores (84).

Excessive intracellular calcium ions leads to activation of calcium-dependent enzymes,
including phopholipases, protease μ-calpain, and endonucleases, which degrade mem-
brane lipids and specific proteins, respectively (85,86). The phospholipases are a ubiq-
uitous family of enzymes, found both in the cytosol, plasmalemma, and mitochondrial
membrane, that hydrolyze functional groups from phospholipids (87). Increases in [Ca2+];
specifically activates phopholipase A2, which cleaves fatty acyl chains from the position
of phopholipids (PL) into free fatty acids, particularly AA. The degree of lipolysis during
ischemia in the selectively vulnerable neurons is significantly greater than in other areas
of the brain (88). AA causes increased activity of the cyclooxygenase pathway to produce
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prostaglandins, including thromboxane A2, and the lipoxygenase pathway to produce
leukotrienes. These products operate as neurotransmitters and signal transducers in neu-
rons and glial cells and activate thrombotic and inflammatory pathways in the microcir-
culation.

During no flow, the hydrolysis of ATP to AMP leads to an accumulation of adenosine,
inosine, and hypoxanthine (Fig. 3). Increased intracellular calcium causes Ca2+-activated
proteases, such as μ-calpein, which augment the conversion of the enzyme xanthine
dehydrogenase to xanthine oxidase (XO), priming the neuron for the production of oxy-
gen-free radical superoxide (O2

–) during reperfusion when oxygen is reintroduced (89).
XO catalyzes the oxidation of hypoxanthine to xanthine and uric acid by O2, with the
formation of O2

–. This results from the creation during reperfusion of incompletely reduced
O2 species that occur from electrophilic attack of cellular molecules and a deficiency in
enzymes that detoxify these potent oxidizers and their precursors (90). This ultimately
results in destruction of cytoskeleton proteins and nuclear DNA.

Identification of this massive early shift of calcium was subsequently followed by
interest in the hypothesis that neuronal calcium overloading was the fundamental process
initiating chemical cascades resulting in neuronal death (53,91). The hypothesis predicts
that some cells have a higher density of calcium channels in their plasma membranes,
thereby making these neurons more vulnerable during ischemia to injury (92). Addition-
ally, sections of the brain that were most vulnerable to ischemic cell death showed the
greatest changes in Ca2+ (93). Accumulating evidence supports the concept that Ca2+

overload and ischemic neuronal injury may be linked to cellular Na+ overload (94).
Studies that have employed voltage-gated Ca2+ channel blockers have mostly been inef-
fective in reducing neuronal injury partly as a result of the Na+/Ca2+ exchanger as the
mediator of the injury (95). However, evidence for implicating Na+ loading is lacking and
further research is required to define its role with more precision.

Fig. 3. Schematic diagram of superoxide generation by the xanthine/xanthine oxidase system after
ischemia and reperfusion.
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The calcium hypothesis has been recently been challenged on grounds that it is not
known whether a rise in free cytosolic calcium concentration precedes or merely is a
consequence of neuronal death. Proponents against this theory have shown that EAAs are
not required for the occurrence of intracellular calcium overload. Energy depletion and
persistent depolarization result in calcium influx (43). Although it has been shown that
an ischemia-induced increase in extracellular glutamate is restored quickly to basal levels
following reperfusion, a secondary elevation of glutamate has been observed in vivo (96).
Furthermore, microscopic studies have documented that neuronal calcium overloading
is corrected rapidly within 15 minutes of reperfusion. Therefore, persistent calcium
overloading is not a problem during early reperfusion, when progressive ultrastructural
damage is seen. Additionally, breakdown of cytoskeletal components and loss of ordered
membrane function can occur without an increase in intracellular Ca2+ and that depletion
of ATP is the main detrimental factor to the survival of the cell (97). It has been theorized
that lipolysis during ischemia may occur from agonist-dependent activation of phospho-
lipase C instead of from Ca2+ activation of phospholiase A2 (98). These results do not
eliminate the possibility that calcium influx is a significant mediator of early ischemic
neuronal damage, and in fact it is well known that a marked increase in intracellular Ca2+

accelerates other reactions that are harmful to the survival of the cell (92).

During Reperfusion and Reoxygenation:
Oxygen-Derived Free Radicals Theory

Respiring cells are able to reduce molecular oxygen (dioxygen, O2) by four electrons
to water (H2O) via cytochrome c oxidase, without creating any free intermediary species
of reduced O2. Most cells have added mechanisms, enzymatic or nonenzymatic, by which
O2 can be reduced by only, one, two, or three electrons giving rise to superoxide radical
(O2

–), hydrogen peroxide (H2O2) and the highly reactive hydroxyl radical (OH•), respec-
tively (89). The term oxygen-derived free radicals is applied to compounds derived from
molecular oxygen that have acquired fewer than four electrons. The sites for production
of free radicals include the mitochondrial respiratory chain, sequences catalyzed by
cyclooxygenase and lipooxygenase, autoxidation of certain compounds, and the XO
reaction.

In the oxygen-free radical theory, selective neuron vulnerability occurs primarily
during reperfusion. There are two principal theories for the generation of free radicals,
which include XO and iron. Forms of oxygen-free radicals implicated in reperfusion
injury include the superoxide anion, hydrogen peroxide, and the highly reactive hydroxyl
ion (89). The oxygen-derived free radicals species can hinder various cell functions (99).
There is increasing evidence that these species may be the causative agents in a number
of pathologic conditions, including cerebral ischemia-reoxygenation injury (100). Selec-
tively vulnerable neurons are particularly prone to oxygen free radical-induced damage,
specifically lipid peroxidation. These neurons are deficient in glutathione peroxidase and
are surrounded by iron-laden supporting cells that release this iron during ischemia and
reperfusion (101).

It now appears likely oxygen-free radical species, notably OH•, are formed by iron
catalysis of the reaction between O2

– and H2O2 (102). Glial cells have abundant stores of
oxidized (ferric) iron, mostly in ferritin and transferrin, in which the iron is unable to
function as a catalyst for oxygen-free radical reactions (103). Production of the hydroxyl
radical (OH•) in biological systems may happen nonenzymatically through a three-elec-
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tron reduction of molecular oxygen. Stoichiometry of the reaction between O2
– and H2O2

to form OH• is illustrated by the Haber-Weiss reaction (15,89,99,104):

O2
– + H2O2  OH– + OH• + O2

The same net result may be catalyzed with a transition metal ion complex as described
by the Fenton reaction. Increased O2

- further leads to a rise in OH•, as a result of the
Fenton reaction with iron liberated from ferritin in the mitochondria:

Fe2+ + H2O2  Fe3+ + OH– + OH•,

The excess O2
– formed from these reactions can serve as an electron donor and reduces

insoluble irons (Fe3+), stored in glia to soluble iron (Fe2+ [99,105]). These soluble ferrous
ions participate in the production of other partially reduced oxygen species that are very
powerful oxidizers, such as hydroxyl radical (OH•) or peroxynitrite (ONOO–).
Peroxynitrite, produced by the reaction of O2

– with NO has been implicated as the lipid
peroxidation-initiating radical species during reperfusion (106).

These resistant oxidizers overwhelm the cells antioxidant system and injure the plasma
membrane of neurons by peroxidation of unsaturated fatty acids (107). The resultant
abnormal configuration of the fatty acids would then alter the permeability and fluidity
of the membrane. Peroxidation of membrane phospholipids may result in severe neuronal
injury owing to lysis of intracellular organelles and of the cell as a whole. Additionally,
and probably more significant, membranes contain receptors, ion channels, and other
proteins with functions that are likely to be impaired by alterations in the phospholipids.
Lipid peroxidation also appears to be implicated in the genesis of the postischemic
hypoperfusion phenomenon, which has been prevented by the administration of super-
oxide dismutase, deferoxamine or U74006F, a lipid peroxidation chain terminator
(44,108).

The hydroxyl radical is a potent oxidant of some amino acids residues, purine, and
pyrimidine bases in proteins and nucleic acids, respectively. These result in enzyme
inactivation and splitting of DNA strands (73,109). Oxygen-derived free radicals may
also be generated by activated neutrophils, but their role in neuronal injury is less appar-
ent (110). The plasma membrane of activated neutrophils harbors the nicotinamide adenine
dinucleoide phosphate (NADPH) oxidase system, which enables the neutrophil to produce
reactive oxidizing agents. This enzyme participates in the production of superoxide anion
and hydrogen peroxide both of which injure host tissue but are short-lived and are rapidly
used up in other reactions. The combination of NADPH oxidase-derived H2O2 with
myeloperoxidase, a constituent of the neutrophils’ intracellular granule system, how-
ever, generates an oxidizing agent of great destructive potential.

The most significant source of incompletely reduced O2 species is metabolism during
reperfusion of the free fatty acids accumulated during ischemia. During reperfusion,
oxidative metabolism of the AA released from lipids during ischemia results in reduction
of O2 by one electron, thereby creating O2

– (43). Cyclooxygenase catalyzes the addition
of two molecules of O2 to an unsaturated fatty acid, such as AA to form prostaglandin G2,
which is peroxidized quickly to prostaglandin H2 with simultaneous release of O2

– (77).
The rise in O2

– leads to an increase H2O2 production as a result of the intracellular action
of the enzyme superoxide dismutase (SOD). H2O2 generated through SOD is removed
by either intracellular catalase or through various peroxidases.
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Confirmation of injury mediated by oxygen radicals during reperfusion includes iden-
tification of spin-trapped radicals and lipid peroxidation products, and fluorescence mi-
croscopic demonstration that lipid peroxidation products are concentrated in the
selectively vulnerable neurons during the first 90 minutes of reperfusion (86). Exogenous
administration of toxic oxygen metabolites creates structural and functional alterations
reminiscent of those seen after ischemia.

Enzymatic lipolysis and lipid peroxidation may function synergistically in plasma
membrane destruction during reperfusion. Peroxidized fatty acids are superior substrates
for phospholipases. Additionally, some of the products of lipid peroxidation stimulate the
activity of phospholipase, whereas others inhibit the activity of the lipid repair enzymes
lysophosphatidylcholine acyltransferese and fattyacyl-CoA synthetase during reperfusion
(111,112).

Reoxygenation restores ATP through oxidative phosphorylation, which may lead to
massive uptake of calcium into the mitochondria, which are already swollen from an
increased osmolality (80). Thus, mitochondria loaded with bound calcium may become
dysfunctional by rupturing and releasing free radicals. Increased calcium intracellularly
by itself and by triggering free-radical reactions may result in lipid peroxidation, mem-
brane destruction, and ultimately neuronal death.

During ischemia and reperfusion, loading of the neuron with calcium is believed to be
the key ingredient that drives its death. This event, as described above, leads to a wide
variety of pathological processes. Proteases, lipases, and nucleases are released, which
may contribute to activation of genes or gene products critical to the progression of
programmed cell death or inactivation of genes or gene products normally inhibiting this
process. Activation of NO synthase by calcium can generate NO, which can combine
with superoxide produce peroxynitrite (113). This and OH• can both lead to DNA injury
and programmed cell death or protein and membrane peroxidation, respectively. Nerve
growth factor (NGF), nuclear immediate early response genes, heat shock protein, free
radical scavengers, adenosine, and other endogenous defenses attempt to counteract
the neuronal injury.

Protein Synthesis Impairment
After successful ROSC, the reperfusion phase is characterized by significant changes

in protein-synthesis machinery. New protein synthesis is a prerequisite for long-term
survival after damage incurred from cerebral ischemia and reperfusion (114). Recovery
of neurons is almost entirely dependent on active transcription and repair of DNA injury.
The derangement in protein synthesis in response to ischemia and reperfusion is not
regionally homogenous. The selectively vulnerable neurons display a generalized and
prolong diminished capacity for new protein synthesis following ischemia and reperfusion
(115). As little as 3 minutes of ischemia triggers inhibition of protein synthesis during
reperfusion (116). Ischemic times greater than 5 minutes result in delayed protein trans-
lation recovery in surviving neurons (117).

The severity and duration of the ischemia, as well as the intraischemic temperature are
the main factors influencing the reversibility of the initiation block for protein synthesis.
The significance of renewing protein synthesis for the complete functional and metabolic
recovery of neurons during the reperfusion period is evident from the finding that necro-
sis is preceded by persistently suppressed protein synthesis in selectively vulnerable
regions of the brain (115). The functional recovery of neuronal activity has only been seen
in cases in which protein synthesis was restored (118).
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Protein synthesis is a complex process requiring: (a) high-energy phosphates, (b) intact
DNA, (c) intact transcription machinery, (d) posttranscriptional processing and nucleo-
cytoplasmic transport of mRNA from the site of transcription to the site of translation, and
(e) intact translation machinery. Each of these steps in the process plays a role in the
normal regulation of gene expression and are potential sites of disruption following
ischemia and reperfusion. Translation of mRNA into proteins requires the presence of
active ribosomal subunits, translation issues, aminoacyl-tRNAs, amino acids, an energy
supply, and an appropriate ionic environment. Ischemia and reperfusion appears to alter
some, but not all of these processes. For example, ischemia does not change the intrac-
ellular levels of amino acids and ribosomes can tolerate extended periods of ischemia
without significant injury (119). However, it seems that the key alteration is that newly
formed mRNA is not effectively reaching the cytoplasm following ischemia and
reperfusion, suggesting a disorder of the nucleocytoplasmic transport (120).

Initiation of protein synthesis is a highly regulated process that requires multiple
translation initiation issues. Persistent suppression of eukaryotic initiation factor (eIF),
which is needed for continuous protein synthesis is responsible for overall depression of
protein synthesis. Because protein synthesis is a very endergonic process, depletion of
ATP and GTP stores during ischemia is responsible for the termination of protein syn-
thesis (120). However, energy failure cannot account fully for the extended suppression
of protein synthesis seen during ischemia, because these high-energy phosphates are
restored shortly after reperfusion (120).

There is additional evidence that protein synthesis may be suppressed irreversibly by
an initiation inhibitor during early reperfusion, thereby inhibiting the nucleocytoplasmic
transport of mRNA (121). Assembly of the initiation complex is a complex process
involving more than 140 proteins and requiring at least nine initiation issues in the
eukaryotic cell (122). The eukaryotic translation initiation factor 2 (eIF2) plays a key role
in the initiation of translation. eIF2 is a heterotrimeric protein consisting of three subunits

, , . The inhibition of protein synthesis involves specifically the phosphorylation of
serine-51 on the -subunit (elF-2 [123,124]). Phosphorylation of as little as little as
25% of eIF2  can be sufficient to suppress protein translation completely (123). Addi-
tionally serine-51 phophorylation of elf-2  is known to be activated by iron and lipid
peroxidation, suggesting that free radical generation during reperfusion are an important
step in the inhibition of protein synthesis (125).

During early reperfusion, several lines of evidence suggest that protein synthesis is
suppressed by inhibition of translation. Ribosomal sedimentation profiles obtained from
brain tissue during reperfusion demonstrates polysome disaggregation into monomeric
ribosomal subunits, suggesting that polypeptide chain initiation of translation is blocked
(126). Ultrastructural evaluation of these neurons shows that most of the structural injury
actually occurs with reperfusion (1). The vulnerable neurons demonstrate peroxidative
damage to unsaturated fatty acids in the plasma membrane, chromatin clumping, and
prominent alterations in the structure of the Golgi apparatus that is responsible for assem-
bling the plasma membrane (127). This leads to the inability of the ribosomes to maintain
its normal function of protein synthesis.

Translational competence in the brain after ischemia and reperfusion is not homoge-
neous with areas of the cortex, hippocampus, and caudate showing severe and extended
inhibition of protein synthesis, although the brain stem and midbrain are relatively
unaffected (128). In general, neurons destined to die do not recuperate the ability to
synthesize proteins (128,129). After reperfusion, immunohistochemical staining of sev-
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eral brain proteins, including tubulin, neuron-specific enolase, and brain-specific creat-
ine kinase, demonstrate a gradual loss of protein synthesis in the selectively vulnerable
neurons over several days after reperfusion (130).

Growth Factors’ Signal Transduction
Cell growth, proliferation, and differentiation are regulated in part by growth factors

(131). The brain has receptors for several growth factors, including insulin, fibroblast
growth factor (FGF), and NGF(132–134). Additionally, key aspects of the protein-trans-
lation system, in particular phosphorylation of the eIF-2 , are controlled in part through
the signal-transduction system that is activated by growth factor receptors. All of these
growth factors have been located in the selectively vulnerable neurons of the hippocam-
pus and neocortex. Similarly, transforming growth factor (TGF)-  insulin-like growth
factor (IGF)-1, and epidermal growth factor (EGF) have been isolated in brain (135,136).
Insulin is a member of a growth factor known as IGF-1, and NGF. IGF-1 has 90% peptide
sequence homology with insulin and NGF has 60% homology with insulin.

Growth factors are important in neurite sprouting and synapse formation during devel-
opment and in maintaining synapses in mature brain. The mechanisms by which these
growth factors determine cellular growth and differentiation are not understood com-
pletely. These growth factors bind to protein receptors in the plasma membrane and
possess a tyrosine kinase activity at the cytosolic face of the plasmalemma (137). Acti-
vation of the receptor enables the tyrosine kinase to add phosphate groups to specific
tyrosinases in neurons. This leads to transcription of the so-called immediate early genes,
which comprise the proto-oncogenes c-fos and c-jun. These act as third messengers in the
stimulus–genomic response to growth factors and cell stress. Proteins of the c-fos family
form heterodimers with proteins of the c-jun family and interact with the activator protein
(AP)-1 complex to facilitate initiation and regulate transcription in the nucleus. AP-1-
responsive genes are speculated to have vital roles in the mechanisms of cellular prolif-
eration and differentiation and may play a role in the repair of the plasma membrane
(138).

c-fos mRNA and c-jun mRNA are expressed during early reperfusion, and synthesis
of their gene products also occur early in reperfusion. Synthesis of these gene products
occurs primarily in neurons resistant to ischemia. Synthesis of early gene products is poor
in vulnerable neurons destined to ischemic injury, presumably because of the generalized
inhibition of protein synthesis at the translational step (138). In the brain, however, the
selectively vulnerable neurons have increased concentrations of receptors for growth
factors of the insulin family and increased concentrations of tyrosine-phosphorylated
proteins in their nuclei.

There are important interrelations between induction of c-fos and c-jun and the trans-
lation of other stress proteins (139). Another family of proteins expressed after ischemia
are the heat shock proteins, named because of their discovery in cells exposed to heat
stress. Cerebral ischemia and reperfusion elicit the production of both growth factors and
proto-oncogene products in certain neurons. Heat shock proteins appear to be involved
in facilitating folding of proteins, aid in membrane synthesis and can be induced by
growth factors (140). Heat shock mRNAs and proteins are expressed in the brain during
reperfusion (141). Heat shock genes begin transcriptional activation of new mRNA
coding for a set of proteins that provide a mechanism for repair, salvage, and intracellular
disposition of damaged macromolecules. After global ischemia, the selectively vulner-
able neurons transcribe large amounts of a 70 kDa heat shock protein (hsp-70), but



540 Cardiopulmonary Resuscitation

translation is diminished when compared to surviving neurons in other areas of the brain
(141). It is unclear whether synthesis of heat shock proteins actually confers
neuroprotection or whether lack of translation that ordinarily occurs in postischemic
vulnerable neurons is simply an epiphenomenon associated with overall depression of
protein synthesis. These results convey the important association of early transcription
and translation of c-fos, c-jun, and hsp-70 with neuronal survival.

Apoptosis
Neuronal cell death may occur by two separate processes, necrosis or apoptosis

(142,143). Necrotic cell death in the brain is a passive form of cell death and is preceded
by acute ischemia or traumatic injury. It occurs in the selectively vulnerable neurons by
the processes discussed above, which lead to the generation of free radicals and EAAs.
Necrosis usually affects large numbers of contiguous cells and leads to swelling of the
cytoplasm and of the mitochondria and other organelles within it. The ultimate result is
rupture of plasma membranes with lysis of the cell, which leads to an intense inflamma-
tory reaction to occur. It is characterized histologically by nuclear and cytoplasmic dis-
integration with the loss of membrane integrity and loss of lysosomal contents.

Apoptotic cell death, also known as programmed cell death, is an active process of
self-destructive cell death. It is initiated by the cell on the basis of information from its
developmental history, from the environment or from activation of mechanisms encoded
in the genomes of all higher eukaryotic cells (144). It is a process that requires protein
synthesis. Appreciation of the significance of apoptosis in cell death has only developed
during the last decade, and some of the mechanisms still remain poorly understood.
Nevertheless, it can be a feature of both acute and chronic neurological diseases and has
been implicated in the pathogenesis of both focal and global ischemia (31,145–147).

In apoptosis, a biochemical cascade activates proteases that destroy molecules that are
necessary for cell survival and others that institute a program of cell suicide. There are
distinctive morphological changes during apoptosis that include shrinkage of the cell,
marked condensation of chromatin (heterochromatin), extensive alterations in the micro-
tubular array, fragmentation of the nucleus, and formation of broad cytoplasmic protu-
berances at the surface of the cell. After cellular death, there is fragmentation of the cell
by separation of the protuberances to form multiple small membrane-bound bodies
(“apoptotic bodies”) that contain intact morphological intact organelles and/or dense
clumps of condensed chromatin (148). The later stages are characterized by internucleo-
somal cleavage of DNA into fragments of about 180 base pairs (149). Unlike necrotic cell
death, the structural integrity of the plasma membrane remains intact, as does that of
organelles. Other features of apoptosis are a reduction in the membrane potential for the
mitochondria, intracellular acidification, generation of free radicals, and externalization
of phosphotidylserine residues (150). In apoptosis, cells do not release their contents into
the interstitial fluid and death occurs without an inflammatory reaction through early
activation of endogenous nuclear endonucleases. Once nuclear DNA is cut and cellular
death ensured, macrophages are recruited for phagocytosis. After an ischemic insult,
apoptosis occurs in areas that are not affected severely by the ischemia. For example, after
ischemia, necrotic cell death occurs in the center of the lesion, in which hypoxia is most
severe, and apoptosis occurs in the penumbra, in which collateral blood flow attenuates
the degree of hypoxia (151).

There is growing evidence that some neuronal death after ischemia is mediated by
the activity of cysteine-requiring aspartate-directed proteases (caspases), the protease
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responsible for apoptosis in mammals (152). The interleukin-1-converting enzyme
(ICE) family of cysteine proteases, now also known as caspases, is another group of
apoptosis-regulating genes that may play a role in ischemic brain injury (153). The ICE
family consists of 11 members (caspases-1 to 11). When overexpressed, these caspases
cause apoptosis in cultured cells (154). Caspase-3 has been shown to induce apoptosis
after glutamate excitototxicity following transient global ischemia (155).

Caspases are members of a distinct family of cysteine proteases that share the ability
to cleave substrates on the carboxyl side of aspartate residues (156). The caspases are
synthesized as inactive proenzymes (procaspases) that contain an N-terminal prodomain,
a large subunit, and a small subunit. Activation results from proteolytic cleavage of the
procaspases into its three components, ordinarily via the action of other, activated
caspases. Binding to plasma membrane receptors, such as, FAS (Apo-1), tumor necrosis
factor receptor, and tumor necrosis factor-related apoptosis-inducing ligand receptor,
leads to several signaling proteins to the cytoplasmic domains of the receptors. This will
eventually result in apoptosis by activation of caspase proteases (157). These receptors
contain a cytoplasmic motif composed of 68 amino acids, termed the “death domain,”
which is a protein–protein interaction zone evident in many of the proteins in this system
(158). Ligand binding to these receptors leads to recruitment of upstream caspases (158).
Caspase-mediated neuronal death is more extensive after transient than permanent focal
brain ischemia and may contribute to delayed loss of neurons from the penumbral region
of infarcts.

After brain ischemia, activation of caspases is largely dependent on the translocation
from the cytoplasm to mitochondria of Bax, Bak, and other BH3-only members of the
bcl-2 family. Once in the mitochondria they oligomerize and insert into the outer mito-
chondrial membrane. This contributes to the formation of pores that causes release of
cytochrome c, procaspase-9, and apoptosis activating factor-1 (Apaf-1) from the mito-
chondrial intermembrane space (159). Bcl-2 family members are the main regulators that
control cytochrome c and other apoptosis-promoting factors from mitochondria. The
mechanism, however, by which ischemia induces this translocation is still poorly under-
stood.

Release of cytochrome c into the cytoplasm has been associated with activation of
caspase-3 by operating in conjunction with two other cytosolic protein factors,
procaspase-9 and Apaf-1 (160). Caspase-3 mRNA and protein have been shown to be
increased for a more prolonged period of time in the hippocampus cells, which are
selectively vulnerable to ischemic injury, than in other sections of the brain (155). Fur-
thermore, inhibition of ICE- or caspase-3 protease affords protection in rodent brains
exposed to ischemia (161). Thus, caspase-3 and other related caspases could be important
mediator of neuronal death under ischemic conditions.

Caspase-3 may mediate ischemic cell death through several mechanisms. Mature
caspase-3 can cleave specific cellular proteins. The best described is poly(ADP-ribose)
polymerase (PARP), an enzyme involved in DNA repair and maintenance of genomic
integrity, including proliferation, differentiation, and transformation (162). PARP cata-
lyzes the covalent binding of ADP-ribose subunits from its substrate, nicotinamide
adenine dinucleotide (NAD), to numerous nuclear proteins, including PARP itself.
Formation of poly (ADP-ribose) is a unique posttranslational modification that can be
induced by DNA strand breaks following oxygen-free radical damage or exposure to
NO (163). Under many apoptotic conditions, PARP is cleaved by caspase-3 to generate
both 85 and 24 kDa fragments (164). Once cleaved, PARP appears to facilitate apoptosis
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by interrupting DNA binding and repair (165). It is unknown if the cleavage of PARP
is the cause of neuronal death or if is just a product of overall cellular destruction in the
final stages of the apoptotic cascade. However, under focal ischemia, inhibition of
PARP has been shown to improve neuronal survival (166). Additionally, rats deficient
in PARP were resistant to brain injury after transient focal ischemia (167).

Other mechanisms by which caspase-3 might produce neuronal death following
ischemia is by activating other caspases or activation of caspase-activated deoxyri-
bonuclease (CAD), a key DNA-cleavage enzyme responsible for DNA fragmentation
during apoptosis (168). Further research into identifying specific cellular substrates for
caspase-3 at initial stages of neuronal death would aid in the defining the role of this
protease in ischemic brain injury and potentially contrive new therapeutic agents for the
prevention of neuronal cell death.

Although programmed cell death is mediated largely by caspases, apoptosis can occur
in the absence of caspase activity. Mediators implicated include apoptosis-inducing
factor (AIF), endonuclease G and DNase II (169,170). Caspase-independent neuronal
apoptosis has been demonstrated following ischemia and excitotoxic stimulation with
NMDA receptors (171). The exact mechanism has not yet been elucidated but it is
noteworthy that these insults are associated with depletion of ATP and intracellular
acidosis.

Acidosis
Normal intracellular pH in the brain is approx 7.1 and normal extracellular pH is about

7.3 (172). This trancellular pH gradient is the net result of intracellular production of
acids, proton, and bicarbonate antiporters, and membrane voltage (172). During global
cerebral ischemia, intracellular pH falls to 6.2 within 6 minutes (173). CA and the con-
sequent interruption of blood flow to metabolically active tissues leads to intense
hypercarbia and metabolic acidosis at the tissue level (174). These derangements are the
result of a shift from aerobic to anaerobic metabolism and the accumulation of end
products such as CO2, lactate, and hydrogen ions. When conventional closed-chest resus-
citation is performed, the systemic and regional blood flow generated rarely surpasses
25% of normal, thus failing to meet the necessary tissue metabolic demands (175). As a
result, tissue acidosis persists during conventional resuscitation efforts and resolves only
after restoration of spontaneous cardiac activity with the reestablishment of normal per-
fusion (176).

A chief source of protons during complete ischemia is the hydrolysis of ATP and other
nucleoside triphosphates (177). Another source of protons is anaerobic glycolysis
whereby 1 mole of glucose forms 2 moles of ATP and 2 moles of lactate anions. Glycoly-
sis during hypoxia results in anaerobic metabolism and buildup of lactic acid, until all
glucose is depleted. When these two moles of ATP are eventually hydrolyzed, approx
2 moles of protons are produced, although the exact proportion depend on the pH and
Mg2+ concentration (40). During ischemia the amount of total protons generated depend
on the glucose and glycogen stores in tissue before the onset of the ischemia (178).
Additionally, proton production is also contingent on the continued delivery of glucose
to the brain and therefore the arterial glucose concentration (178).

Under general conditions, changes in the intracellular pH are buffered passively by
proteins, inorganic phosphates, and bicarbonate ions. Active control of intracellular pH
associated with changes in acid loads is mediated by transporters, including Na+/H+

exchanger, the Cl–/HCO3
– exchanger, and Na+/HCO3

- cotransporter (172). During
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complete ischemia CO2 is not removed and bicarbonate ions are an ineffective buffer.
Noticeable changes in Na+ and Cl– gradients during ischemia render extrusion of acid
equivalents by antiporters unfavorable. With reperfusion, CO2 is cleared within a few
minutes and tissue pH increases by about 0.3–0.4 (179). However, full recovery
of tissue pH requires approx 15 minutes and is highly dependent on the duration of
ischemia (180).

Evidence that acidosis contributes to ischemic injury is largely based on studies in
which tissue pH have been manipulated by changing the serum glucose levels and
thereby influencing the magnitude of anaerobic glycolysis during ischemia (181).
Conditions promoting the anaerobic metabolism of glucose to lactate in the ischemic
brain dramatically enhance ischemic brain damage (43). Induction of hyperglycemia
prior to ischemia augments neuronal damage (182,183). Additionally, the severity of
neuronal damage depends on the magnitude and duration of hyperglycemia (183).
Postischemic hyperglycemia may enhance anaerobic glycolysis and delay pH recovery
when intraischemic acidosis is severe (184).

The mechanism by which acidosis increases ischemic injury remains speculative. It
is predominantly thought that by changing protein charge, acidosis affects functions of
a wide array of enzymes, receptors, ion channels, and intracellular messenger systems.
Acidosis might augment ischemic injury by allowing further increases in intracellular
Ca2+ through NMDA-mediated mechanisms (185). Acidosis may promote damage
from oxygen-free radicals during reoxygenation and allow lipid peroxidation by
mobilizing iron (186). Lactic acidosis destabilizes iron bound to protein via carbonate
bridges. On reoxygenation, superoxide anion is produced, which in the presence of
iron, enhances formation of hydroxyl radicals involved in lipid peroxidation via Fenton
reaction (187). Additionally, lipid peroxidation is optimal in an acidic environment
(188).

Blood Derangement
Coagulation disturbances after CA have been characterized by hypocoagulability

(189). It occurs approx 30 minutes after resuscitation and consists of prolonged clotting
times, decreased platelets and fibrinogen. Generally, it normalizes approx 24 hours
later.

On the other hand, some animal models of CA have documented increased blood
coagulability accompanied by microvascular thrombosis and small emboli (190).
Microthrombi have been found in cerebral microvessels 5 to10 minutes following the
onset of CA (190,191). Experimental and clinical studies have shown that CA and
resuscitation are associated with a striking activation of blood coagulation, without
adequate activation of endogenous fibrinolysis (192). The d-dimer and plasminogen
activator inhibitor type 1 are not increased or only slightly elevated, suggesting that
hypercoagulability was not sufficiently balanced by activation of the endogenous
fibrinolytic system (192). Hence, the disseminated formation of microvascular fibrin
and microthrombosis throughout the entire microcirculation that follows the activation
of blood coagulation without appropriate concomitant endogenous fibrinolysis may
result in generalized impairment of the microcirculatory blood flow during reperfusion
(192). Hypercoagulability and microvascular thrombosis have been implicated to cause
the noreflow phenomenon (191,193). These changes are usually reversed by 1 week.
Additionally, administration of heparin or thrombolytic agents to animals before CA
leads to a significant increase in survival rate and neurological outcome (194).
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Inflammatory Reaction

The normal brain is considered an immune-privileged organ in which the BBB sub-
dues the inflammatory response and hinders infiltration of inflammatory cells although
the ischemic brain is unable to perform these functions. There is growing evidence that
acute inflammation contributes to neuronal damage after ischemia and reperfusion (195).
Inflammatory reactions after ischemia and reperfusion have been demonstrated to occur
in extracerebral organs, focal or global brain ischemia and brain trauma (196). The
mechanism for inflammatory injury can de divided into three broad categories: (a) adverse
effects on blood rheology during reperfusion; (b) vasculature injury; and (c) cytotoxic
injury to neurons.

Leukocytes are much less deformable than red blood cells and therefore require greater
pressure to go through narrow capillaries. During reperfusion, capillaries have reduced
diameter, which are as a result of swelling of perivascular astrocytes. It is thought that the
mechanism causing the delayed hypoperfusion seen following global ischemia may
represent the lingering effects of leukocyte-induced perfusion defects. Despite this be-
lief, during CA, depletion of neutrophils with antineutrophil serum-ameliorated delayed
hypoperfusion but failed to improve neurological outcome over a 24-hour period (197).

Leukocytes are likely candidates to cause reperfusion injury because they are impor-
tant sources for generating oxyradicals and hydrolytic enzymes and in addition produce
both leukotrienes and platelet-activating factor (PAF), which are known to damage endot-
helium (303). Until recently, leukocytes were thought to be implicated only in the very late
phases of cerebral reperfusion, days after the CA. However, leukocytes aggregate in areas
of poor blood flow in the brain during the first few hours of postischemic reperfusion
(199). In fact, leukocyte depletion prior to global ischemia has been demonstrated to
ameliorate early recovery of somatosensory-evoked response amplitude (200). Despite
that, attempts to attenuate postischemic leukocyte aggregation using therapy to inhibit
neutrophil chemotaxis and adhesion have not been as effective in the brain as in the heart
(201). Therefore, the role of leukocytes in ischemia and reperfusion injury still requires
clarification.

Complement activation may lead to increased vascular permeability, activation of
blood coagulation, platelet aggregation, and decreased regional blood flow (202). Acti-
vation of the complement cascade produces an elevated serum concentration of
anaphylatoxins C3a and C5a and generation of C5b-9 and are increased dramatically
following CA (203). C3a, C5a, and C5b-9 leads to rapid expression of adhesion mol-
ecules on both endothelium and leukocytes (204). A leukocyte activated by complement
can release elastase, secondary mediators, and oxygen-free radicals (205). Additionally,
the terminal complement complex C5b-9 directly induces endothelial and tissue cell
swelling, which leads to narrowing and blocking of small vessels (202). Therapy directed
at depleting or inhibiting complement have been shown in animal models to reduce tissue
injury after cerebral ischemia and reperfusion (206).

Tissue and/or endothelial injury can result in production of adhesion molecules,
cytokines, chemokines, and other mediators, triggering local involvement of systemic
inflammatory cells in an interaction between blood and damaged tissue. Cells secrete a
diverse amount of proteins called cytokines that control cell–cell interactions and leuko-
cyte–endothelial cell interactions. Cytokines are soluble, cell-secreted, nonimmunoglobulin
proteins that include entities such as interleukins (ILs), interferon, growth factors, and
colony-stimulating factors (207). Following ischemia and reperfusion there is synthesis
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and local release of several proinflammatory cytokines by macrophages, leukocytes, and
endothelial cells. Cytokines play a pivitol role in generation of the inflammatory response
after global ischemia and reperfusion and therefore may represent a novel method at
which therapeutic modalities for ameliorating neuronal injury can be targetted.

One critically important effect of these inflammatory cytokines is to induce the expres-
sion of cell surface adhesion receptors on a variety of cell types, which may serve to
localize phagocytic cells to areas of inflammation. Adhesion molecules expressed on the
surface of the microvascular endothelium play a vital role in modulating the leukocyte–
endothelial cell interaction associated with the acute inflammation following ischemia
and reperfusion. Three of the best characterized endothelial cell adhesion molecules
are P-selectin, E-selectin, and intracellular adhesion molecule-1 (ICAM-1 [208]).
These adhesion molecules bind to circulating leukocytes and facilitate their migration
into the brain. Once in the brain, the macrophage and microglial response to injury may
either be beneficial by scavenging necrotic debris or detrimental by facilitating cell
death in neurons that would otherwise recover.

P-selectin is normally found in the -granulaes of platelets and in Weibel-Palade
secretory bodies within endothelial cells. Following stimulation with complement, throm-
bin, or histamine, P-selectin is mobilized to the endothelial cell surface within minutes,
remains there transiently, is associated with reversible leukocyte rolling, and is rapidly
removed by endocytosis (209). Leukocyte rolling is an obligatory initial step leading to
subsequent leukocytes adhesion to the endothelium (210). Recent studies demonstrate
that IL-1 and tumor necrosis factor (TNF- ) enhance biosynthesis of endothelial P-
selectin (211). Hypoxia induces the synthesis of IL-1 and TNF-  by mononuclear cells
(212). In comparison, activation of endothelial cells by oxyradicals results in a sustained
expression of P-selectin leading to leukocyte rolling and adhesion (213). Therefore,
failure to reinternalize P-selectin may be caused by impaired regulatory mechanism when
microvascular endothelium is overwhelmed by oxygen-free radicals generated during
reperfusion.

E-selectin is not constitutively present on endothelium, but its expression, which
requires new protein synthesis and is maximal by 4 hours, is induced by cytokines and
lipopolysaccharide (209). The absence of E-selectin on unstimulated endothelium
coupled with its inducible expression on activated endothelium suggests that this adhe-
sion molecule may lead circulating leukocytes to sites of ischemia and reperfusion-
induced inflammatory injury (208).

ICAM-1 is an inducible cell surface glycoprotein that is expressed constitutively on
endothelium (214). Exposure of endothelial cells to cytokines leads to maximal expres-
sion of ICAM-1 within 4 to 8 hours, which persists for 24 hours (214). It plays a role in
leukocyte adherence but not in leukocyte rolling (214,215). Upregulation of ICAM-1
expression during reperfusion is mediated by proxidant-reactive transcription factor
nuclear factor B (NF- B [216]).

Leukocytes can be targetted to the site of inflammation by a highly coordinated and
dynamic sequence of events in which each of the known adhesion molecules has a
distinct role. The initial adhesive interaction between leukocytes and the endothelium
involves upregulation of adhesion molecules (P-selectin, E-selectin, and ICAM-1) on
the surface of the endothelium, abutting the site of inflammatory injury. The endothe-
lium releases PAF and IL-8. PAF, a potent mediator of increased vascular permeability,
granulocyte chemotaxis, and arachidonate-independent platelet aggregation, has been
demonstrated to cause cerebral hypoperfusion and hypermetabolism (217). PAF and
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other pro-inflammatory substances may then interact with CD11/CD18 while simul-
taneously inducing the shedding of L-selectin (218,219). This strengthens the leuko-
cyte–endothelial cell adhesive interaction, which then is followed by extravasation of
leukocyte into the tissue. After extravasation, synthesis of oxidant and degranulation
occur, leading to tissue injury. Degranulation of neutrophils and release of several
enzymes, such as elastase and myeloperoxidase cause further endothelial injury (220).

Substantial experimental evidence supports the concept that inhibition of leukocyte–
endothelial cell interactions during ischemia and reperfusion by blocking intracellular
adhesion molecules ameliorates leukocyte activation and adherence to endothelium, and
affords protection of the microcirculation (221). Most chemotactic agents, cytokines, and
oxidants that have been implicated in the pathogenesis of ischemia and reperfusion are
known to induce neutrophil adherence by 2-integrins (CD11/CD18)-dependent mecha-
nisms (218,219). Additionally, antibodies against the CD18 component of the CD11/
CD18 complex lessen ischemic-reperfusion-induced leukocyte sequestration, adherence,
and extravasation, as well as tissue injury and dysfunction (219,222).

Microglia may also play a role in ischemic damage. These cells are activated within
a few minutes following global ischemia and proliferate and transform into ameboid
shape and express many of the same mediators as activated macrophages. Microglia
engulf cellular debris from dead neurons, express growth factors, and generate toxic
molecules, including NO, oxygen-free radicals, AA derivatives, and cytokines. Addi-
tionally, microglia produce TGF- 1 and plasminogen, which are also involved in neu-
ronal repair (223). Nevertheless, the exact function of microglia in contributing to
neuronal ischemic injury from ischemia and reperfusion still remains speculative.

Nitric Oxide

Endothelium-derived NO release, which is important in sepsis, may also have a func-
tion following ischemic damage (224). NO is a free radical generated from the conversion
of amino acid L-arginine to L-citrulline by the enzyme nitric oxide synthase (NOS). Both
constitutive and inducible NOS isoforms are expressed in human (225). Constitutive
isoforms of the enzymes are located in endothelium, perivascular nerves, and parenchy-
mal neurons (226). There are two isoforms of NOS in the brain: the neuronal isoform
(nNOS) found in neurons and the endothelial isoform (eNOS) found primarily within the
vascular endothelium (227). eNOS and nNOS generate NO, but NO generation from
these two isoforms can have opposing roles in the process of ischemic injury. Increased
NO production from nNOS in neurons can lead to neuronal injury, although NO produc-
tion from eNOS can decrease ischemic injury by inducing vasodilation. It is thought that
NO derived from nNOS in the ischemic brain is cytotoxic because it can react with the
superoxide radical forming the potent oxidant peroxynitrite (228). When regional perfusion
is diminished, NO generated from eNOS causes NO-mediated vasodilation that decreases
regional vasculature resistance, and, in turn, improves regional blood flow (229).

Large amounts of NO are also produced and released if inducible NOS is stimulated,
such as by porinflammatory cytokines (230). After ischemia and reperfusion, neuronal
cell death is followed by microglial activation. NO, which is known to be produced by
activated microglia, may participate in the process of neuronal injury following cerebral
ischemia (231). Direct trapping and measurement of NO by electron paramagnetic reso-
nance (EPR) techniques have shown that NO generation is increased greatly in the brain
after ischemia (232). Activation of NMDA, AMPA, and metabotropic receptors are all
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capable of stimulating NOS (233). It is postulated that overstimulation of these receptors
during ischemia and reperfusion may result in an overproduction of NO, which may be
toxic to the neuron (234). It is feasible that NO mediates excessive vasodilation during
CA, which may render successful resuscitation less likely (235).

The mechanism by which increased NOS may cause neuronal injury have not been
firmly established. NO can form nitrosonium cations and nitroxyl anions, interact with
sulfhydryl groups on proteins, and alter the redox state of metalloproteins (114). In the
presence of superoxide radicals, peroxynitrite anion is created, which under acidic con-
ditions is protonated and breaks up to form hydroxyl radicals without requirement for iron
(236). Peroxynitrite is able to cause lipid peroxidation and oxidation of sulfhydryl groups
(236). Peroxynitrite may represent a mechanism for neuronal injury during early
reperfusion when both superoxide and NO concentrations are expected to be increased.
It is unknown, however, if peroxynitrite is formed in sufficient quantities in vivo to cause
neuronal injury.

Assessment of the Cerebral Injury

Accurate prognostic estimation of neurological recovery of CA survivors is important
because medical management decisions are partly influenced by the patient’s prognosis.
If a given patient is considered as having no probability of survival to hospital discharge,
treatments such as resuscitation may not be germane. Ideally, resuscitation should not be
performed if the outcome leads to a poor quality of life with persistent severe brain
damage. Conversely, it is important not to prevent these treatments for patients with a
reasonably good outcome. Therefore, research in methods of improving cerebral resus-
citation should continue to include studies on how to accurately estimate neurological
outcome after a CA.

Many CA victims are hospitalized unconscious after a resuscitation from a CA, with
an uncertain prognosis. More than 75% of initially comatose patients die during their
hospitalization (237). The pattern of injury and subsequent neurological impairment may
be quite different among individual victims of CA as a result of differences in cerebral
circulation, preexisting medical conditions, and severity of the ischemic insult. Some
patients after CA will awaken rapidly and recover normal or near-normal pre-arrest
neurological function. Others, usually resuscitated after an extended period of global
ischemia will never awaken from coma and persist with no meaningful quality of life.
Still others will awaken after some length of coma but only to incur permanent neurologi-
cal disability ranging from mild memory impairment to severe deficits and complete
dependence on others for all activities of daily living.

Counseling families of patients sustaining a CA about the prognosis for neurological
recovery is an important element of management. Central to this is awareness about the
basic approach to and limitations of neurological estimation after CA. The neurological
evaluation performed shortly after a CA, however, is an unreliable indicator of the ulti-
mate recovery of neurological function because some patients initially in coma recover
without neurological sequellae (238). Additionally, when estimating a patient’s progno-
sis, an important aspect is the specificity of the examination used. In other words, it is
important for that test to be as accurate as possible when it estimates poor neurological
outcome, otherwise the patient could be denied treatment when his or her prospect of
survival is not indeed hopeless. The sensitivity of a test is less important because no
prognostic test can accurately identify all patients who will die in the hospital, because
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death occurs from many etiologies, such as cerebral hypoxia, arrhythmias, heart failure,
infections, and other causes. Many methods have been evaluated for estimating the
neurological prognosis after a CA. These include, but are not limited to, clinical algo-
rithms, neurophysiological tests, tests that quantify structural brain injury, and laboratory
evaluations.

Furthermore, what constitutes an “acceptable” neurological outcome highly varies
between individuals and may not coincide with what the physician believes. Although it
would be inappropriate to apply a single standard to all patients, one can use a number
of outcome scales to estimate outcomes in terms of cerebral performance and require-
ments for assistance in living that are meaningful and potentially helpful in making
management decisions.

Neurological Scales

The Glascow Coma Score (GCS) and the Glascow-Pittsburgh Coma Scale (GPCS),
which measures the depth of coma plus brain stem function have been used to estimate
neurological prognosis after CA (237,238). The GCS is an assessment of motor and
sensory function, speech, and the ability to follow verbal commands (239). The GPCS
is based on the GCS but also assesses the integrative abilities of a patient, such as ability
to lead an independent life or living with partial or complete dependence on others (240).
Although a low initial GCS connotes patients at increased risk of in-hospital mortality,
high specificity is only obtained when the GCS is measured 3 to 5 days after hospitaliza-
tion. Change, or lack of change in the GCS score over time is more accurate in estimating
neurological outcome than a single initial assessment. Patients who awaken rapidly after
brief coma generally perform well (241). Continuation of coma, on the other hand, bodes
poorly. Coma of 48 hours or greater duration following a CA predicts poor outcome
(242). At 72 hours after a CA, a GCS of 5 or less, absent motor response to pain, or absent
pupillary response predicts a persistent vegetative state in all patients (243). An ability
to respond after verbal commands was correlated with recovery of moderate-to-good
cerebral function. The utility of these scoring system, however, is limited in artificially
ventilated patients and in patients requiring sedation and neuromuscular blockade.

Assessment of brain-stem function is useful for predicting neurological outcome (241).
A more sophisticated scoring system utilizing variables such as pupil response, doll’s
eyes reflex, blink reflex, and presence or absence of seizures has been developed (241).
From these data, a flowchart algorithm has been produced to estimate prognosis at dif-
ferent time points following a CA. In particular, persistent absence of the pupillary reflex
estimated either mortality or severe neurological function with reasonable specificity,
even early after CA. Once again, this examination scores is limited in patients requiring
sedation and neuromuscular blockade.

Another commonly used scale after CA is the Cerebral Performance Category (CPC),
which stratifies outcome based on levels of living dependence and cerebral performance
(244). Using this scoring system, good or favorable outcome is predicted for patients
independent in activities of daily living (CPC 1 or 2), and bad, poor, or unfavorable outcome
is predicted for patients who are dependent on others, vegetative, or dead (CPC 3, 4, or 5).

Electrophysiological Measures

The EEG measures cerebral activity at rest and can be valuable in estimating neuro-
logical outcome after CA (245). Specific EEG findings, such as dominant, monomorphic,
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and nonreactive  activity (  coma);  activity of low voltage; -  activity without 
activity; burst suppression; and a flat-to-isoelectric patterns have been markers of poor
prognosis (246). However some patients survive despite having these findings. Recent
animal studies demonstrated that early EEG bursting patterns during the first 30 to 40
minutes after resuscitation correlated with good outcome (247). In patients who have no
detectable cortical activity on the EEG immediately after resuscitation from CA, those
who recover have burst suppression occurring within 3.3 hours and continuous EEG
activity within 10.5 hours (248). The presence of generalized myoclonic activity corre-
lates with burst suppression on EEG, cerebral edema or infarcts on computed tomography
(CT), and with extremely poor prognosis (249).

Visual, brain stem, event-related, and somatosensory-evoked potentials (SSEPs) have
been tested for usefulness in estimating neurological outcome. Of these, SSEPs have
been shown the most accurate. Cerebral SSEPs assess the integrity of the sensory path-
ways by stimulating a peripheral sensory nerve distally and recording the expected cor-
tical electrical activity over the sensory cortex in response to defined stimuli. Cortical
response to median nerve stimulation can reliably identify subgroups with a poor prog-
nosis with a specificity that is superior to clinical scoring algorithm or EEG. Bilateral
absence of the initial cortical response connotes poor prognosis (250).

Neuroimaging

Evaluation of the magnitude of the cerebral injury caused by CA may also be helpful
in estimating prognosis.CT and magnetic resonance imaging (MRI) are, however of
limited use, and can usually only detect gross abnormalities, such as watershed infarcts,
swelling, or intracranial hemorrhage (251,252). Nevertheless, a reversal of the normal
gray and white matter densities indicates a severe hypoxic-ischemic insult and is corre-
lated with a poor prognosis. MRI is superior to CT in delineating deep cerebral infarctions,
however these findings were not predictive of long-term neurological prognosis (252).
Hence, the role of neuroimaging in estimating neurological recovery remains specula-
tive.

Cerebral Blood Flow

The absence of CBF on cerebral angiography is pathognomonic of brain death. Normal
CBF measured by xenon-133 washout with multiple detectors 6 to 46 hours after ROSC
was associated with good recovery (253). Whereas increased blood flow or a late decline
in CBF correlated with lack of recovery and an isoelectric EEG.

Single-photon emission computed tomography used 24 hours after a CA usually
detects persistent frontal hypoperfusion in most patients (254). Perfusion defects greater
than 50% of the supratentorial brain were associated with coma and death, but perfusion
defects as large as 42% were found to be compatible with good neurological function.

Biochemical Studies
Brain injury can also be detected by using biochemical markers in a manner analogous

to that of cardiac enzymes in myocardial infarction. Two markers appear most promising,
neuron-specific enolase (NSE) and astroglial protein S-100. A serum NSE concentration
greater than 22 μg/L measured within 1 week of CA has a sensitivity of 80% and a
specificity of 100% for persistent coma (255). Serum S-100 concentration greater than
0.7 μg/L as early as 24 hours after CA identifies a subgroup with poor prognosis (256).
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These findings are based on small cohorts and require confirmation in a larger scale
before they can be applied to clinical decision making.

Brain-specific isozyme of creatinine phosphokinase in cerebrospinal fluid are el-
evated after CA in comatose patients. High levels correlate with poor outcomes, but there
is lack of agreement among studies regarding absolute serum levels that separate good
from poor neurological outcome (257).

THERAPEUTIC AGENTS DIRECTED AGAINST SPECIFIC
PATHOPHYSIOLOGICAL MECHANISMS OF CEREBRAL INJURY

Knowledge about the mechanism for cerebral dysfunction caused by ischemia and
reperfusion may provide a fundamental basis for a rational approach to cerebral resusci-
tation that in the future will allow substantial amelioration of the often dismal neurologi-
cal outcome now associated with resuscitation form CA. Treatment options include the
following: (a) barbiturates, (b) calcium channel entry blockers, (c) excitatory amino
acid blockers (NMDA and AMPA receptor blocker), (d) oxygen-free radical inhibitors,
(e) protein synthesis inhibitors and antiapoptotic therapy, (f) ATP-magnesium chloride
(ATP-MgCl2), (g) endothelin type-A antagonist, (h) growth hormone and insulin, (i) tissue-
type plasminogen activator, (j) phenytoin, (k) metabolic substrates, and (l) selective NOS
inhibitors.

With advanced cerebral-oriented resuscitation, CA much longer than 5 minutes on
occasion may be reverted to normal neurological function (15,258). However, despite the
growing understanding of the mechanism of neuronal injury after cerebral ischemia and
reperfusion, effective therapy has remained at best disappointing (15,259). The failure of
therapeutic approaches directed at blockade of different mechanisms indicates that these
hypotheses do not yet adequately explain the underlying mechanisms involved in the
injured neurons. Not until very recently, however, has there been a therapeutic modality
that has shown significant improvement in neurological and survival outcomes after CA
in a subset of humans. This treatment is the induction of mild hypothermia, which will
be discussed later in the chapter.

Barbiturates
Barbiturates afford some protection against damage from focal ischemia and global

ischemia (260). The exact mechanism by which barbiturates may ameliorate cerebral
dysfunction after ischemia and reperfusion is not well understood. Actions beneficial
from barbiturates administration have included reduction of cerebral metabolic rate and
cerebral O2 consumption, enhanced restoration of cerebral energy state, decreased for-
mation of cerebral edema, reduced ICP and blood volume, reduced free fatty acid and
cyclic adenosine monophosphate (cAMP), scavanger-free radicals, suppressed seizure
activity, and shift metabolism to synthesizing pathways (261–263).

Large and moderate doses of thiopental and pentobarbital, given before or after experi-
mental focal ischemia, reduce the size of the infarct (264). In patients, administration of
thiopental before cardiac or neurosurgical procedures has been shown to reduce neuro-
logical deficits from incomplete multifocal ischemic emboli (265). Although barbitu-
rates decrease ICP in experimental animal models, this effect has not been noted in
humans after head trauma (266).

In the global brain ischemia monkey model, thiopental loading (90 mg/kg) immedi-
ately after reperfusion, and after 7 days of intensive care, reduced neurological deficit
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scores and showed less cerebral histological damage (267). More recent experimental
animal studies showed no difference with barbiturate therapy (262,267,268). The origi-
nal global ischemic model had major flaws in its methodology. These included a small
sample size, most control animals were experimented prior to the treatment group, use
of historical controls, use of a large number of excluded animals, and uncontrolled dif-
ferences in the intensive care between groups (269).

Despite the majority of animal data suggesting little or no effectiveness from barbitu-
rate administration, the first multi-institutional international randomized clinical trial of
cardiopulmonary-cerebral resuscitation using thiopental loading (30 mg/kg) after human
CA was conducted. It showed no statistically overall difference in the proportion of
patients with good cerebral outcome, however, there was a numerically higher proportion
of good outcomes after thiopental administration in patients with the severest insults
(4,258,270). Unfavorable cardiovascular side effects from the high-dose thiopental may
have contributed to the overall disappointing results of human trials by placing cerebral
perfusion at risk. In a recent dog model with mild post-arrest induced hypothermia there
was some mitigation in the brain damage when a lower dose of thiopental (30 mg/kg),
dexamethasone, and phenytoin was given after 12.5 minutes of VF arrest (271). There-
fore, future research may be focused on using lower doses of barbiturates in order to
prevent decreases in cerebral perfusion and excessive use of vasopressor therapy, both
implicated in the unfavorable results associated with barbiturate therapy.

Calcium Channel Entry Blockers

To counteract the proposed detrimental actions of calcium influx during ischemia,
calcium channel blockers have been recommended as therapy following CA (272). Agents
that block calcium entry may decrease further calcium loading of neuronal cells after CA
and suppress cascades from noxious mediators within blood elements, thereby attenuat-
ing neuronal injury (4,273,274). Calcium channel blockers may have an additional effect,
which is to improve CBF during the hypoperfusion phase of reperfusion following global
ischemia. Diminished CBF during reperfusion may be improved through amelioration of
cerebral vasospasm and redistribution of regional flow. Nimodipine appears to be the
most selective cerebral vasodilator and in some studies showed increased CBF without
a concomitant increase in cerebral oxygen consumption (275).

Studies evaluating the therapeutic efficacy of calcium channel anatgonists in experi-
mental models of global cerebral ischemia have yielded mixed results. Improvements in
neurological outcome have been reported in some animal models, whereas others report
worsening outcomes and in some models, no difference was seen between those treated
with calcium channel blockers and those with no treatment (43,272,274,276–280). The
rationale for inconsistent findings from experimental models may stem from the fact that
there are different voltage-sensitive calcium channels and that calcium channel blockers
may only affect one of these channels.

Nevertheless, despite a logical rationale for the use of calcium channel blockers, a
well-designed prospective clinical trial in comatose survival of CA did not demonstrate
a benefit in neurological prognosis with the use of the calcium channel blocker lidoflazine
(4,281). As with barbiturate therapy, the results may have been confounded as a result of
the detrimental hemodynamic effects of the drug (282). The group receiving lidoflazine
had more hypotension and recurrent VF, which could significantly affect cerebral perfu-
sion. Among a subgroup of patients without postresuscitation hypotension, however, a
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significantly higher proportion had better cerebral outcome in the lidoflazine group
(283). A similar study using nimodipine also failed to show significant cerebral improve-
ment (284). Therefore, the use of calcium channel antagonist following CA still requires
evaluation to further clarify its potential role in ameliorating neuronal injury.

Excitatory Amino Acid Receptor Blockers
(NMDA and AMPA Receptor Blockers)

Drugs that block the excitatory amino acids have not shown any difference in neuro-
logical outcome or improvement in the neuropathologic examinations after CA (285).
The administration of NMDA anatgonists has been limited by the fact that the BBB
prevents the penetration of most of these compounds into the brain in sufficient quantities
to obtain an adequate concentrations of agent needed to be effective (286). Additionally,
most NMDA receptor antagonist have been limited clinically because of their untoward
side effects, such as hypertension and behavioral effect as psychosis and hyperlocomotion
(287). However, these side effects can be avoided by the administration of the modulatory
site antagonists of the NMDA receptors. These modulatory sites include glucine, Mg2+,
and polyamines.

Pretreatment therapy with the NMDA glutamate receptor blocker MK-810 prevents
excitatory neurotransmitter release and has been shown to ameliorate neuronal injury
following focal or incomplete ischemia (288). It has been demonstrated to attenuate
c-fos and c-jun expression in rat neuronal cell cultures (289). MK-801 was shown to
reduce hippocampal damage after ischemia, however the drug inadvertently also caused
hypothermia (290). When brain temperature was controlled, MK-801 did not show
improved neurological outcomes in an animal model of VF (291). Administration of
MK-801 in a VF CA model followed by reperfusion with cardiopulmonary bypass
(CPB) did not show neurological improvement, even if the drug was administered prior
to the induction of CA (292).

Another competitive NMDA receptor antagonist, GPI-3000, has been shown to improve
short-term physiological recovery after incomplete global cerebral ischemia, however
mortality also increased (293). In another animal model it worsened neurological damage
following CA (293). Therefore, it seems that drugs that block NMDA receptors have been
largely ineffective in neuronal preservation after complete ischemia. They, however,
appear to be more promising in neuronal salvage in the penumbral zone surrounding the
area of severe ischemia following focal ischemia as seen with ischemic stoke models. The
effectiveness of NMDA receptor antagonists in the penumbral zone is thought to result
from ongoing occurrence of periodic depolarization in the penumbra.

In contrast to NMDA receptor anatagonist, AMPA receptors antagonists have been
shown to ameliorate neuronal injury in some models of global ischemia. Treatment
with NBQX during early reperfusion after 10 minutes of ischemia decreased neuronal
loss in the CA1 hippocampal cells (61,294). This neuronal protection has even seen
when the drug is administered up to 12 hours after ischemia (128). Hence, drugs that
block AMPA receptor show some promise in the amelioration of neurological injury
when administered after global ischemia and further studies are warranted. However,
not every AMPA receptor antagonist affords protection. In a recent study of CP-
465,022, a potent, and selective noncompetitive AMPA receptor antagonist, demon-
strated no prevention of neuronal loss after global ischemia (295). The absence of
neuroprotective action of this compound call into question the neuroprotective efficacy
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of AMPA receptor inhibition after ischemia and careful evaluation of each agent is
required prior to any implementation.

Oxygen-Free Radical Inhibitors

Drugs directed at inhibiting oxygen-derived free radical reactions either by inactivat-
ing the iron with an iron-chelating agent or by directly inactivating the radical species do
not appear to reduce biochemical evidence of neuronal injury following ischemia and
reperfusion but demonstrate only marginal improvement neuronal function (296,297).
Indomethacin, a cyclooxygenase inhibitor can prevent oxygen-free radicals by blocking
the protaglandin H synthesase pathway. Indomethacin has been shown to inhibit super-
oxide anion generation during reperfusion in asphyxiated piglets (90). No studies exists
on its efficacy in preventing neurological injury following CA.

The 21-aminosteroids constitute a family of antioxidants capable of inhibiting lipid
peroxidation by performing as a radical chain reaction terminator (298). The most fre-
quently evaluated 21-aminosteroid is tirilazad mesylate (U74006F), a lipid-soluble free
radical inhibitor, has been shown to have stabilizing effects on cell membranes, because
it can localize within the hydrophobic core of the cell membrane and cause increase in
lipid ordering of the phospholipid bilayer (299). Tirilazad mesylate, an antioxidant and
inhibitor of lipid peroxidation, is also a steroid that mimics the pharmacological actions
of high-dose methyl prednisolone. Pretreatment with U74006F improved neurological
outcome after global ischemia in some animal models, however, this effect was not
confirmed in subsequent studies (198,300–302). In an animal model of ischemia, high-
dose (20 mg/kg) desmethyl tirilazad was shown to improve the neurofunctional outcome,
however there was no improvement in the pathologic examination of the brains (303).
Additionally, it has been shown not to ameliorate cerebral hypoperfusion following CA
nor improve outcome after VF in dogs (302).

Evidence also exists that superoxide dismutase, an endogenous free radical scavenger,
improves cerebral cortical blood flow and metabolism following a focal cerebral is-
chemic injury (304). Treatment with SOD reduces production of O2

- and catalase, which
prevents production of free radicals, H2O2 and OH•. This beneficial effect is augmented
when SOD is linked to polyethylene glycol to enhance transmission across the BBB (23).
The beneficial effects of SOD, as measured by improved cortical evoked potentials and
amelioration of the delayed postischemic cerebral hypoperfusion, may also be increased
when combined with deferoxamine (44). Improved neurological outcome with
deferoxamine may involve the ability of deferoxamine to inhibit generation of oxygen
radicals by inhibiting the conversion of hydrogen peroxide to the hydroxyl radical by the
Haber-Weiss reaction. In various models of cerebral ischemia, deferoxamine has also
been shown to reduce the amount of damage caused by oxygen-free radicals.
Deferoxamine can help the recovery of cerebral pH, ATP, and phosphocreatine after
incomplete cerebral ischemia and decrease morphologic damage following ischemia in
neonatal rats (305). Hydroxyethyl starch-conjugated deferoxamine has been demon-
strated to decrease neurological damage and the accumulation of lipoperoxidation prod-
ucts (306). Deferoxamine administered 5 minutes prior to resuscitation in a prolonged
(17 minutes) asphyxial arrest rat model showed significantly improved cerebral perfu-
sion and survival with less neurological injury (307).

Catalase, another agent that inhibits the production of superoxide radicals, when linked
to polyethylene glycol has also been shown to decrease the size of the infarct in rats
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exposed to focal ischemia (308). The use of allopurinol, if given prior to global ischemia,
has been shown to improve neurological outcome and to decrease biochemical markers
of brain injury (309). The mechanism is believed to be related to the ability of allopurinol
to inhibit XO-generated synthesis of free radicals, which occur during oxidative metabo-
lism of adenosine by-products.

Various antireoxygenation injury cocktails have been shown to improve postresuscitation
CBF or EEG recovery but as of yet has not been shown to improve outcome (296,310,311).
These pharmacologic approaches have been directed toward specific mechanisms of
injury with disappointing results. Explanations for such poor outcomes may include too
severe ischemic insult model or the fact that most of these agents, such as deferoxamine
and SOD cross the BBB poorly (312). Whether any of these agents by themselves or in
combination with other drugs afford long-term neuronal protection after CA remains
unknown.

The net result of all these studies is an intense interest in oxygen-free radical inhibitors.
To date, however, no human data are available and animal experiments can best be
described as stimulating. Further research, however, must be performed prior to the
recommendation for the use of a specific or a combination of superoxide radical scaven-
ger following CA.

Protein Synthesis Inhibitors and Anti-Apoptotic Therapy
Based on the knowledge that apoptosis has a function in promoting neurological injury

following CA, a variety of new neuroprotective therapeutic strategies have emerged.
These novel therapeutic agents have included caspase inhibitors, viral anti-apoptotic
proteins, modulation of systemic anti- and pro-apoptotic protein expression, and death
receptor antagonisms.

It has become increasingly clear that some of the genes induced during cerebral ischemia
may actually serve to rescue the cell from death. However, the injured neuron may not be
capable of expressing protein at levels high enough to be protective. One of the most
exciting arenas of such interventions is the use of viral vectors to deliver potentially
neuroprotective genes at high levels. Neurotrophic herpes simplex virus strains have
been employed because of their natural ability to invade the brain. By using bipromoter
vectors one is capable of transferring various genes to neurons. It has been possible to
enhance neuron survival against cerebral ischemia by overexpressing genes that target
various phases of injury. These include energy restoration by the glucose transporter
(GLUT-1), buffering calcium excess by calbindin, preventing protein malfolding or
aggregation by stress proteins and inhibiting apoptotic death by Bcl-2. In the future with
more investigations, gene therapy may offer new therapeutic avenues for ameliorating
neuronal damage in patients after a CA.

The neurological protective effect of protein synthesis inhibitors on delayed neuronal
death has been reported (313). Bcl-2, a member of the Bcl-2 gene family, has been shown
to have an anti-apoptotic action in many cell types (314). After cerebral ischemia, Bcl-2
could be induced in surviving neurons, suggesting its protective effect on ischemic brain
injury (315). Overexpression of Bcl-2 by gene transfer or in transgenic mice decrease
infarction size and was shown to be protective against selective vulnerability after tran-
sient global ischemia (316). Additionally, Bcl-XL, an anti-apoptotic protein has also
shown positive results after global ischemia (317).

Viral caspase inhibitors have been utilized after global ischemia (317,318). Ventricu-
lar infusion of Z-DEVD-FMK, a caspase-3 inhibitor has been shown to decrease caspase-
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3 activity in vulnerable neurons and reduced neuronal injury after ischemia (317). A
transgenic rat-line expressing baculovirus p35, a broad-spectrum caspase inhibitor in
neurons has been developed (318). Following CA and resuscitation transgenic rats showed
improved survival, however there was no improvement seen in the selectively vulnerable
neurons (318).

This new data is exciting and should foster further research in attempting to ameliorate
neuronal damage after CA by using a different mechanism than that which was employed
previously. However, to date, no human data are available and the strategy cannot be
recommended for use after CA.

ATP Magnesium Chloride
ATP-MgCl2, a compound able to restore depleted energy stores and improve function

in heart, kidney, and liver after ischemia, sepsis, and hemorrhagic shock (319). However,
a major limiting factor in administering ATP-MgCl2 is that fact that it causes significant
vasodilation and hypotension, a factor not conducive to increasing cerebral blood flow
in the postresuscitation phase. Co-administration of norepinephrine will ameliorate the
vasodilation and prevent hypotension (320). Preliminary studies have shown better pres-
ervation of hippocampal CA1 neurons and significantly improved protein synthesis after
administration of ATP-MgCl2 in a rat CA model (321). However, caution should be used
when evaluating this data because the researches did not control for a possible role of
increased CBF by norepinephrine and subsequently improved neuronal survival. Further
research must be performed to determine the effects on protein synthesis and improved
neuronal survival after CA by ATP-MgCl2.

Endothelin Type-A Antagonist
Successful recovery of neurons following CA requires unimpaired microcirculatory

reperfusion. One of the mechanisms of postischemic cerebral hypoperfusion presumably
is mediated through activation of endothelin type-A receptors. Antagonists of endothelin
type-A receptor, with BQ123, has been shown to improve postischemic hypoperfusion
and neurological outcome after 12 minutes of VF arrest in a rat model (322,323). It was
also shown to improve postarrest hemodynamics and early electrophysiologic recovery.
Not until further studies are available, the use of endothelial type-A receptor antagonism
to ameliorate postischemic neuronal injury cannot be endorsed.

Tissue-Type Plasminogen Activator
Tissue-type plasminogen activator (rt-PA) combined with heparin significantly dimin-

ishes the cerebral no-reflow phenomenon of the forebrain in cats (324). In accordance with
this finding, heparin and fibrinolytic agents, or both are associated with an immediate
improvement in cerebral microcirculatory reperfusion; an improvement of myocardial
contractility, and an increase in the survival rate after experimentally induced CA
(325,326). In humans, fibrinolytic therapy and heparin have been shown to improve the
rate of ROSC (327). In a study of patients suffering CA from cardiac causes in whom
ROSC was not achieved after 15 minutes were randomized to receive recombinant tissue-
type plasminogen activator and heparin or placebo. Fibrinolysis was repeated in 30 minutes
if there was no ROSC. There were no reported significant bleeding complications in
patients receiving fibrinolytics and anticoagulation. Those receiving therapy had signifi-
cantly more ROSC and admissions to the hospital. Unfortunately there was not a signifi-
cant number who were alive at 24 hours or were discharged home, but there was a trend
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for improvement. This latter finding may have resulted from early termination of the
study as a result of interim analysis showing significant benefit at 24 hours from the
treatment group. The benefits in this study demonstrate what others have found that
fibrinolytic therapy and anticoagulation promote general improvement in microcircula-
tory reperfusion which may lead to improved cerebral function (324,325).

Phenytoin
Few studies on phenytoin have shown amelioration of neuronal injury after cerebral

ischemia (328). A small uncontrolled human study showed 90% neurological recovery
when phenytoin (7 mg/kg) was administered after CA during or after anesthesia (329).
An animal model of VF resuscitated with mild hypothermia, CPB, and the administration
of thiopental, phenytoin, and methylprednisolone showed enhancement of the effects of
hypothermia on neuronal survival (330). The proposed mechanism of action for pheny-
toin is not well defined. Increased CBF or decreased CBF have been described (331,332).
Others have postulated that the protective effect of phenytoin resulted from decreased
cerebrospinal fluid K+ accumulation, thus modulating its harmful effect during an
ischemic insult (73). The decrease efflux of K+ may be caused by an improved function
of the Na+-K+ ATPase-dependent pump, a membrane stabilizing effect. Another possi-
bility is that phenytoin may act via suppression of the postischemic abnormal EEG, which
may represent seizure activity (329). All of these preliminary investigations seem to show
a beneficial effect of phenytoin on ameliorating neuronal injury from CA, however,
further studies are required to evaluate its effectiveness, especially in humans.

Growth Factors and Insulin
Growth factors are involved in basic cellular regulation of protein synthesis, including

transcription of the AP-1 complex and membrane synthesis and repair. It is not surprising
that the administration of growth factors has been shown to improve postischemic neu-
ronal survival (333). FGF substantially inhibits glutamate receptor-mediated neuronal
injury (334). Both NGF and IGF-1 administered following global ischemia ameliorated
damage to hippocampal CA1 neurons and cerebral cortex, respectively (335). There is now
substantial evidence that the insulin-class growth factors have neuron-sparing effects against
neuronal damage by ischemia and reperfusion when administered within 2 hours after
reperfusion (333). Insulin given before or after ischemia in rats has also been shown to
reduce cortical and striatal neuronal necrosis (336,337). In the case of insulin, the ben-
eficial effect on neurons is independent of blood glucose reduction a predictable conse-
quence of the fact that neuronal glucose transport is insulin independent (336).

In a rat asphyxia model, infusion of insulin with glucose lessened the neurological
injury when compared with insulin alone (338). Insulin as compared to IGF-1 and NGF
may have the greatest potential for clinical application because the capillary endothelium
has a dedicated transport mechanism to move insulin across the BBB. Both IGF-1 and
NGF do not have similar transport mechanisms and can only be introduced into the brain
by direct injection limiting their usefulness clinically. The addition of antioxidants and
antagonists of proteolysis may enhance the effectiveness of insulin. This particular
approach, however, has not yet been investigated in the laboratory setting but has
significant theoretical appeal.

The actions of insulin are mediated by a membrane receptor tyrosine kinase that shares
homology with other growth factor receptors (339). After insulin receptor activation, the
initial effect of insulin is autophosphorylation of tyrosine and activation of the intrinsic
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tyrosine kinase. Other proteins are either phosphorylated by activated kinases or dephos-
phorylated by protein phosphatases, which lead to activation of these proteins (340).
Calmodulin is phosphorylated by the insulin receptor, which decreases its ability to bind
calcium, a reaction that affords antilipolytic effects (341). Selectively vulnerable neurons
show marked elevation of the level of both phosphotyrosine-containing proteins and of
insulin receptors (342). Furthermore, phosphotyrosine-containing proteins are found in
the highest concentrations in the nuclei of these neurons, consistent with a transcriptional
regulatory function for these proteins (342).

Insulin has multiple effects, including those on fundamental cell regulatory functions,
well beyond the maintenance of euglycemia. Insulin has the potential to reverse phospho-
rylation of elF-2 , promote effective translation on the mRNA transcripts following
ischemia and reperfusion. This leads to transcription of c-fos/c-jun, increase mRNA
efflux from nucleus, induce enzymatic systems for de novo lipogenesis, activate the
mitochondrial pyruvate dehydrogenase complex, modify the phosphatidylinositrol
transcytoplasmic signaling system, and stimulate the heat shock response (339–343).
Additionally, they augment neuronal defenses against radicals, and stimulate lipid syn-
thesis vital to membrane repair. Insulin also reduces apoptosis of neurons following
ischemia although hyperglycemia exacerbates apoptosis (344).

These data suggest that it is feasible to manipulate the cell’s own regulatory machinery
to achieve both neuronal resistance to injury and early neuronal repair of damage during
reperfusion. However, the benefits may be counteracted by the current clinical use of
large doses of adrenergic agents. Catecholamines, such as epinephrine, cause prompt and
prolonged inhibition of insulin secretion by the pancreas (345). Epinephrine induces
hepatic gluconeogenesis and glycogenolysis (346). Epinephrine may also mediate the
production of hypoinsulinemia by decreasing blood perfusion of the whole pancreas
including the islets of Langerhans (347). Most important, however, may be a direct effect
of epinephrine on the islets that results in suppression of B-cell electrical activity and thus
insulin secretion (348). Epinephrine can reduce the activity of tyrosine kinase of the
insulin receptor through cAMP-mediated phosphorylation of serine and threonine resi-
dues on the receptor (349). Epinephrine may also interfere with ligand activation of
glucocorticoid receptors and subsequent transcriptional activation of AP-1. Moreover,
catecholamines are known to accelerate iron-mediated lipid peroxidation and neuronal
death in vitro (350). Recently, a study of 762 CA patients showed an association of
worsening neurological outcome with those who received larger doses of catecholamines
(351). Therefore, further research on the effects of catecholamine on cerebral growth
factor levels and receptor responsiveness need to be conducted in the setting of CA and
resuscitation.

Metabolic Substrates
FRUCTOSE-1, 6-BIPHOSPHONATE

Fructose-1, 6-biphosphonate (FBP), an endogenous intermediate of glycolysis, may
protect the brain against ischemia-reperfusion injury. It is postulated that FBP is of
therapeutic benefit by entering the Embden-Meyerhof pathways distal to the action of
phosphofructokinase (PFK), the rate-limiting enzyme, which is inactivated by the pro-
gressive acidosis associated with ischemia, thereby enhancing anaerobic glycolysis and
allowing the cell to maintain energy ATP production despite deficits of glucose and
oxygen during ischemia (352). However, as with hyperglycemia, one of the effects of
increasing energy production by augmenting anaerobic glycolysis is progressive accu-
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mulation of lactic acid, which has been shown to be deleterious to the brain (43). FDP also
preserves glutathione intracellulary and protects cortical neurons against oxidative stress
(353). However, in an animal model of global cerebral ischemia, FBP did not improve
neurological function as demonstrated by EEG amplitude.

SUCCINATE

Succinate is a Kreb cycle intermediate that has been shown to cross the BBB and
enhance respiration and ATP production in homogenates of brain, liver, and kidney
following anoxia (354). In an animal model of global ischemia, succinate was shown to
improve EEG amplitude when compared to controls (354).

IMMUNOSUPPRESSION

Tracolimus (FK506), a potent immunosuppressive drug, has been shown to attenuate
neuronal damage after global and partial ischemia and this effect is present up to 2 hours
after the ischemia (355). Tracolimus has been shown to downregulate protein kinase C
(PKC)  and calcium/calmodulin-dependent protein kinase II (CaMKII), which may
partially explain some of its beneficial effects on cerebral ischemia (356).

NITRIC OXIDE INHIBITION

During spontaneous circulation, nonspecific inhibition of constitutive NOS by
N(G)-nitro-L-arginine methyl ester (L-NAME) increases systemic vascular resis-
tance and, therefore, mean arterial pressure. In an animal model of VF arrest, adminis-
tration of L-NAME vs saline demonstrated an increase in coronary pressure and resulted
in significantly better initial short-term resuscitation when compared with saline infusion
(357). However, in this study no additional vasopressors, such as epinephrine were
given. Thus, the interaction of epinephrine and L-NAME are unknown. Administration
of L-NAME and 7-nitroindazole, another neuronal NOS inhibitor after global ischemia
showed amelioration of ischemic damage in CA1 neurons (358).

Treatments Shown to Improve Cerebral Perfusion
During CA and Resuscitation

Artificial perfusion is the principal weak link in the resuscitation armamentarium.
Despite the universal use of closed chest CPR for CA, this method has been shown
repeatedly to suffer from lack of clinical efficacy. Although external chest CPR can
clearly save lives, the inherent inefficiency of this method and the challenges related to
teaching and retaining the skills needed to perform the technique have limited its overall
effectiveness. Unfortunately, external chest CPR when performed exceptionally well has
been shown to generate blood flow equivalent only to about 25 to 35% of normal cardiac
output (359). If there is any delay prior to the initiation of CPR, as commonly occurs, the
progressive loss of peripheral arterial resistance substantially decreases the blood flow
generated by CPR. Therefore, one of the greatest challenges in the development of
improved resuscitative interventions is to develop more effective methods of artificial
perfusion or drug administration that can be initiated within the critical time frame
allowing for an increased ROSC with good neurological outcome.

CPR Techniques
Much of the research in CPR during the last decade has centered on finding newer

techniques to improve both cerebral and coronary perfusion. The best guide to monitor
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the adequacy of CPR is the coronary perfusion pressure (end-diastolic aortic pressure
minus end-diastolic central venous pressure (360). Coronary perfusion pressure greater
than 15 mmHg has been shown to correlate with increased cardiac resuscitation and thus
ROSC, which impact on the degree of neurological damage. A number of alternative
techniques of CPR have been invented and evaluated to accomplish these goals and those
only shown to improve cerebral blood or outcome are discussed below.

Increasing Compression to Ventilation Ratio
The optimal ratio of chest compression to ventilation during standard CPR is unknown.

In a swine model of CA with 3-minute VF duration, various forms of CPR for 12 minutes
were compared: (a) standard CPR with a ratio of 15:2 compressions to ventilations; (b)
chest compressions alone; (c) CPR with a ratio of 50:5 compressions to ventilations; then
CPR without ventilation for 4 minutes followed by a 100:2 compressions to ventilations
ratio (100:2 CPR [361]). The technique using a ratio of 100:2 compressions to ventilations
achieved significantly better neurological scores at 4 hours when compared to the other
techniques (361). Therefore, it seems that a higher compression to ventilation ratio may
allow a greater CPP to be generated, which may translate into an improvement in neuro-
logical outcome.

Interposed Abdominal Compression CPR
Interposed abdominal compression (IAC)-CPR is another revised technique of stan-

dard CPR that has been proposed as a technique to improve cerebral and coronary blood
flow. IAC-CPR requires another rescuer positioned alongside or opposite the rescuer
applying chest compressions in the standard fashion. 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 compressions. The ratio of chest compressions to
abdominal compressions is one to one, so that the rate of abdominal compression is also
80 to 100 per minute. Some researchers place a blood pressure cuff or another measuring
device between the hands of the resuer and the abdominal wall in order to measure and
perhaps limit the amount of force applied to the abdomen. The amount of pressure applied
has ranged from 20 to 150 mmHg. With IAC-CPR, abdominal counterpulsations aim to
increase intrathoracic and aortic pressure, provide retrograde aortic flow and there-
by improve blood flow to the brain and heart, and increase venous return. IAC-CPR
improves both cerebral and coronary blood flow (362,363).

Several human trials have shown higher MABP with IAC-CPR when performed after
failure of resuscitation with conventional CPR (364,365). A large prehospital trial of
IAC-CPR showed, however, no difference in success of initial resuscitation, however the
use of IAC-CPR was interrupted when the patient was driven to the hospital because of
lack of personnel (366). Although there has been a human trial showing improved resus-
citation rates, improved neurological outcome in patients at discharge could not be dem-
onstrated (366,367). One randomized in-hospital trial of IAC-CPR showed improvements
in ROSC, discharge from hospital and specifically neurological outcome (367). In another
follow-up study, IAC-CPR was applied to patients with electrocardiograms displaying
only asystole or pulseless electrical activity and showed improved ROSC, however, none
of the survivals were neurologically intact (368). In settings of out-of-hospital CA, how-
ever, there is as yet no persuasive proof that IAC-CPR improves neurological function
after a CA (364,369). Nevertheless, IAC-CPR may be used for in-hospital resuscitation
when sufficient personnel trained in the technique are available.
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Open-Chest Cardiac Massage

The superiority of open-chest compressions has long been recognized, although its
advantages with respect to preservation of the brain and heart have been recently inves-
tigated. Initial animal studies demonstrated that open-chest CPR produced greater aortic
pressure and cardiac output (370). In humans, open-chest CPR also generates greater
cardiac index, stroke index, perfusion pressure, and aortic diastolic and mean pressure
(371,372). Additionally, open-chest CPR has been shown to improve both cerebral and
myocardial blood flow (373). Open-chest CPR has been shown experimentally to sustain
EEG activity during prolonged resuscitation, and to lead to improved cerebral and cardiac
recovery (371,372,374). Moreover, open-chest CPR produces nearly normal CBF when
compared to external chest compressions (371,372,375). Limited data on humans exist
with open-chest CPR. However, most reported cases in which open-chest CPR has been
applied is after failed closed-chest CPR, usually greater than 20 minutes, in which the
success of resuscitation dwindles (177). Therefore, if this technique is to improve sur-
vival and cerebral function following CA it must be applied and evaluated early in the
resuscitation (376).

Vest CPR

Vest CPR is another innovative technique that has been shown to improve cerebral and
coronary perfusion pressure. During vest CPR, a bladder-containing vest, analogous to
a large blood pressure cuff, is placed circumferentially around the patient’s chest and
cyclically inflated and deflated by an automated pneumatic system. The device allows
one to regulate the rate of and compression duration, and inflation pressure. It can also
be connected to a defibrillator and cardiopulmonary monitoring system. The vest main-
tains a small amount of positive pressure on the chest between compressions, except
when ventilations are given in which the vest completely deflates. The vest is generally
inflated in adults to a pressure of approx 250 mmHg, 60 to 80 times a minute. Vest CPR
increases IAP fluctuations by circumferential changes in the dimensions of the thorax and
thereby improves venous return and forward aortic flow. By encircling the chest, force
can be applied evenly, thus resulting in a large decrement in the volume of the chest with
minimal displacement of the chest wall itself.

Initial animal studies utilizing vest CPR showed increases in cerebral and myocardial
perfusion pressures, blood flows, and survival outcomes (277). They were able to dem-
onstrate myocardial blood flow 40% of pre-arrest values, and CBF almost equal to pre-
arrest blood flow. Institution of CPR with pneumatic thoracic vest CPR and epinephrine
infusion after 6 minutes of induced VF arrest was capable of generating cerebral perfu-
sion pressure of approx 80 mmHg and a CBF of 57 mL per minute per 100 g (179).
Cerebral ATP recovered to 86 ± 7% of control by 6 minutes of vest CPR and cerebral pH
recovered to 6.88 ± 0.05 by 12 minutes of vest CPR. An initial human trial, however, in
10 patients showed no improvement in CPP (376). Another small human study, utilizing
an improved version of the pneumatic vest CPR compared to standard external CPR
resulted in greater CPP, more ROSC but there was no difference in survival between the
two techniques (378).

Active-Decompression CPR

The case of the patient resuscitated with a plunger led rapidly to the development of
a hand-held suction cup device (379). This new form of CPR, active-decompression CPR
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(ACD-CPR) has been touted as improving cerebral and coronary perfusion pressure
above that achieved with standard CPR. The device includes a handle, a suction cup, and
a force gauge. ACD-CPR (Cardio-Pump™ device) operates by the same principle as vest
CPR with increased intrathoracic pressure fluctuations and enhanced cardiac compres-
sion and forward aortic flow. Venous return is increased with a greater generated negative
IAP during decompression. The ACD device is placed over the midsternum and provides
active manual compression of the chest as well as active chest decompression. It utilizes
a suction-cup device to pull up on the chest during chest relaxation. Additionally, the
device may give the rescuer a mechanical advantage in performing chest compression,
which results in substantially higher sternal forces being applied than with standard
external CPR.

Animal studies have shown increased cerebral and coronary blood flow, cardiac
output, and CPP when compared to standard CPR (380). In an effort to enhance the
efficiency of ACD-CPR, a new inspiratory impedance threshold valve (Resuscitator
valve™ or Resusci-Valve™) has been developed to increase venous return during chest
relaxation (381). The impedance threshold valve is a small (35 mL) disposable valve
that is attached in between the endotracheal tube and the ventilator interface. It allows
the rescuer to ventilate the patient as usual. When the rescuer is not actively ventilating
the patient, the valve impedes inspiratory airflow during the relaxation of the chest.
This creates a small vacuum and increases negative pressure within the chest that
results in increased venous return and leads to improved vital organ perfusion (382).
In animals, use of the impedance valve with active-decompression CPR resulted in a
300% increase CBF and a 400% increase in myocardial blood flow when evaluated
against conventional CPR (383). Additionally, 24-hour survival rates and neurological
outcomes were significantly improved with the use of the impedance device and stan-
dard CPR (384).

A study with 400 patients showed that the combination of ACD-CPR and the imped-
ance threshold valve results in near normal blood pressures during prolonged CA and
doubling of 24-hour survival in patients with out-of-hospital arrest (385). The neurologi-
cal function in the survivors was significantly better at hospital discharge in patients
treated with ACD-CPR and the impedance valve. Another study showed a 100% increase
in 24-hour survival in patients with a witnessed CA treated with the impedance valve and
ACD-CPR when compared to standard CPR (386).

The first human trial of ACD-CPR showed improved rates of ROSC but no improve-
ment in hospital discharge (387). Additional clinical studies in humans were disappoint-
ing, because no difference in hospital survival or improved neurological outcome could
be demonstrated (387–390). However, recently long-term survival rates, including 1-year
survival have been reported to increase by more than 100% with the ACD device (391).
There are many potential reasons for the discrepancies between earlier and more recent
studies, but training and competency in using the device have been major concerns (392).
In the study showing improved long-term survival, the personnel involved in the study
had been utilizing ACD-CPR for several years prior to the study and had ample experi-
ence with the use of the device. Other study differences included differences in the overall
efficiency of the emergency medical services systems, fatigue associated with the tech-
nique, concurrent use of drug therapies, and the duration of CPR during clinical trials
(391,392). At present, the ACD-CPR method is widely used in France, some Asian
countries, and parts of Canada.
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Phased Chest and Abdominal Compression–Decompression CPR
Phased chest and abdominal compression–decompression CPR (Lifestick™-CPR) is

a combination of the potential benefits of ACD-CPR and IAC. The Lifestick device
resembles a seesaw and contains a rigid frame attached to two piston suction cups (pads).
The smaller pad (20 × 17 cm) is placed on the mid-sternum, the larger pad (37 × 25 cm)
on the epigastrium. The pads are fixed to the Lifestick before placement on the patient.
Chest compression is coincident with abdominal decompression, followed by chest
decompression plus abdominal compression. Thoracic decompression during abdominal
compression leads to an increased venous return from increased negative intrathoracic
pressure. Moreover, abdominal decompression during chest compression may lead to an
increased blood flow because afterload is decreased (393). In animal models, improved
coronary perfusion, ROSC, end-tidal CO2, survival and neurological outcome was dem-
onstrated compared to standard CPR (394). A small humans trial with CA refractory to
conventional CPR showed improved CPP (394,395). However, a recent clinical trial in
50 patients randomized to either phased thoraco-abdominal compression–decompres-
sion CPR or closed chest manual CPR found no difference in survival (396).

Whole-Body Periodic Acceleration Aloang the Spinal Axis
A novel CPR technique known as the whole-body periodic acceleration along the

spinal axis (pGz-CPR) has been shown to improve neurological outcome in a VF model
in animals (397,398). The technique involves securing the subject on a horizontal wooden
platform. This platform is driven with a linear-displacement motor powered by an amplifier
that is controlled by a sine wave controller. The platform is directly driven by the motor and
articulates across the frame on stainless steel tracks and nylon wheels at a frequency
between 0.5 and 10 Hz as force of 0.1-1.5g. The platform moves sinusoidally in a head-
word-to-footward direction. A disadvantage is that there is currently a weight limit of
30 kg for animals, thus usefulness in larger animal and adults may not be inferred.

Mechanical Devices
New mechanical devices have also been developed to improve blood flow during CA and

some of these have shown improvement in cerebral and coronary perfusion pressures.

CARDIOPULMONARY BYPASS

The use of CPB for the treatment of CA was intensively evaluated in the late 1980s.
CPB can generate much higher cerebral and coronary blood flows than traditional exter-
nal chest compression (399). During the use of peripheral CPB for VF, there is retrograde
perfusion of the aorta from the femoral arteries and antegrade perfusion of the coronary
and cerebral arteries (400). Organ blood flow pattern are altered when CPB is instituted
after global ischemia following CA. An early hyperemic phase is seen in some organs,
especially the brain and heart, and is thought to occur from ischemic vasodilation with
loss of vascular autoregulation (401). However, coronary and cerebral perfusion pres-
sures are lower than normal. With the addition of epinephrine, these perfusion pressures
become normal or even supranormal with a fibrillating heart (402). CPB permits the
control of flow, pressure, temperature, oxygenation, and composition of blood (403).
Another advantage is the ability to provide continued systemic perfusion during the
postresuscitation phase when intrinsic cardiac function is usually inadequate and the risk
of recurrent cardiac failure or arrest is high. The ability to gradually withdraw perfusion
support facilitates cardiovascular stability. CPB has been shown to be even more effica-
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cious than open-chest CPR in generating blood flow. Disadvantages include placement
of the catheters during CPR making its utility usually only for in-hospital arrest. The
major obstacle to implementation of this technique is the time required to get the equip-
ment and skilled personnel needed to the patient. Even under good conditions, the time
required to perform vascular access and initiate perfusion is generally 10–15 minutes.

In canine CA models, CPB has shown improved ROSC rates when compared to
standard CPR with advanced life support after nonperfused normothermic VF ranging
from 10 to 12.5 minutes (404,405). Survivors of CPB in these studies showed improved
neurological outcome at 72 hours, when compared to survivors of CPR and advanced life
support. In dog studies using CPB, it has been possible to reverse normothermic CA
without neurological deficit of up to 11 minutes without blood flow (406). Similar results
have been seen in the swine model of 10 minute VF and 5 minutes failed conventional
CPR (402). CBP showed better ROSC when compared with open-chest CPR and closed-
chest CPR in a canine model of VF (404). However, all of these animal studies were
previously instrumented with a large cannulae required for operation of the peripheral
CPB prior to the induction of CA. Hence, their results may not be truly clinically relevant,
because when the decision is made to use CBP, one of the limiting issues for success is
attaining cannulation of the vessels during CA. To improve on the success of cannulation
a portable ultrasound may be utilized to assist in the location of the femoral artery prior
to cannulation.

Limited case reports in humans exist with the use of CPB after CA, which showed
effectiveness in restoring circulation (407). Utilizing femorofemoral bypass a report of
five patients who failed conventional therapy, all had ROSC and three survived to hos-
pital dischrage (408). However, those that survived usually had the CPB placed within
the first 5 to 7 minutes following the arrest (409).

EXTRACORPOREAL MEMBRANE OXYGENATION

The use of extracorporeal circulation has been shown to improve neurological out-
come in animals, even after 30 minutes of CA, however a major disadvantage is that it
is not universally available (410). In pediatric patients, venoarterial extracorporeal mem-
brane oxygenation (ECMO) has been used successfully for resuscitation from shock and
CA. Although analogous to CPB, generally lower flows are used to assist the intact, but
dysfunctional circulatory system. A study of 11 CA victims after open-heart surgery were
placed on ECMO after unsuccessful CPR, there were 7/11 early survivors, 6 whom were
long-term survivors (411). Unfortunately, it takes an average of 20 to 30 minutes to set
up the circuit and a perfusion team must be on call at all times for it to be effective, thus
limiting its widespread use.

MINIMALLY INVASIVE DIRECT CARDIAC MASSAGE

Minimally invasive direct cardiac massage (MID-CM) utilizes a plunger-like device
inserted through a small intercostal incision over the apex of the heart. Without opening
the pericardium, the device is placed directly on the ventricles. It produces an artificial
circulation by cyclic cardiac compression and relaxation. The device uses a padded plate
connected to a handle. A defibrillator can be attached and has been effective in converting
VF (412). In a swine model of CA this technique generated cerebral and coronary per-
fusion pressure, cardiac output, and systemic blood pressure similar to that produced by
conventional open-chest cardiac massage (413). However, there was no difference in
24-hour survival when compared to standard CPR in a model of prolonged VF (414).
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AORTIC BALLOON OCCLUSION CATHETERS

There is a growing interest in the use of thoracic aortic balloon occlusion catheters to
provide vital organ perfusion during CA. Intra-aortic balloon occlusion of the descending
aorta is a new and promising technique in CPR. It resembles the aortic cross-clamping
technique previously used in combination with open-chest cardiac massage. The tech-
nique utilizes a balloon catheter that is advanced into the ascending aorta. The balloon
is inflated for 30 seconds during each minute of thoracic compression. It effectively
diverts blood flow toward the coronary and cerebral circulation. Additionally, placement
of an aortic balloon catheter provides unique access to the coronary and cerebral vascular
beds during CPR and permits infusion of resuscitation solutions selectively to the heart
and brain. This type of catheter opens a new field of possible resuscitative interventions
during and after CPR.

A recent animal VF study using a balloon occlusion of the descending aorta showed
improvement of cortical CBF (415). Fluid infusion resulted in further increases in coro-
nary artery perfusion that promoted ROSC. These findings are even better than with the
use of high-dose epinephrine infusion. Despite the remarkable coronary perfusion gen-
erated by this technique, rapid insertion of the catheter to the ascending aortic arch during
CA poses a significant challenge for successful use of these techniques. Additionally, an
imaging study would almost be certainly required to confirm proper placement of the
catheter tip before initiation of therapy. Another study in piglets with aortic occlusion and
the infusion of vasopressin into the aorta above the site of occlusion, demonstrated
improved cerebral blood flow and oxygenation (416). Recently, a combination of aortic
balloon occlusion, vasopressin, hypertonic saline dextran, free radical scavenger -phe-
nyl-N-tert-butyl-nitrone and cyclosporine-A alleviated neuronal damage after 8 minutes
of global ishemia in piglets (417).

The use of intra-aortic balloon occlusion with hypertonic saline hyperoncotic dextran
solution (HSD) has been shown to increase CBF and brain oxygen supply during open-
chest CPR but these effects vanish once there is return of spontaneous circulation (418).
Improving the rheological properties of blood flow in the postresuscitation phase may
augment flow to ischemic organs. The clinical significance of the increased blood flow
during CPR is unknown and remains to be investigated. HSD has direct beneficial effects
on organ perfusion by expanding the intravascular volume, but is also theorized to attenu-
ate cerebral noreflow by decreasing intracranial pressure, reducing the endothelial swell-
ing and platelet aggregation, and the postischemic leukocyte-endothelial interaction
(419–421).

DRUG THERAPY TO IMPROVE CEREBRAL PERFUSION

Several experimental studies performed over the past 20 years have demonstrated that
alpha adrenergic agonists improve the outcome of resuscitation from CA. -Adrenergic
agonists cause vasoconstriction of peripheral arterioles and have been shown to increase
CPP by raising aortic diastolic pressure above increases in right atrial diastolic pressure
(422). Although adrenergic agonists increase CPP, their effect on myocardial oxygen
consumption is more controversial and in fact, it is the -adrenergic activity that increase
oxygen consumption (423). Epinephrine, for example, has prominent -adrenoreceptor
actions by which it increases the myocardial oxygen requirements during CA (424). The
increases in oxygen demand exceed increases in oxygen delivery produced by augmen-
tation of CPP and myocardial blood flow (424). Additionally, -adrenergic stimulation
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during CA has also been shown to worsen the severity of postresuscitation myocardial
dysfunction. Recent laboratory data indicate that -blockade may actually be benefi-
cial (425). In a rat model of CA, administration of epinephrine in combination with the

-blocking agent esmolol during chest compression ameliorated the severity of
postresuscitation myocardial dysfunction (426). These results have been reproduced in
large-animal models of CA (425). Epinephrine has also been shown to improve cerebral
perfusion and may improve neurological outcome, but the latter may only be a secondary
effect of epinephrine because it increases the chance of ROSC and shortens the duration
of arrest (427). However, some preliminary results from animals indicate that adrenergic
agents may actually have a direct neuroprotective effect (428).

The optimal dose of adrenergic agonists required to increase cerebral and coronary
perfusion pressures during CPR remains speculative. Numerous studies in animals have
shown that epinephrine in doses of 0.2 mg/kg, so-called high-dose epinephrine, produces
substantially higher cerebral and coronary perfusion pressure and greater myocardial
blood flow than standard-dose epinephrine (0.01–0.02 mg/kg) (429,430). However,
higher doses can lead to excessive stimulation -adrenergic adrenergic receptors and
increase morbidity. This toxicity is obviously only an issue in survivors and may be
prevented with blockade (431).

Higher than the normal recommended doses of epinephrine have been shown in ani-
mals to increase both cerebral and coronary blood flow, but fail to improve overall
outcomes in humans (432–434). High-dose epinephrine, did significantly improve the
rate of return of spontaneous circulation, but did not improve hospital discharge or
neurological outcome when compared to standard dose epinephrine. These findings were
confirmed in a meta-analysis of five randomized trials, which established that high-dose
epinephrine was associated with a higher ROSC, but no beneficial effect on hospital
discharge (435). In a recent animal trial, higher doses of epinephrine (200 μg/kg vs 20 μg/
kg) may actually worsen cerebral cortical blood flow measured by laser Doppler
flowmetry, which may explain the failure of high-dose epinephrine on neuronal recovery
in human trials (436). Previous studies supporting an increased cerebral blood flow in
CPR by using high-dose epinephrine measured blood flow with the microsphere technique
which has a limitation of being a spot measurement of flow and not continuous (433).

The best adrenergic agonist for increasing cerebral and coronary pressures is likewise
controversial. Agents used during CPR have included epinephrine, methoxamine, nore-
pinephrine, phenylephrine, and -methylnorepinephrine ( -MNE) and varying results
have been achieved (423,437). Thus, no consensus yet exists concerning the best adren-
ergic agonists for raising cerebral and coronary pressure during CPR. A preliminary
animal study showed comparable increases in coronary perfusion pressure and
resuscibility for -MNE, epinephrine, and vasopressin (438). However, only -MNE
demonstrated the best postresuscitation myocardial function and survival than did vaso-
pressin or epinephrine. This may be partially explained because -MNE is predomi-
nantly an -1 adrenoceptor agonist. Additionally, both vasopressin and epinephrine
decreases ETCO2 and presumably pulmonary blood flow, therefore, cardiac output dur-
ing CPR (439). However, not until more research especially in humans can -MNE be
recommended as an agent for CA.

Recently, attention has been given to vasopressin. Some investigators have shown in
an animal model of prolonged arrest that vasopressin, but not epinephrine had better
neurological outcomes (440). Vasopressin when compared with epinephrine not only
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increases cerebral blood flow but also improves cerebral oxygenation and decreases
cerebral venous hypercarbia when administered during CA (441). In a pediatric porcine
model of asphyxial arrest, however, epinephrine resulted in better cerebral and coronary
blood flow and ROSC than did vasopressin (442). Although in a pediatric porcine model
of VF, the combination of epinephrine with vasopressin during CPR resulted in signifi-
cantly higher levels of left ventricular (LV) myocardial blood flow than either vaso-
pressin alone or epinephrine alone (443). Both vasopressin alone and the combination
with epinephrine with vasopressin, but not epinephrine alone, improved total CBF during
CPR. In stark contrast to the pediatric asphyxial CA model, vasopressin alone or in
combination with epinephrine affords a better outcome after VF. It is postulated that the
improved CBF with the addition of vasopressin to epinephrine may be as a result of the
unique vasopressin effect on nitric oxide release in the cerebral vasculature. However,
significant side effects were noted with the epinephrine–vasopressin combination, which
included decreases renal blood flow, hyperadrenergic state with the occurrence of VT,
and an increase acidosis postresuscitation.

The addition of nitroglycerin to epinephrine and vasopressin in a porcine model of VF
showed greater cerebral and myocardial blood flow and ROSC than epinephrine alone
(444). Another porcine model of VF arrest confirmed the findings of improved neurologi-
cal outcomes with the combination of epinephrine and vasopressin when compared to
epinephrine alone or saline (445). Additionally, this model showed less complications in
the postresuscitation period that may be attributed to the small dose of epinephrine used
(45 vs 200 μg/kg). In a human trial of epinephrine vs vasopressin there was no difference
between hospital discharge rates (446). However, another human trial showed vaso-
pressin, not epinephrine with an increased ROSC, survival at 24 hours and a trend toward
better survival on hospital discharge.

Postresuscitation Management
GENERAL SUPPORTIVE MEASURES

Resuscitation of the CA patient does not terminate when there is ROSC. A significant
amount of patients sustain neurological injury, which imply that there is room for improve-
ment in achieving a better neurological outcome during the post-ROSC phase of resusci-
tation. The fundamental goal of cardiopulmonary-cerebral resuscitation is to improve the
proportion of people stricken with an unexpected impaired neurological state to pre-
arrest functional neurological recovery. Cerebral-oriented intensive care therapy is of
utmost importance if the best possible outcome is to be expected. An important therapy
for patients with reduced CBF should include measures to optimize cerebral perfusion
pressure by maintaining a normal or even a slightly higher MABP although at the same
time maintaining a normal ICP (447). Additionally, it is clear from many other studies
evaluating other forms of shock that patients may remain underresuscitated for days
following the ischemic insult. This may be worsened in CA victims in whom aggressive
treatment may be delayed because of concerns for neurological viability. Vital measure-
ments such as heart rate, blood pressure, and urine output are poor indicators of the
adequacy of resuscitation (448).

After ROSC, many resuscitated CA victims may be clinically unstable for several
reasons. Nearly half require mechanical ventilation, and aspiration of gastric contents
during the arrest or resuscitation may exacerbate respiratory compromise. Peri-arrest
arrhythmias are common and may lead to further episodes of poor perfusion or CA.
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Hypotension can also result from the process that leads to CA, such as MI and from
postresuscitation myocardial stunning, requiring the administration of inotropic agents
or mechanical circulatory support, or both. Many resuscitated patients are elderly and in
addition have serious underlying cormobid conditions that may increase morbidity or
mortality following CA.

One of the other initial management priorities of a CA victim should include a basic
diagnostic work-up aimed at determining the etiology of the CA, an assessment of res-
piratory and hemodynamic function, and an identification of extracardiac issues that may
affect organ function. In the adult population, 80% are as a result of coronary syndromes.
Accordingly, other causes of CA in the adult may include dysrhythmias, dilated cardi-
omyopathy, myocarditis, aortic stenosis, cardiac tamponade, aortic dissection, pulmo-
nary hypertension, and electrolyte abnormalities. Other noncardiac conditions include
hypoxemic respiratory failure, massive pulmonary embolism, tension pneumothorax,
and exsanguinating traumatic hemorrhage. In the pediatric population, sudden infant
death syndrome, asphyxial-related arrest, and near-drowning are the predominant medi-
cal causes of CA (449). A primary cardiac event is less common and is usually associated
with congenital heart disease, congenital coronary abnormality, hypertrophic cardiomy-
opathy, and myocarditis (450). Once the cause is found, accordingly, efforts should be
made to institute specific medical treatments.

Primary Assessment (Airway, Breathing, and Circulation)
Intensive postresuscitation care has changed very little in the last few decades but

general recommendation based on recent evidence for general support can be made
(Table 1; 15). Thorough reassessment of the airway, breathing, and circulation should be
performed. The airway should be evaluated for patency, looking for any evidence of
obstruction. Tracheal intubation is the most reliable method for securing and maintaining
a patient’s airway in a patient suffering from a CA. Although direct visualization of the
vocal cords as the tube is advanced into the trachea using a laryngoscope is reassuring,
the tube may become dislodged following placement owing to head movement or posi-
tioning of the patient. Unintentional esophageal intubation, however, occurs in up to 8%
of the attempts, and the consequences are catostrophic if misplacement of the endotra-
cheal tube (ET) is not recognized. Confirmation of the ET should be performed. There-
fore, various methods for verifying tracheal intubation and distinguishing it from
esophageal intubation have been developed. Among clinical signs, auscultation of the
chest is the most common method, and direct visualization of the ET between the vocal
cords is one of the most dependable signs of correct tracheal intubation (451).

However, these methods are not perfect. Detection of the end-tidal CO2 concentration
has become the most reliable method for verifying proper placement (451,452). Carbon
dioxide (CO2) can be measured by inexpensive chemical indicators that provide
semiquantitative estimates of the end-tidal CO2 or by portable infrared CO2 analyzers that
provide quantitative estimates and displays of waveforms. A chest radiograph serves as
the confirmatory method to verify the position of the ET relative to the carina.

Evaluation of breathing entails listening for equal and bilateral breath sounds and
looking for equal excursion of the chest. The neck should be inspected for jugular venous
distention and the trachea should be in the midline position. Evidence for rib fracture or
pneumothorax should be sought. If there is decreased breath sounds on one side and it is
not as a result of erroneous ET placement, then a needle thoracostomy followed by a chest
thoracostomy tube should be placed for suspected pneumothorax.
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Table 1
Postresuscitation and Cerebral Resuscitation Recommendations

Prehospital phase Teach basic life support (BLS) to lay public
Early automated external defibrillation (AED) response
Airway support, including supplemental oxygen, bag-valve-mask (BVM)

ventilation and endotracheal tube intubation
Early administration of resuscitative drugs as recommended by advanced

cardiac life support (ACLS) and pediatric advanced life support (PALS)
Increase perfusion pressure with early administration of epinephrine
Use of other mechanical devices, such as ACD-CPR or IAC-CPR
Check blood glucose and maintain between 100—and 200 mg/dL

Hospital phase Primary assessment of the airway, breathing, and circulation
Confirmation of tracheal intubation (CXR, ETCO2)
Hypertensive bout (MABP <150 mmHg) for 15–30 minutes, afterward

control normotension, normoxia, and normocarbia (avoid hypotension,
hypercarbia and hyperoxia)

Conduct hemodynamic monitoring as feasible to guide administration of
drugs and fluids

Optimize myocardial function and systemic perfusion (inotropes,
vasopressors, vasodilators or mechanical devices).

Cool brain to 32–34°C (treat hyperthermia aggressively)
Control seizure aggressively with benzodiazepines or standard

anticonvulsants
Measures to decrease ICP (elevate head 30°, midline position).
Diagnostic work-up aimed at determining the etiology of the CA
Correct acidemia (fluids ± buffer therapy)
Treat electrolyte disorders
Maintain glucose between 100–200 mg/dL
12-lead EKG
Insert gastric tube to decompress stomach (allow diaphragmatic excursion)
Keep hematocrit 30–35%, electrolytes normal

After the airway and breathing is assessed, circulatory function follows. An assess-
ment of perfusion status includes comparison of peripheral vs central pulses, a visual
assessment of the color of the extremities, and palpation of the extremities for tempera-
ture. Abnormal color such as pale, ashen, mottled, or cyanosis and a colder than normal
extremity are all indications of decreased perfusion to that extremity. Bilateral femoral
and carotid pulses should be assessed for rate and quality. Capillary refill time should be
determined. The patient’s rhythm should be monitored and a minimum of two working
intravenous catheters should be established.

Secondary Assessment
In patients whose CA is caused by pump failure secondary to acute myocardial infarc-

tion, emergent cardiac catheterization with angioplasty or stenting should be considered
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(453). These patients may develop profound myocardial dysfunction and require circu-
latory assistance with inotropic drug administration, aortic balloon counterpulsation, or
both. In situations in which cardiac cathetrization is not available, fibrinolytic therapy
should be administered if the CPR time was generally less than 10 minutes and no other
absolute contraindications exist (454). If the initial arrest rhythm was VF or ventricular
tachycardia or anti-arrhythmic therapy was required for successful resuscitation consider
an anti-arrhythmic infusion, such as amiodarone or lidocaine. If hemodynamically sig-
nificant bradycardia is present, initiate therapy to increase the heart rate, including atro-
pine sulphate or pacemaker. At the same time, if hemodynamically significant tachycardia
exists, initiate therapy to decrease the heart rate, such as adenosine, amiodarone, -
blockers, or calcium channel blockers.

CNS Assessment

In the comatose patient, the brain responds to external stimuli such as a simple
physical examination or airway suctioning with increases in cerebral metabolism and
ICP. This increased regional brain metabolism requires increased regional CBF at a
time when the balance between oxygen supply and demand are precariously threat-
ened. Protection from afferent sensory stimuli with administration of titrated doses of
sedation and muscle relaxants may protect this balance and improve the chance for
neuronal recovery.

Seizures are not a common sequella following an ischemic injury. When they occur,
they should be treated with anticonvulsant therapy. If seizures occur, search for any
correctable metabolic causes, such as hypoglycemia or other electrolyte disorders. Sei-
zures can increase brain metabolism by 300 to 400%. This extreme increase in metabolic
demand may tip the tissue oxygen supply–demand balance, causing devastating neuro-
logical consequences. Seizures must be treated aggressively with anticonvulsant medi-
cation. A benzodiazepine such as lorazepam, diazepam, or midazolam is often effective.
No clinical evidence supports the routine administration of an antiepileptic drug to pre-
vent post-arrest seizures, therefore are not recommended routinely. Postanoxic myoclo-
nus is a more common problem, can interfere with nursing care and mechanical
ventilation, and may be quite distressful to families. When it is generalized and repetitive
it is associated with extensive brain damage (455). It is usually refractory to treatment and
may persist past the acute setting in patients who otherwise have made a good recovery.
Administration of sedatives may be useful, but it may be necessary to resort to
neuromusclar paralysis in order to care for these patients.

Measures to lower ICP should be instituted. The head should be elevated to approx 30°
and maintained in a midline position to aid in cerebral venous drainage if there is no
evidence of suspected cervical spinal injury. Care should be observed during tracheal
suctioning because of the increase in ICP during this procedure and should be limited to
no more than 15 to 20 seconds. Preoxygenation with 100% oxygen helps prevent hypox-
emia during suctioning.

Although there is exciting experimental data on preserving CNS function, no treat-
ment except induced hypothermia is established sufficiently at present to warrant its
routine use for cerebral resuscitation. Nonetheless, vigilant attention to the details of
oxygenation and perfusion of the brain after resuscitation can significantly reduce the
possibility of secondary neurological injury and maximize the chances of full neurologi-
cal recovery.
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Laboratory Assessment

Laboratory investigations after CA should include determination of arterial blood
gases, electrolytes, glucose, serum creatinine, blood urea nitrogen, magnesium, calcium,
and cardiac enzyme levels. Other laboratory analyses should be dictated by the clinical
situation. Disturbances in potassium and magnesium levels in patients resuscitated from
CA have been seen in 30 and 42%, respectively, and may be responsible for postresuscitation
dysrrhythmias (456). Accordingly, treat abnormalities in electrolytes aggressively, which
may lead to improved outcome.

Acid–Base Assessment
Metabolic acidemia should be corrected, as proper acid–base balances has been shown

to improve cerebral and cardiovascular recovery (54,457). The single most important
approach to correcting increases in tissue CO2 and lactate accumulation is to improve
perfusion and ventilation. With adequate ventilation and reperfusion, the acidemia fol-
lowing CA will normally resolve without the need of buffer administration. Once coro-
nary and cerebral perfusion are optimized, however, correction of profound acidosis is
warranted. This can be accomplished with bicarbonate therapy with the understanding
that overshoot alkalosis may be detrimental.

The use of arterial blood gases to guide therapy may be problematic after resuscitation.
Although arterial PCO2 and PO2 are useful for monitoring pulmonary ventilation, there
is increasing evidence that arterial blood may not reliably reflect tissue acid–base con-
ditions during low perfusion states, and that central venous blood more accurately reflects
conditions at the tissue level (458). The reason for this is that blood in the arterial system
that remains stagnant does not reflect ongoing intracellular metabolism until some per-
fusion is restored, so that arterial blood gas values remain constant for up to 13 minutes
in a low-flow state (459). Additionally, mixed venous blood gases are more useful than
arterial blood gases for assessing blood flow during CPR, because they are much less
affected than arterial gases by changes in minute ventilation (460). Therefore, the meta-
bolic derangements during CA is characterized not only by venous and tissue hypercap-
nic and metabolic acidemia but also by hypocapnic arterial alkalemia and has been
termed the arteriovenous paradox (461).

The use of sodium bicarbonate during or after a CA is discouraged because of its
theoretical disadvantages, which may include metabolic alkalosis, hypernatremia, and
the generation of CO2 which produces a paradoxical cerebral acidosis, thereby poten-
tially worsening the neuronal ischemia by oxygen-free radicals (461). Besides other
potential side effects, the additional hypercarbic load may theoretically depress myocar-
dial resuscitability. However, the use of a buffer during reperfusion from CA has recently
been shown to have no harm effects and in fact may have a beneficial effect on the
cardiovascular function that can positively influence cerebral outcome (462). In an ani-
mal model, after prolong VF of 10 minutes, administration of bicarbonate has been shown
to improve ROSC with less defibrillation attempts and to improve CPP (462).

Other agents have also been administered during or following CA. Carbicarb is a
formulation of sodium bicarbonate (NaHCO3) and sodium carbonate (Na2CO3) designed
to neutralized systemic and tissue acidosis without producing CO2 (463). Carbicarb
effectively neutralizes cerebral acidosis during CA without producing a paradoxical
acidosis as seen with sodium bicarbonate administration (464). Recent data has shown
in an animal model of CA that administration of low dose Carbicarb (3 mL/kg) was



Chapter 30 / Postresuscitation Cerebral Dysfunction 571

associated with an attenuation of the acidosis, improved resuscitation, and reduced neu-
rological deficits and neuronal cell death in the hippocampus (465). However, high-dose
Carbicarb (6 mL/kg) resulted in the opposite result with increase neuronal damage and
worsening neurological deficits. A recent study showed that the administration of Tris
buffer mixture, which is a mixture of Tris buffer (tromethamine), acetate, sodium bicar-
bonate and phosphate, mitigated postresuscitation cerebral acidosis (466). However,
earlier studies using the Tris buffer mixture or THAM (tromethamine) showed no change
in resuscitation survival or markedly decrease resuscitation rates, respectively, despite
effectively lowering the CO2 content of the blood (467). This may be explained because
THAM induces arterial vasodilation and reduces systemic resistance with consequent
decreases in MABP and CPP (468). Therefore, the use of buffer agents in CA requires
careful scrutiny before its administration can be fully recommended.

Glucose Assessment

Experimental data suggest that postischemic blood glucose concentration plays a vital
role in modulating both cerebral ischemia and selective neuronal necrosis. Prolonged
hypoglycemia (blood glucose <50 mg/dL in adults; <30 mg/dL in neonates) is deleterious
to the brain (43). Depending on its severity, hypoglycemia has three important effects on
the CNS: (a) it invokes a counterregulatory stress response that is characterized by in-
creases in plasma norepinephrine, epinephrine, glucagon, growth hormone, and cortisol
levels; (b) it causes CBF impairment; and (c) it alters cerebral metabolism, ultimately
leading to energy depletion and permanent brain injury (469,470).

Increases in blood glucose concentration can impair neuronal recovery following
ischemia. Severe hyperglycemia before and during global cerebral ischemia in animal
models worsens neurological outcomes by increasing brain lactic acidosis and decreas-
ing pH (16,471,472). Hyperglycemia after ischemia impairs recovery of high-energy
phosphates and causes greater delayed hypoperfusion (471). In fact, an animal model
of asphyxial arrest demonstrated that glucose and insulin administration may improve
cerebral outcome (473). High blood glucose concentrations occurring over the first 24
hours after CA in humans have been correlated with worsening functional neurological
recovery (474). Hyperglycemia increases progressively with duration of resuscitation.
Because the duration of resuscitation is a well-known prognostic factor for outcome, it
is unknown whether the hyperglycemia is just an epiphenomenon of prolonged resusci-
tation and not the cause of a poor outcome (475). One study controlled for duration of
resuscitation after witnessed arrest and still found a correlation between high glucose
levels and deleterious neurological recovery (474).

The cause of hyperglycemia after a CA in a nondiabetic patient or a patient not receiv-
ing exogenous glucose remains speculative. Hyperglycemia can generally occur from
either elevated endogenous hormones release during CA or from exogenous administra-
tion of epinephrine (476). Hyperglycemia enhances the translocation of PKC to cell
membranes and this might contribute to the detrimental effects on neuronal injury follow-
ing ischemia (477). There is evidence that following a CA there is progressive decline in
plasma insulin levels despite the presence of marked hyperglycemia (478). Others have
shown that glucose administration prior to ischemia induces mitcochondrial dysfunction
with mitochondrial release of cytochrome c to the cytoplasma, which leads to activation
of caspase-3 and apoptosis (479). Another proposed mechanism whereby hyperglycemia
accentuates ischemic brain damage relates to an excessive production of tissue lactic acid
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or to an associated derangements in pH homeostasis (480). With sufficient intracellular
lactate accumulation, intracellular pH decreases, and this decrease may lead to compro-
mised cellular function and cell death (481). Cerebral lactic acidosis during brain ischemia
and reperfusion may promote oxygen-free radical reactions (482). Others have suggested
the mechanism to be an increased BBB permeability or postischemic seizures (483).

Presumably, excessive lactate production during hyperglycemic cerebral ischemia is
caused by a greater acceleration of anaerobic glycolytic flux than that which occurs when
the circulating glucose concentration is not increased. A recent report contradicts this
mechanism. Rats given glucose infusion 120 minutes prior to arrest had neurological
damage similar to control, but when glucose is administered 5 minutes prior to arrest,
neurological damage was significantly higher (484). Additionally, rats pretreated with
glucose 120 minutes prior to arrest and also given -cyano-4-hydroxycinnamate (4-CIN),
an agent used to inhibit utilization of lactate, showed dramatic increases in neurological
damage. These data stipulate that brain oxidative lactate utilization post-ischemia reduces
the degree of delayed CA1 neuronal damage in the hippocampus. It can be further
explained, that under aerobic conditions and in the absence of glucose during
reperfusion and reoxygenation, lactate can easily enter the tricarboxylic acid cycle via
pyruvate to maintain ATP reproduction as efficiently as glucose does. Hence, the very
process aimed at supplying ATP to oxygen-deprived tissue has been promoted to be the
one that causes the demise of that very tissue.

The “glucose paradox” of cerebral ischemia in which the aggravation of ischemic
damage by post-ischemic hyperglycemia has been described, may not be actually the
reason for hyperglycemic-induced neuronal damage (485). Administration of metyrapone,
a steroid biosynthesis inhibitor, has been shown to prevent the glucose-induced aggrava-
tion of cerebral injury and unmask the ability of glucose to protect against ischemic
damage even when administered shortly pre-ischemia (485). Pretreatment of hypergly-
cemic rats with the corticosterone synthesis inhibitor metyparone or the corticosterone
receptor antagonist, RU38486, prevents hyperglycemic aggravation of ischemic neu-
ronal damage (486). Therefore, it seems that glucose-induced corticosterone release may
be the culprit behind the glucose paradox. It also seems that glucose may have some
neuroprotective effects because the glucose level in metyrapone-treated, glucose-loaded
rats was as high as those rats loaded with glucose but not treated with metyrapone.
Therefore, for the patient suffering a CA post-arrest monitoring and titration of blood
glucose levels between 100 and 200 mg/dL seems reasonable. Not until further evalua-
tion in humans can other recommendations be made safely.

Respiratory Support

In the postresuscitation phase, patients may experience various degrees of respiratory
dysfunction. The lung is generally not considered to be a primary target of the ischemic
and reperfusion injury following CA. Patients undergoing cardiopulmonary resuscita-
tion, however, are liable to pulmonary complications stemming from attempts to estab-
lish an artificial airway, chest compression with potential injury to the ribs and
intrathoracic viscera, and aspiration of gastric contents with subsequent development of
pneumonia (487). Pulmonary edema evident immediately after successful resuscitation
has been reported in up to 30% of patients (488). A clinical examination and review of
the chest radiograph is essential. Meticulous attention should be made to discover com-
plications of resuscitation, such as pneumothorax, pneumomediatinum, rib fractures, and
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dislodgement of the ET. Proper placement of an ET should be verified during the post-
resuscitation phase.

Some patients (especially those who have depressed neurological function) will require
mechanical ventilation and supplemental oxygen. Controlled ventilation for the comatose
patient for at least 12 hours is favorable to prevent the development of cardiovascular-
pulmonary failure. Ventilation should also be supported if there is evidence of significant
respiratory distress with agitation, poor air exchange, cyanosis, hypercarbia, or hypox-
emia. The level of ventilatory support, such inspiratory oxygen concentration, positive-
end expiratory pressure (PEEP), and minute ventilation is determined by the blood gas
analysis, respiratory rate, and perceived work of breathing. An arterial catheter may be
required in patients requiring prolonged mechanical ventilation and to facilitate repeated
arterial blood sampling. Additionally, systemic blood pressure can be accurately and
continuously monitored from the arterial catheter. As spontaneous ventilation becomes
more efficient, the level of ventilatory support can be weaned until respiration is entirely
spontaneous.

Oxygenation

The amount of oxygenation required for a postresuscitation victim is unknown. Supple-
mental oxygen should be provided until it can be confirmed that oxygenation and oxygen-
carrying capacity are satisfactory. Recent evidence suggests that neurological outcome
after ischemia and reperfusion may be influenced greatly by the concentration of oxygen
inspired immediately following ROSC. Even short periods of postresuscitative hyperoxia
may contribute to delayed neuronal death and worsening neurological outcome after
global cerebral ischemia. This has led to reconsideration of the prolonged use of 100%
oxygen following resuscitation from CA (489). The production of oxygen-derived free
radicals may be proportional to PO2 and the inspired fractions of O2 (FiO2) during the
hyperemic phase of the postresuscitation period. In contrast, deficient or too low O2
supply during resuscitation may cause cellular energy failure with further neuronal loss
(490). Therefore, it seems that a gradual reintroduction of oxygen during early resusci-
tation may reduce the neuronal postischemic reoxygenation injury (491).

There is no evidence that arterial hyperoxia (PaO2 >80–120 mmHg) is helpful for
survival of the selectively vulnerable neurons. Oxygenation with 21% oxygen after
recovery from CA has been shown to be equal to 100% oxygen (492). In fact, reox-
ygenation with 100% was not superior to 21% oxygen in restoring tissue metabolism
after critical hypoxia (493). Reoxygenation, although essential and effective in restoring
energy charge, also might provoke chemical cascades, especially the formation of free
radicals and free iron that result in lipid peroxidation of membranes (89,105,494).
Because formation of reactive oxygen species (ROS) requires delivery of molecular
oxygen to ischemic tissue, restricting inspired oxygen during reperfusion may decrease
reperfusion lipid peroxidation and neurological damage (489). In a recent animal model
of global ischemia, hypoxemic reperfusion (PaO2 = 35 mmHg) vs hyperoxemic
reperfusion (PaO2 >300 mmHg) showed significantly fewer histological changes in the
brain (495). In a neonatal animal model subjected to severe hypoxic insult reoxygenation
with 100% oxygen showed increased arterial and venous hydrogen peroxide (H2O2)
concentration in leukocytes and near normal levels when reoxygentaed with 21% oxygen
(496). Therefore, resuscitation with 100% oxygen after CA exacerbates neurological
dysfunction when compared to normoxic (FiO2 = 0.21) resuscitation (497).
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There is, however, one rat asphyxial model that did not show benefit from reducing the
oxygen content during resuscitation from 100 to 21% (498). The difference in this study
was that the rat brains were examined at a longer time interval of 72 hours and it is well
established that neuronal injury may develop over days after reperfusion (32,499). In
another neonatal animal model, the use of a hypoxemic resuscitation with an average
oxygen concentration of 12 to 18%, was found to be more detrimental with increasing
levels of extracellular aspartate and glutamate, when compared to the use of either 21 or
100% oxygen (500). In a dog model, it was again shown that hypoxic resuscitation
showed reduced overall survival and greater neurological deficit when compared to
normoxic resuscitated dogs (497). It seems appropriate to reduce the arterial oxygen
concentrations to normal level, avoiding excessive oxygenation, immediately after resus-
citation and to direct clinically intense effort toward maintaining normal arterial oxygen-
ation throughout the hours and days following resuscitation. However, one must not
lower the level below normal, which may actually worsen neurological damage (497).

Rate of Ventilation
The rate of ventilation for the resuscitated patient has been a matter of controversy over

the years. Hyperventilation was used originally as a procedure to reduce cerebral edema
from head injury or global cerebral ischemia. It was shown in early studies to ameliorate
neuronal damage from ischemia (501). However, recent evidence supports the theory that
sustained hypocapnea (low PaCO2) may worsen cerebral ischemia (502). Hyperventila-
tion has been shown in animal models to correlate with worsening neurological outcomes
(503). After CA, restoration of blood flow results in an initial hyperemic blood flow
response that lasts 5 to 40 minutes. This hyperemic phase is followed by a prolonged
period of diminished blood flow. During this period of delayed hypoperfusion, a mis-
match between oxygen demand and supply may occur. If the patient is hyperventilated
at this stage, the additional cerebral vasoconstriction resulting from hypocapnea may
further decrease CBF and worsen cerebral ischemia. The potential risk for cerebral
ischemia is real and has been observed in traumatic head injuries (504). Additionally,
hyperventilation may generate airway pressures and auto-PEEP, leading to an increase
in cerebral venous blood flow and ICPs (505). The increase in cerebral vascular pressure
results in a further decrease in CBF and a further worsening of cerebral ischemia. This
mechanism has been shown to be independent of its effects on PaCO2 or pH on cerebral
vessel reactivity. Hyperventilation should be avoided after CA except in the rare circum-
stance when it may be used to treat acute herniation syndromes.

Hyperbaric Oxygenation
Despite growing evidence showing worsening neurological outcome with hyperoxia

during postresuscitation after a CA, paradoxically there is limited evidence that hyper-
baric oxygen (HBO) despite greatly elevating tissue oxygen can ameliorate reperfusion
injury after global ischemia induced by vascular occlusion (506). HBO therapy has been
advocated as a method to improve tissue oxygen delivery, especially to areas of dimin-
ished blood flow, as seen in the postresuscitation phase (507). It has been suggested that
HBO can enhance neuronal viability by its ability to increase the amount of dissolved
oxygen in the blood without significantly altering blood viscosity.

Postischemic hypoperfusion causes a mismatch between cerebral oxygen supply and
demand. An increase in the cerebral extraction ratio occurs, which leads to a decrease in
oxygenation in the brain’s venous outflow. When cerebral oxygen extraction reaches a
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critical point, cerebral consumption decreases causing more ischemic damage. HBO has
the potential to increase post-ischemic oxygen delivery, theoretically overcoming
postresuscitative delivery-dependent cerebral ischemia.

The ability of HBO to improve neurological recovery after cerebral injury is contro-
versial, as studies in animals and humans have yielded conflicting results (507,508).
Some of the discrepancy in the results of these studies is as a result of the fact that the
investigators vary in the time after insult at which HBO was given, many depths and
duration of exposure have been used, and most studies have not had adequate controls.
In several models of ischemia and reperfusion, HBO has been shown to reduce cerebral
edema, decrease neutrophil adherence to the endothelium, decrease lipid peroxidation,
maintain the BBB integrity, and cause increased activity of SOD (509–511). However,
the role of inflammation after global ischemia is not understood well and the importance
of HBO-mediated prevention of leukocyte migration into the brain after ischemia and
reperfusion remains unclear. HBO may also alter gene expression that may be
neuroprotective. HBO prior to ischemia causes elevation of brain levels of Bcl-2, an anti-
apoptotic protein, and Mn-SOD, an enzyme that detoxifies ROS (512). Additionally,
HBO downregulates the expression of cyclooxygenase-2, a potential source of toxic ROS
that has been implicated in post-ischemic oxidative stress (513).

Others investigators have shown that hyperbaric therapy after ischemia does not
ameliorate the morphological or functional recovery of neurons (514). Additionally, a
human trial of HBO therapy for stroke had a worsened outcome (515). In stark contrast,
a recent trial of HBO after VF arrest in a beagle model showed for the first time improved
neurological function and reduction in neuronal cell death (516). This was the first CA
model as opposed to using vessel occlusion to simulate global ischemia. Neuroprotection
in this model does not seem to result from increased cerebral oxygen delivery or oxygen
consumption. In fact, normalization of cerebral oxygen extraction with HBO occurred
without an increase in oxygen consumption. This suggests, as others have seen, that there
may not be ongoing ischemia during post-ischemic hypoperfusion (517). After global
ischemia, therefore, energy metabolism may not be limited by oxygen delivery but rather
by the activity of aerobic metabolic enzymes (518).

Cardiovascular Support
After ROSC, as stated earlier it is important to determine whether the patient is suffering

from 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 appro-
priate history, it may be difficult to determine whether evidence of ischemia on the ECG
is the cause or result of the CA. Treatment for the post-arrest patient suffering from a
myocardial infarction is obviously optimized if a well-thought out multidisciplinary
approach is already established. Patients who have had less than 10 minutes of CPR
without evidence of significant CPR-induced trauma and who are not in cardiogenic
shock should be considered for fibrinolytic therapy (519). Patients who have had more
than 10 minutes of CPR or sustained significant CPR trauma or are in cardiogenic shock
should be considered for immediate angioplasty or stenting. Without effective revascu-
larization strategies, myocardial dysfunction is likely to worsen and lead to hypoperfusion
of many organs, including the brain. Heparin and aspirin may be given if there is no
evidence of hemorrhage or profound hypertension. Nitrates and -blockers as an adjunc-
tive therapy in the hypotensive patient are best administered when guided by invasive
hemodynamic monitoring.
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Initial cardiovascular evaluation must include a complete heart and vascular exami-
nation with continual monitoring of vital signs and urine output. The clinical signs of
circulatory dysfunction include tachycardia, hypotension, delayed distal perfusion, cool
extremities, and abnormal extremity color. If the patient’s hemodynamic condition is
unstable, assess both circulating fluid volume and ventricular function. Avoid even mild
hypotension because it can impair recovery of cerebral function. Noninvasive assess-
ment of blood pressure may be inaccurate in patients with poor cardiac output and con-
comitant peripheral vasoconstriction. Intra-arterial assessment of blood pressure is
usually more accurate in these patients and allows better titration of catecholamine infu-
sions. In the presence of severe vasoconstriction, blood pressure measurement from
radial artery may be inaccurate, and a femoral artery catheter may be required.

Persistent circulatory dysfunction is observed often after resuscitation from CA (6,7).
In fact, most patients in the postresuscitation state suffer from some degree of shock
(520). This phenomenon represents a form of global myocardial stunning in which vary-
ing degrees of reversible systolic and diastolic dysfunction develop following resuscita-
tion from CA. Restoration of prearrest myocardial function may take hours, days, or even
weeks. Studies in animals and in humans have shown that mortality after CA may be
partly as a result of persistent heart failure or dysrhythmias (521). A low perfusion state
could also be linked, however, to the precipitating etiology of the CA. Despite achieving
normalization of blood pressure, central venous pressure, and heart rate, some patients
will have continued myocardial dysfunction and exhibit poor oxygenation or perfusion.
Persistent myocardial dysfunction occurring after restoration of perfusion is contingent
on the severity and duration of the ischemic insult (522). During CA and resuscitation,
severity of cardiac injury depends on the interval between arrest and the start of CPR and
the efficacy of the resuscitation efforts. Prevention of the postresuscitation myocardial
dysfunction is contingent on decreasing the downtime and increasing blood flow to the
myocardium during CPR. Early identification of the postresuscitation myocardial dys-
function is a critical issue for its management and secondarily improvement cerebral
outcome.

In the initial evaluation and treatment of a critically ill resuscitated patient, in addition
to monitoring the blood pressure, heart rate, and urine output; central venous pressure
helps guide resuscitative efforts. Despite normalization of these variables, some patients
will have persistent global tissue hypoxia, which has been implicated in the development
of multiorgan failure and increased mortality. Derangements in oxygen transport are best
detected and managed by appropriate hemodynamic monitoring. All patients with suc-
cessful resuscitation should have adequate oxygenation and tissue perfusion assured,
with use of volume expansion and vasopressor therapy as required. Therapy in these cases
should be guided by right heart catheterization, central venous oximetry, and lactate
levels. Additionally, calculations of the shock index (heart rate/systolic arterial pressure)
can be used to assess the adequacy of tissue oxygenation and cardiac function (523).
Echocardiogram can aid in determining abnormalities in wall motion and cardiac output.
In recent years, transthoracic echocardiography (TTE) has emerged as a noninvasive
technique for assessing LV function. In most critically ill patients, however, TTE is too
time consuming or provides inadequate images because of limitations imposed by
mechanical ventilation, lung disease, and positioning. By contrast, transesophageal
echocardiography (TEE) provides excellent images of the heart in critically ill patients
by monitoring from a retrocardiac location in the distal esophagus and proximal stomach.
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TEE offers an accurate and reliable assessment of cardiac preload, global and regional
right and left ventricular wall motion and the pericardium. Although TEE is not totally
without risk, it is minimally invasive and is probably associated with fewer complications
than pulmonary arterial catheterization (524).

During CPR a high-oxygen extraction ratio has been demonstrated, which is consistent
with the low delivery state during external chest compressions (525). During the
postresuscitation period after CA, a decline in oxygen extraction has been demonstrated
with corresponding increases in central venous oxygen saturation (526). Postresuscitation
venous hyperoxia is associated with poor outcome and reflects a postresusciation extrac-
tion defect and a phenomenon well explained in patients with septic shock and acute
respiratory distress syndrome (527). During the postresuscitation period, the goal is to
provide an environment conducive to repaying the oxygen debt incurred following the
global hypoperfusion of CA.

In critically ill patients, invasive hemodynamic monitoring is often undertaken with
a pulmonary artery catheter. The use of these devices is controversial, however, these
catheters permit measurements of the pulmonary circulation and cardiac output (528). If
both cardiac output and pulmonary artery occlusive pressures are low, fluid challenge
with reassessment of pressures and cardiac output is indicated. In patients with myocar-
dial infarction, ventricular compliance may be reduced and ventricular filling pressure
increased. Evidence of both systolic and diastolic dysfunction is present after CA. Higher
than normal filling pressures may be necessary to optimize LV preload. If optimization
of preload does not result in a physiologically adequate cardiac output and systemic
oxygen delivery, administration of pharmacologic agents to increase contractility are
indicated. If hypotension or hypoperfusion persists after filling pressure is optimized,
inotropic (dobutamine), vasopressor (dopamine or norepinephrine), vasodilator (nitro-
prusside or nitroglycerin), or combinaton inotropic/vasodilator (amrinone, milrinone)
therapy may be indicated (529). To prevent mesenteric or renal ischemia from using
vasopressin or other vasopressors, low-dose dopamine has been shown to increase
splanchnic blood flow and renal function (530). Vasodilators may be required in the
postresuscitation state to control excessive hypertension or improve flow by reducing
afterload. Because hypertension may occur in the presence of volume depletion, preload
should be optimized before vasodilator therapy is instituted (531).

If hypotension is persistent, administration of vasopressors to maintain perfusion
pressures may actually increase myocardial oxygen demand above supply, which might
result in extension of the infarct or promote dysrhythmias and lead to further compli-
cations including rearrest. Other hemodynamic supporting measures such as mechani-
cal support techniques for the heart should be considered in patients with low-flow
states to increase oxygen delivery and utilization without placing a further burden on
the ischemic heart with the use of vasopressors. The purpose is to restore hemodynamic
stability when less invasive methods and especially pharmacologic interventions fail.
These may be performed with the IABP, CPB, Hemopump, or ventricular assist devices
(406,532).

In addition to thermodilution pulmonary arterial catheter (PAC) and echocardiographic
methods, many other methods have been developed to monitor cardiac output. Non-
invasive techniques include thoracic bioelectrical impedance (TBI), aortic continuous
wave Doppler, partial CO2 rebreathing, and MRI. However, the use of these techniques
still requires further evaluation in patients after CA.
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Dysrhythmias are common in the postresuscitation phase and some may require
therapy. Sinus tachycardia with increased supraventricular and ventricular ectopic activ-
ity is frequent encountered during the early postresuscitation phase. Unless these abnor-
malities compromise hemodynamic stability, they should not be treated because they
usually subside after the myocardial ischemia and after the effects of endogenous and
exogenous catecholamines recede. Ventricular dysrhythmias can be treated with either
amiodarone or lidocaine and prophylaxis with these agents should be considered when
ventricular tachycardia and VF is the precipitating cause of CA or if anti-arrhythmic
administration was required to successfully convert the patient (533). Adenosine has
become the drug of choice for treatment of atrial tachydysrhythmias (534). Accordingly,
other forms of tachycardia may require therapy to decrease the heart rate, such as
amiodarone, -blockers, or calcium channel blockers. If hemodynamically significant
bradycardia is present, initiate therapy to improve the heart rate, including atropine
sulphate, dobutamine, or pacemaker, either transcutaneous or transvenous.

Cerebral Blood Flow Promotion and Hypertension
There has been keen interest in maintaining a brief period of immediate postarrest

hypertension (535). Most patients will undergo a brief period postarrest hypertension
secondary to the circulation of adrenergic agents given during the CA, especially if high-
dose epinephrine was administered. Elevated arterial blood pressure has been shown to
open up blood vessels and overcome the no-reflow phenomenon during reperfusion
(57,531,536,537). The immediate post-arrest no-reflow is most likely caused by blood
sludging or thrombosis (324,538). The no-reflow phenomenon seems to be accentuated
only with hypotensive reperfusion. It is unknown if it actually occurs in scattered areas
of the brain with normotensive reperfusion and seem to be abolished with hypertensive
reperfusion (57). Additionally, hypertension has been shown to delay the onset of
apoptosis (539).

In a cat model, after 1 hour of global ischemia, elevated reperfusion pressure (MABP
>140 mmHg) correlated with recovery of EEG activity (540). In a dog study, a brief
hypertensive period (MABP 150–200 mmHg for 1–5 minutes) followed by controlled
normotension abolished evidence of immediate no-reflow and correlated with improved
neurological outcome (57,536). The addition of mild hypothermia (34°C) with a 1-hour
induced hypertension after resuscitation in an animal model improved survival up to
4 weeks (541).

A strategy known as cerebral blood promotion, which includes the use of induced
moderate hypertension, mild hemodilution, and normocapnia plus resuscitative hypoth-
ermia, has been shown to improve cerebral outcome (24). This technique has been shown
to increase reperfusion pressure by hypertension and reduce blood cerebral viscosity by
hemodilution, which results in improved CBF and less cerebral dysfunction (24,57). In
a dog model of VF with 12 minutes of no-flow and external CPR, followed by an imme-
diate post-CPR combination of norepinephrine-induced hypertension, intracarotid
hemodilutaion with dextran 40, and heparinization, improved neurological outcomes
(24). Besides the anticoagulatory effect of heparin, dextran decreases platelet adhesive-
ness and promotes endogenous fibrinolysis (542). The rationale for hemodilution after
CA is that blood flow is inversely proportional to blood viscosity, which increases in the
microcirculation during cerebral ischemia. Hematocrit is the primary element influenc-
ing blood viscosity. Hemodilution reduces the viscosity of blood, which varies directly
with the third power of the hematocrit and the square of the fibrinogen concentration.
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Additionally, it has been shown to reduce the release of troponin I and cerebral protein
s-100 after CA in a porcine model (543). Reperfusion accompanied by hypertension plus
hemodilution for several hours normalizes the local, multifocal, cerebral hypoperfusion
post-arrest, but without mild hypothermia, by itself shows inconsistent improved cere-
bral outcome (57,544).

A drawback to hemodilution is that if the hematocrit is lowered too much, the oxygen-
carrying capacity of the blood is diminished, which may increase cerebral ischemic
damage. Additional drawbacks is that the globally impaired myocardium cannot gener-
ally tolerate it and this technique may theoretically increase the development of vasogenic
edema (545,546). Additionally, severe hypertension (MABP >150 mmHg) correlates
with worsening neurological recovery after global brain ischemia (546). Although induced
hypertension has not been formally tested in a clinical trial in humans, it is known that early
post-arrest hypertension was an independent predictor of good cerebral outcome, whereas
hypotension after ROSC correlated with poor cerebral outcome (537). However, the
optimal reperfusion pressure has not yet been determined. Even though systemic induced
hypertension has not been formally studied, nevertheless, if immediately after ROSC
there is a period of hypertension, aggressive therapy may not be indicated initially but
should be instituted after 15 to 30 minutes, or if there is excessive hypertension (MABP
>150 mmHg) or if there is evidence of heart failure (537,547,548).

If induced postresuscitation hypertension is considered, a titrated intravenous infusion
of either epinephrine or norepinephrine may be more effective than phenyephrine or
dopamine. Additionally, there is some data to suggest that norepinephrine may be less
arrhythmogenic (533).

Temperature Regulation
Tissue temperature during and after cerebral ischemia has a major influence on cere-

bral outcome.

Hyperthermia
Regional cerebral metabolic rate determines the regional blood flow requirements of

the brain.The cerebral metabolic rate increases approx 8% with every degree Celsius
elevation of body temperature (549). Because increasing metabolic demand may worsen
neurological damage in a state of low blood flow, it is not surprising that the presence of
hyperthermia after brain ischemia is associated with worse neurological outcomes (550).
Additionally, the denaturing effect of hyperthermia on proteins may exacerbate struc-
tural and biochemical damage.

Numerous experimental models demonstrate worsening brain injury if brain tempera-
ture is increased during ischemia or postresuscitation (15,550,551). Furthermore, within
the first 24 hours after resuscitation, hyperthermia has been shown to be damaging to
neurons, but not if it occurs after 24 hours (550,552).

After successful resuscitation, hyperthermia may occur spontaneously or may occur
from bacteremia or pulmonary infection (549,553). Hyperthermia must be treated aggres-
sively after a successful resuscitation with active cooling to achieve a normal core tempera-
ture as soon as possible. Shivering that may occur from cooling will further increase
metabolic demand and should be treated aggressively. Sedation may be adequate to
control shivering, but neuromuscular blockade may be needed. If a patient requires
neuromusclar blockade, a cerebral function monitor or continuous EEG to detect the
possibility of seizure activity may be required.
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Hypothermia
Hypothermia, in contrast, has been shown to be an effective method in suppressing

cerebral metabolic activity. Mild resuscitative hypothermia currently is the only
monotherapy that has been shown to ameliorate cerebral damage associated with CA in
human subjects. It has been postulated to attenuate most, if not all of the mechanisms
responsible for the injury associated with ischemic and reperfusion. Although previously
used widely during cardiovascular surgery, hypothermia has some significant detrimen-
tal effects that have to be cautioned against its widespread use (554). Side effects of
hypothermia have included increased blood viscosity, coagulopathy, impaired cardiac
function, dysrhythmias, shivering, abnormalities in vasopressor function, and increased
susceptibility to infection (555–557). As hypothermia is induced, there is the fear that an
increase in blood viscosity would result in an increase in cerebral vascular resistance and
potentially worsen the hypoxia state (558). The prevalence and severity of these side
effects is proportional to the depth and duration of hypothermia. Investigators inducing
mild hypothermia (33–35°C) have not reported significant hypothermia-related side
effects.

Protective-preservative hypothermia (i.e., induction of hypothermia during CA) was
first evaluated in the 1940s to 1950s. Cerebral protection and preservation via induced
hypothermia prevented post-ischemic brain injury following total circulatory arrest in the
setting of cardiothoracic or neurological surgery. Moderate hypothermia (30°C), induced
prearrest, protects the brain during no flow for up to 20 minutes (559). Moderate hypo-
thermia induced immediately after the ischemic insult yielded unconvincing results after
CA in dogs and patients (560). On the other hand, deep hypothermia (15°C) was detri-
mental with worsening cerebral and cardiac outcomes and therefore was discontinued
because of its side effects (561).

Interest in hypothermic research remained dormant between the 1960s and 1980s as
a result of the associated side effects with moderate hypothermia. Interest in hypothermia
as a treatment modality for brain injury was rekindled in the 1980–1990s after the initial
studies of drug therapy for cerebral resuscitation after CA were disappointing. After
carefully performed experimental animal models of brain injury and CA showed that
even mild intra-ischemic hypothermia could be neuroprotective and reduce the patho-
logical consequences of brain ischemia after CA, hypothermic research bloomed (561–
565). Other investigators showed that mild resuscitative hypothermia could reduce
histologic damage in hippocampal and other vulnerable brain areas after global brain
ischemia (565,566). In fact, even cooling the brain as little as 1oC during cerebral ischemia
can produce measurable neurological benefit (567).

The mechanism by which hypothermia protects and preserves the brain after an ischemic
and reperfusion injury is not so clear; and considered after numerous experimental models
to be multifactorial (563). The ability of hypothermia to reduce cerebral metabolic rate
by 5 to 8oC alone is not enough explanation for its protective effects (568). It is known
that mild hypothermia after CA does not mitigate the post-arrest cerebral oxygen supply
and demand mismatching and does not improve patterns of restricted CBF (569,570).
Even with mild to moderate hypothermia, the brain’s small oxygen stores are rapidly
depleted. Hypothermia has been shown to:

1. preserve ATP
2. improve glucose utilization
3. mitigate intraneuronal calcium mobilization
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4. reduce excitatory neurotransmitter release
5. reduce production of superoxide anions and attenuate free-radical reactions
6. inhibit the accumulation of lipid peroxidation products
7. reduce production of NO
8. reduce lactate production and tissue acidosis
9. attenuate post-ischemic CBF disturbances

10. reduce ICP
11. reduce amount of neutrophil migration into ischemic areas
12. reduce post-ischemic cytotoxic and vasogenic edema
13. decrease expression of heat shock proteins (i.e., hsp-70)
14. accelerate expression of early genes hypothesized to participate in neuronal recovery

from damage
15. attenuate injury of microtubule-associated protein 2 needed for cross-linking of the

neuronal cytoskeleton
16. protect fluidity of the plasma lipoprotein membranes (15,55,565,571–580).

Recently, hypothermia has been shown to increase the levels of brain-derived neu-
rotrophic factor (BDNF), a growth factor known to mitigate neuronal injury after both
focal and global ischemia (581). Mild hypothermia also inhibits apoptosis, although
more severe hypothermia may actually induce apoptosis (582).

The ability to improve neurological outcomes by cooling brain-injured humans was
first shown when a randomized, controlled trial comparing the effects of moderate hypo-
thermia (23–33°C) for 24 hours with normothermia in 82 patients with severe closed-head
injuries (583). A study of 22 adults who were cooled to 33°C by surface cooling with ice
packs after ROSC for 12 hours. These patients were compared with historical normoth-
ermic patients, which demonstrated improvement in neurological outcome (50 vs 13%)
and reduction in mortality rate (584). Following this preliminary study, a prospective,
randomized trial of induced hypothermia in comatose survivors of out-of-hospital CA was
performed (585). There were 43 patients randomized to hypothermia (33°C for 12 hours)
compared to 34 patients in the normothermic group. Once again, better outcomes was
seen in the hypothermic group (49 vs 26%, p = 0.046) which correlated with an odds ratio
for good outcome of 5.25 (95% confidence interval [CI] 1.47–18.76). Patients in the
hypothermic, however, had more episodes of decreased cardiac output.

Two prospective randomized trials compared mild hypothermia with normothermia in
comatose survivors of out-of-hospital CA in Europe and Australia (585,586). In the
European multicenter randomized trial of successfully resuscitated patients from VF,
136 patients were randomly assigned to undergo therapeutic hypothermia (32–34°C)
over a period of 24 hours and 137 patients received standard treatment with normother-
mia (586). Cooling was initiated at a median of 105 minutes after ROSC, and the target
temperature of 32–34°C was not achieved until an average of 8 hours after ROSC. The
results clearly showed that therapeutic mild hypothermia increased the rate of favor-
able neurological outcome and reduced mortality. Hypothermic patients also had a
lower 6-month mortality rate, with 41% in the hypothermic group vs 55% in the nor-
mothermic group (relative risk [RR] 0.74, 95% CI 0.58–0.95). Additionally, 55% in the
hypothermia group had a favorable neurological outcome at 6 months compared to 39%
in the normothermic group (RR 1.40, 95% CI 1.08–1.81).

Patients in the Australian trial were randomized to even vs odd days after being suc-
cessfully resuscitated in the prehospital setting. In this study, surface cooling was begun
in the field and the target temperature was reached with 2 hours of ROSC. It again showed
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similar findings of improved neurological outcomes and survival with therapeutic hypo-
thermia (33°C for 12 hours) (585). In this study, 49% treated with hypothermia has good
neurological function at discharge compared with 26% in the normothermic group (RR
1.85, 95% CI 0.97–3.34). Mortality at discharge was 51% in the hypothermia group and
68% in the normothermic group (RR 0.76, 95% CI 0.52–1.10). Importantly, in neither
study was hypothermia associated with deleterious side effects such as sepsis, bleeding,
severe electrolyte disturbances or myocardial dysfunction. One finding that may be of
concern is that hypothermic patients had more hyperglycemia than normothermic patients
(585,586). If hypothermia is used, careful monitoring should be performed to prevent
hyperglycemia.

Both of these studies included a highly selected group of patients, excluding up to 92%
of patients with out-of-hospital CA. Those excluded included persistent hypotension, and
other causes of coma other than CA, such as head injury, drug overdose, or stroke. Other
limitations included that the health care providers could not be blinded to treatment with
hypothermia. After a period of hypothermia, patients are slowly rewarmed by active
methods such as heated air blankets, which may produce shivering. Sedation and para-
lytic agents are routinely used for prevention of shivering and subsequent heat produc-
tion, which may potentially lead to respiratory infection if used for a prolonged period,
especially in pediatric patients (587). Also during induction of hypothermia there may be
mild shivering, which generally responds to sedation, but on occasion may require para-
lytic agents.

These human trials from a clinical perspective should be considered landmark research
in the field of cerebral resuscitation because to date no resuscitative therapy has ever been
proven to be effective in ameliorating cerebral ischemic injury. However, although these
results are encouraging, one cannot assume that similar neurological improvement of
mild resuscitative hypothermia can be achieved for all other types of CA. These studies
only included patients with CA after dysrhythmia. Thus, patients with other causes of
arrest such as sepsis, cardiogenic shock, trauma, or asphyxia may not respond as well and
deserve to be evaluated.

Despite a wealth of animal models and limited human data on the effectiveness of
hypothermia in cerebral outcome, therapeutic cooling has not yet achieved widespread
use during human resuscitation. This may be explained partly by questions about its
feasibility and time to reach therapeutic hypothermia, especially when most deaths occur
outside of the hospital setting. Also, there is a belief that profound or prolonged cooling
is necessary for therapeutic benefit. There have been recent studies showing the feasibil-
ity of controlled cooling with the use of numerous techniques, including ice bags, helmet,
or blanket and a mattress (588,589). Systemic surface cooling with a water-circulating
blanket is the most widely used method. Although it is simple and feasible, it is unreliable
and several hours usually elapse before temperatures reach the desired level of hypoth-
ermia, and obese patients are often refractory to this technique of cooling (590). Selective
head cooling, using ice bags applied to the head and neck or a specialized cooling helmet,
although free of the adverse effects associated with systemic surface cooling, does not
effectively lower cerebral temperature in adult population but is effective in newborns.
This may be as a result of the smaller body surface area of neonates (591). Cooling from
inside the body, through either the intravenous or intra-arterial route, is an alternative
method that has the potential to induce hypothermia more rapidly than surface cooling.
Infusion of a 40 mL kg ice-cold saline solution (4°C) over a 30-minute period through
a central venous catheter decreased core temperature by 2.5°C in healthy volunteers
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(592). Although the method is simple, it remains unclear whether administration of a
large volume of cold saline solution over a 30-minute period can be tolerated by critically
ill patients when compromised cardiac functions exists. However, recently a report of
a clinical trial using rapid infusion of large-volume (30 mL/kg), ice-cold (4°C) lactated
Ringer’s solution in comatose survivors of out-of-hospital CA resulted in a decreased core
temperature by 1.6°C over 25 minutes (593). It was also associated with improved MABP,
renal function, and acid–base. Extracorporeal cooling is a complicated method that neces-
sitates the use of an extracorporeal pump and circuit, and routine use may not be readily
available. Nevertheless, it has been demonstrated to improve survival after prolonged CA
in dogs and its ability to restore circulation can be helpful in patients resuscitated after
out-of-hospital CA. Newer techniques that may be promising include ice water nasal
lavage, direct carotid infusion of cold fluids, and peritoneal cooling (594).

 If these techniques are used, core temperature monitoring must be used to avoid
excessive hypothermia. External auditory canal temperature could provide an approxi-
mation to brain temperature. The most accurate method that reflects brain temperature,
however is by a thermocouple imbedded in a ventriculostomy catheter, a central pulmo-
nary artery thermistor probe or jugular vein temperature, but these techniques are more
invasive (595). Although many experimental studies measured brain temperature, most
clinical studies measure core (bladder or rectal) temperature instead of brain temperature
because of fear of infection and additional brain damage resulting from insertion of a
thermosensor. Although the core temperature is simple to measure, it should be noted that
it is usually 0.3 to 1.1oC lower than brain temperature, and this difference may widen
during hypothermia (596).

The therapeutic time window or optimal duration for resuscitative hypothermia is yet
unknown. The earliest possible time for induction of mild hypothermia following a CA
seems desirable. Animal data suggest that the sooner cooling is initiated after reperfusion
from CA, the better the outcome, although an impressive therapeutic benefit was also
demonstrated in clinical studies when cooling was delayed for several hours (594). In
rats with induced partial ischemic injury, histologic brain damage was mitigated when
cooling was initiated within 5 minutes (597). Others have, however, shown improved
outcome after temporary global brain ischemia even after hypothermia was induced at
2 hours in rats or 6 hours in gerbils (573,597). Therefore, different types of ischemic
insults and animal species used have an effect on the therapeutic window for hypother-
mia, making it more difficult to translate to humans. Additionally, the optimal duration
of mild hypothermia is also quite controversial. Hypothermia has been shown to be better
if performed for greater than 12 hours then for only 1–2 hours (561,563,564). Rat studies
suggested that 4 hours of mild hypothermia may only delay the loss of neurons; but 24
hours seems to afford permanent benefit (598,599). Patients can tolerate therapeutic
mild to moderate hypothermia of 24 hours (600). Dogs or monkeys have developed
complications, such as pulmonary infection or coagulopathy with moderate hypother-
mia of greater than 24 hours duration (601,602). It is not clear whether mild hypothermia
can also cause these complications. Further research is needed to determine optimal
duration of therapeutic hypothermia, optimum target temperature, and rates of cooling
and rewarming.

The Advanced Life Support Task Force of the International Liaison Committee on
Resuscitation has recently recommended that unconscious adult patients with spontane-
ous circulation after out-of-hospital CA be cooled to 32–34°C for 12 to 24 hours when
the initial rhythm is VF (603). These recommendations do not include infants or children.
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However, it seems reasonable if the infant or child has mild hypothermia post-ROSC not
to try to raise the temperature with radiant lights. A considerable body of evidence
suggests that even a mild elevation in temperature after a CA is detrimental (550,552).
On the contrary, mild hypothermia may be beneficial and using only mild hypothermia
should not be associated with significant adverse effects. Those with more moderate hypo-
thermia (<33°C) should have passive rewarming until temperature is above 33°C.

SUMMARY
Cerebral dysfunction occurs after global ischemia and reperfusion, such as with CA

and resuscitation. Ischemia results in rapid loss of high-energy phosphates and general-
ized depolarization. Selectively vulnerable neurons are vulnerable to both voltage-
dependent calcium channels and glutamate-regulated calcium channels. Activation of
these channels allow a massive increase in intracellular calcium to occur. This leads to
the initiation of lipolysis, a process that occurs more intensely in the selectively vulner-
able neurons. Early during reperfusion, a burst of excess production of oxygen-free
radicals occur, and iron is released from storage proteins by reduction. The availability
of this transition metal allows initiation of lipid peroxidation of the plasmalemma, which
is once again localized to the selectively vulnerable neurons. The vulnerable neurons
respond with transcription products for heat shock proteins and immediate-early genes,
a response that is directed at enhancing the competence of antioxidant effects and mem-
brane repair. However, translation initiation is deeply suppressed by alterations in regu-
latory phosphorylation of initiation factors, and therefore the transcriptional response
does not result in translation of the appropriate protein products. Activation of caspases
leads to apoptosis and under these circumstances the process of membrane damage
during reperfusion proceed unchecked, leading to neuronal death.

Artificial perfusion is the principal weak link in the resuscitation armamentarium.
Methods of newer lifesaving CPR techniques and devices must be developed to improve
the likelihood of successful resuscitation. Some of these techniques have shown some
improvement in neurological outcome and should be used more extensively such as
ACD-CPR, IAC-CPR, and CPB. Cerebral dysfunction following a CA is contingent on
the severity and duration of the ischemic insult. The shorter the interval between onset
of CA and restoration of systemic and therefore CBF, the greater is the success of resusci-
tation and hospital discharge with a better neurological outcome. Accordingly, the preven-
tion of the postresuscitation cerebral dysfunction is dependent on decreasing the downtime
and increasing the perfusion to the brain and heart during CPR. To achieve these goals
there should be an early activation of the emergency medical services, early basic CPR,
early defibrillation, and early advanced life support.

With a better understanding of the pathophysiologic processes involved in neuronal
damage from ischemia and reperfusion, it should be possible in the near future to design
effective clinical strategies to improve neurological outcome significantly after CA and
resuscitation. It is evident that the mechanisms for neuronal damage after a CA are
multifactorial. Monotherapy toward a single mechanism that has characterized the numer-
ous research approaches in the past is unlikely going to ameliorate the damage. A logistical
approach should include a multi-drug therapeutic approach. This approach may include
the use of: EAA receptor blockers, barbiturates, calcium channel antagonists, oxygen-
free radical inhibitors, protein synthesis modulators, peptide growth factors, inhibition
of calpain, caspase inhibition, inhibitors of neuronal apoptosis, inhibitors of vasocon-
strictive mediators, leukocytes, and coagulation factors, and CBF promotion techniques
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(hypertension, hemodilution, normocapnia). Such a multifactorial therapeutic approach
to the molecular injury mechanisms now appears essential for the development of sub-
stantially improved clinical treatment for brain ischemia and reperfusion. Thus far, only
mild hypothermia has been shown to be the most promising method, which by itself
attacks many of the mechanisms implicated in neuronal damage. This method should be
instituted as soon as possible. Future CPR research is needed to focus on finding methods
that are feasible not only in the hospital but also in the prehospital setting.
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INTRODUCTION
Cardiovascular disease remains the most common cause of disease-related death in the

United States, resulting in approx 1 million deaths per year. It is estimated that 400,000–
460,000 Americans will die from cardiac arrest (CA) each year, nearly 90% in prehospital
settings (1,2). Data regarding the incidence of unexpected childhood cardiopulmonary
arrest (CPA) is less robust, but the best recent data suggest that approx 16,000 American
children suffer a CA each year with an annual incidence of roughly 20 out of 100,000
children (3,4).

Although prehospital CA in children constitute less than 10% of all cases of prehospital
CA, the potential years of life lost when a child dies a preventable death is generally an
order of magnitude greater than when his or her parent or grandparent dies. Therefore,
the number of years of life lost from prehospital pediatric CAs rivals that for adult CAs.
Moreover, the death of a child (i.e., the loss of a family’s future) is much more devastating
to the family and society than the expected death of an older adult. Consequently, this is
a substantial public health problem, which deserves intense investigation.

In contrast to adults, children rarely suffer sudden ventricular fibrillation (VF) CA
from coronary artery disease (CAD). The causes of pediatric arrests are more diverse and
are usually secondary to profound hypoxia or asphyxia as a result of respiratory failure
or circulatory shock (5–7). Prolonged hypoxia and acidosis impair cardiac function and
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ultimately lead to CA. By the time the arrest occurs, all organs of the body have generally
suffered significant hypoxic-ischemic insults. Additionally, bystander cardiopulmonary
resuscitation (CPR) is only provided to approx 30% of prehospital pediatric CA victims
(4,8). It is therefore not surprising that the outcome from CA in children is poor.

Appropriate pediatric CPR differs from that in adults because children are anatomically
and physiologically different from adults. Additionally, the pathogenesis of the CAs and
the most common rhythm disturbances are different in children (9,10). Moreover, children
of various ages exhibit developmental changes that affect cardiac and respiratory physi-
ology before, during, and after CA. For example, newborns undergoing transitional physi-
ological 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 resistance
compared to older children (11). Additionally, many children who experience in-hospital
CA have pre-existing developmental challenges and other organ dysfunction (12-15).
Finally, pediatrics is developmental medicine, and pediatric neurological tools that are
appropriate at one age may not be accurate or valid at another age. These neurodevelop-
mental issues suggest that simple extrapolated use of the adult outcome scales may be
inadequate. Different and more sophisticated neurodevelopmental tools may be prefer-
able to assess long-term postresuscitation neurological outcome in children (16).

Perhaps the most profound difference between children and adult CA is the devasta-
tion that the death of a child wreaks on a family. Coping with a sudden unexpected death
is always difficult. When the individual is a child, the loss tends to be even more devas-
tating. We do not expect children to die before their parents and thus are unprepared.
Therefore, health care providers who are otherwise able to deal with most devastating
problems, often become very emotional, and occasionally dysfunctional, when faced
with a dying child. The experience for the family is naturally intense and long lasting.

THE FOUR PHASES OF CPR

CA has some common features in children and adults. One can identify four distinct
phases of CA and CPR interventions: pre-arrest, no flow (untreated CA), low flow (CPR),
and postresuscitation. Interventions to improve outcome from pediatric CA should opti-
mize therapies targeted to the time and phase of CPR as suggested in Table 1.

The pre-arrest phase includes preexisting conditions (e.g., neurological, cardiac, res-
piratory, or metabolic problems), developmental status (e.g., premature neonate, mature
neonate, infant, child, or adolescent), and precipitating events (e.g., respiratory failure or
shock). It may represent a period of low, normal, or high blood flow. Interventions during
the pre-arrest phase focus on prevention, with special attention to early recognition and
treatment of respiratory failure and shock in children.

Interventions during the no flow phase of untreated CA focus on early recognition of
CA, effective monitoring, and prompt initiation of basic (BLS) and advanced life support
(ALS). Effective CPR attempts to optimize coronary perfusion pressure (CPP) and car-
diac output to critical organs to support vital organ viability during the low-flow phase.
As noted below, important tenets of BLS are PUSH HARD, PUSH FAST, and minimize
interruptions. Optimal CPP, exhaled carbon dioxide and cardiac output during the low-
flow phase of CPR is consistently associated with improved chance for return of spon-
taneous circulation (ROSC) and improved short- and long-term outcome. For ventricular
fibrillation (VF) and pulseless ventricular tachycardia (VT), rapid determination of elec-
trocardiographic rhythm and prompt defibrillation are most important for successful
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Table 1

Phase Interventions

Pre-arrest phase (protect) • Optimize community education regarding child safety
• Optimize patient monitoring
• Prioritize interventions to avoid progression of respiratory

failure and /or shock to CA
Arrest (no-flow) phase (preserve) • Minimize interval to BLS and ALS

• Organized 911/Code Blue Response system
• Preserve cardiac and cerebral substrate
• Minimize interval to defibrillation, when indicated

Low-flow (CPR) phase • Effective CPR to optimize myocardial blood flow and
(resuscitate) cardiac output (coronary and cerebral perfusion pressures

and end-tidal CO2)
• Consider adjuncts to improve vital organ perfusion

during CPR
• Match oxygen delivery to oxygen demand
• Consider extracorporeal CPR if standard CPR/ALS not

promptly successful
Postresuscitation phase • Optimize cardiac output and cerebral perfusion
(immediate) (hours to days) • Treat arrhythmias, if indicated

• Avoid hyperglycemia, hyperthermia
• Consider mild resuscitative systemic hypothermia (for 24–

48 hours following resuscitation)
• Possible future role for antioxidants, anti-inflammatory

agents, thrombolytics, mediators of hibernation, and
modulation of excitatory neurotransmitters

Postresuscitation phase longer • Early intervention with occupational and physical therapy
term rehabilitation (regenerate) • Bioengineering and technology interface

• Possible future role for stem cell transplantation

CA, cardiac arrest; BLS, basic life support; ALS, advanced life support; CPR, cardiopulmonary
resuscitation.

resuscitation. For CAs as a result of asphyxia and/or ischemia, provision of adequate
myocardial perfusion and myocardial oxygen delivery is most important.

The postresuscitation phase includes immediate postresuscitation management, the
next few hours to days, and long-term rehabilitation. The immediate postresuscitation
stage is a high-risk period for ventricular arrhythmias and other reperfusion injuries.
Interventions during the immediate postresuscitation stage and the next few days target
matching oxygen and substrate delivery to meet metabolic tissue demand in order to
minimize reperfusion injury and support cellular recovery. Injured cells can hibernate,
die, or partially or fully recover function. Cell death can occur as a result of necrosis or
apoptosis, programmed cell death. This post-arrest phase may have the most potential for
innovative advances in the understanding of cell injury and death, inflammation, apoptosis
and hibernation, ultimately leading to novel interventions. Careful management of tem-
perature, glucose, blood pressures, coagulation, and carbon dioxide (17) may be particu-
larly important in this phase. The rehabilitation stage concentrates on salvage of injured
cells, recruitment of hibernating cells, and reengineering of reflex and voluntary commu-
nications of these cell and organ systems to improve functional outcome.
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The specific phase of resuscitation dictates the focus of care. Interventions that improve
outcome during one phase may be deleterious during another. For instance, intense vaso-
constriction during the low flow phase of CA may improve CPP and probability of ROSC
(18). The same intense vasoconstriction during the postresuscitation phase may increase
left ventricular (LV) afterload and worsen myocardial strain and dysfunction (18,19).
Current understanding of the physiology of CA and recovery enables us to titrate blood
pressure crudely, oxygen delivery and consumption, body temperature, inflammation,
coagulation, and other physiologic parameters to optimize outcome. Future strategies
will likely take advantage of increasing knowledge of cellular inflammation, thrombosis,
reperfusion, mediator cascades, cellular markers of injury and recovery, and transplan-
tation technology.

An overview of some of the pathophysiologic pathways perturbed by CA and resus-
citation, along with potential avenues for intervention is shown in Fig. 1.

Fig. 1. A schematic of physiologic processes that result from CA and initial resuscitation, with
annotation of some promising interventions, denoted by lower-case letters. Many complex inter-
connections and feedback loops between these processes have been omitted from the schematic
in order to generate an overview of the processes and potential interventions.

a: Excellent chest compressions with h: Strict avoidance of hyperthermia (fever)
or without adjunctive devices i: Heparin/thombolytics

b: Inotropes/vasoconstrictors j: Steroids
c: Intra/postresuscitative mild hypothermia k: Head at midline and 45° elevated
d: Avoidance of superoxia l: Consider ECMO
e: Free radical scavengers m: Optimize oxygen carrying capacity
f: Modulation of neurotransmitters n: Decrease oxygen demand (sedation,
g: Nitric oxide synthetase inhibitors neuromuscular  blockade, mild hypothermia)

o: Mannitol
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EPIDEMIOLOGY

Pediatric CAs are often secondary to respiratory arrests; the CA resulting from global
asphyxia rather than from a sudden arrhythmic cardiac event. Sudden infant death syn-
drome is the leading cause of out-of-hospital pediatric CA, followed by trauma, airway
obstruction, and drowning (20).

Although sudden death from cardiac causes is unusual in children, it is estimated that
approx 16,000 American children suffer a CA each year with an annual incidence of
20 out of 100,000 children. Sudden CAs caused by commotio cordis (sudden blow to
the chest), acute ingestions of toxic medications (e.g., tricyclic antidepressant medica-
tions), or congenital heart disease with abnormal coronary artery anatomy are more likely
to be of primary arrhythmia etiology. In children who are younger than 1 year old, sudden
cardiac death is often associated with complex congenital cardiac disease. After the first
year, the most common causes of sudden cardiac death in the pediatric population include
myocarditis, hypertrophic cardiomyopathy, CAD, congenital coronary artery anomalies,
conduction system abnormalities, mitral valve prolapse, commotio cordis, and aortic
dissection.

The true incidence of pediatric pulseless arrest is difficult to estimate because of the
inconsistency of terminology in the literature and difficulty in assessing pulselessness in
children (21–23). Approximately 5% of newborn infants require some degree of BLS in
the delivery room but only 0.12% require chest compressions and/or administration of
epinephrine (24–26). Neonatal asphyxia accounts for 1 million deaths per year world-
wide. CA occurred in 3% of children admitted to one children’s hospital, in 1.8% of all
children admitted to pediatric intensive care units (ICUs), and in 4% of children admitted
to a pediatric cardiac (ICU) (13,15,27,28). Initial ROSC occurs in 5 to 64% of pediatric
CAs in different settings, and 20 to 83% of survivors suffer significant neurologic sequelae
(Table 2). Survival rates differ dramatically depending on the environment in which arrest
occurs, the duration of no flow prior to resuscitation, the initial electrocardiogram (EKG)
rhythm detected, the quality of the BLS and ALS interventions provided, and the preex-
isting condition of the child. Long-term survival from pediatric out-of-hospital CA is
generally less than 5%, whereas survival from arrest in a pediatric ICU is 15 to 24%
(13,14,27,28). Survival following CA in a specialized pediatric cardiac ICU is as high as
44% (28–30), and following bradycardia requiring chest compressions in a neonatal ICU
as high as 51% (24,25).

Lack of uniform definitions or consistent reporting to a centralized registry of pediatric
CPR impedes comparison of outcomes. A uniform style (Utstein) is recommended for
reporting outcomes from CPR, with emphasis on four standard surrogate outcomes: (a)
ROSC; (b) survival of event; (c) survival to hospital discharge; and (d) intact neurologic
survival (22,31). Future pediatric resuscitation research must focus not only on how to
increase survival from CA, but how to maximize the probability that these survivors
remain neurologically intact.

Several well-designed in-hospital pediatric CPR investigations with long-term fol-
low-up have established that pediatric CPR and ALS can be remarkably effective
(Table 2). Nearly two-thirds of these patients were initially successfully resuscitated
(i.e., attained sustained ROSC). Survival decreased progressively with time, in large
part as a result of the underlying disease processes. Most of these arrests/events occurred
in pediatric ICUs as a result of progressive life-threatening illnesses that had not responded
to treatment despite critical care monitoring and supportive care. The 1-year survival rates
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of 10–44% are superior to outcomes from out-of-hospital pediatric CPR, and substan-
tially superior to the certain 0% survival rate if CPR and ALS were not provided. Most
importantly, the vast majority of the survivors had good neurological outcomes (i.e.,
normal or no demonstrable change in their neurological status compared to pre-arrest).

The National Registry of Cardiopulmonary Resuscitation (NRCPR) is an American
Heart Association (AHA)-sponsored, prospective, multisite, observational study of
in-hospital resuscitation, which is currently the largest registry of its kind in the world.
The NRCPR describes the first comprehensive, Utstein-based, standardized character-
ization of in-hospital resuscitation in the United States (32). CA etiology, intervention,
and life support training emphasis differs between children and adults. Three hundred
sixty-seven pediatric and 14,492 adult consecutive pulseless CA index event records
using standardized consensus operational definitions and outcome measures were sub-
mitted to the NRCPR from 210 US hospitals (January 2000–June 2002). Neonatal ICU
and out-of-hospital CA cases were excluded. Preliminary analysis of the NRPCR sug-
gests that survival to hospital discharge from in-hospital pulseless CA is better for chil-
dren than for adults, with reasonably good neurologic outcome in both children and adults
(21). Initial shockable rhythms (VF/VT) were less common in children than in adults, but
were not rare. Improved pediatric survival was likely as a result of better survival from
pulseless electrical activity (PEA) and asystole. This data suggests that CPR and ALS can
be effective interventions in certain resuscitation circumstances.

Is CPR in the Pre-Hospital Setting Effective for Children?

The outcomes from pediatric pre-hospital CA are dismal (4,8,33). In contrast, out-
comes from in-hospital pediatric asphyxial CAs are much better (13,15,34). In
Kouwenhoven et al.’s seminal report of successful resuscitation with closed-chest car-
diac massage (35), the initial patients were asphyxiated children in the operating room
with immediate effective resuscitation and excellent outcomes. Furthermore, our clinical
experience suggests that excellent outcomes can occur after various types of bystander
CPR, including mouth-to-mouth (MTM) rescue breathing alone, chest compressions
(CC) alone, or standard chest compressions and mouth-to-mouth rescue breathing
(CC+MTM) (36). Nevertheless, some reports question the effectiveness and advisability
of pre-hospital pediatric CPR.

Pre-hospital pediatric asphyxial arrests were simulated in animal models to further
delineate these issues. In the first study, asphyxia was induced by clamping of the tracheal
tube of piglets until CA 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 emergency medical services (EMS) arrival 8 minutes later (37). 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 less than 50
mmHg. The mean tracheal tube clamp time to induce this severe hypotension was 6.8 ±
0.3 minutes, clearly a severe asphyxial insult (38). Not surprisingly, after a complete CA
24-hour survival was clearly superior in the CC+MTM group compared to the other
groups Fig. 2).

When intervention was provided earlier in the process (i.e., after severe hypotension
but before complete loss of aortic pulsation), even though CA would have been the
clinical diagnosis, 24-hour survival was best with MTM+CC, but was better with MTM or
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CC than no “bystander CPR.” (Fig. 3; 38) Interestingly, most of the animals with 24-hour
survival had ROSC before the simulated EMS arrival. CPR was not futile in these models
of prehospital pediatric CA. Excellent CPR was remarkably effective when provided
early enough.

Sirbaugh and colleagues demonstrated that the outcomes from pediatric prehospital
CAs were dismal in a large prospective study in Houston over 3 years (8). Only 6 of the
300 children (2%) survived to hospital discharge, and only 1 of the 300 survived without
significant neurological deficits. As in most such studies, EMS providers established the
diagnosis of cardiac arrest when they arrived at the scene. Note that children in CA who
attained ROSC after bystander CPR before EMS arrival were excluded from analysis.
Notably, 41 children who had received bystander CPR were not in CA at the time of EMS
arrival; all 41 presumably had drowning-related CAs, and all survived with good neuro-
logical outcomes (Fig. 4A and 4B). Most were quite ill when they arrived at a hospital
emergency department. In contrast, none of the other 24 children with drowning-related
CAs who were still in CA when the EMS personnel arrived survived with a good neuro-
logical outcome.

These data and similar data from Hickey et al. (39) are consistent with the animal data,
reported clinical experience, and in-patient pediatric CPR data. Thus, CPR can be quite

Fig. 2. After prolonged experimental asphyxial cardiac arrest, 24-hour survival was superior when
chest compressions (CC) and rescue breathing (V) were provided compared to no intervention, or
either intervention alone (38).

Fig. 3. When interventions were provided earlier during experimental, after severe hypotension
and bradycardia but prior to loss of aortic pulsations, 24-hour survival was best with rescue
ventilation (V) + chest compressions (CC). However, survival was better with either V or CC than
with no “bystander CPR ” at all (38).
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Fig. 4. Demonstrate the importance of understanding the denominator from which resuscitation
reports include in their calculations. If those who collapse with absent signs of circulation assessed
by rescuers at the scene and who respond to CPR interventions before arrival of EMS arrives (8)
are eliminated, then the survival outcome reports are dramatically affected.

effective for asphyxial CAs, but timing of interventions is critically important. Recent
prospective evaluation of a decade-long, population-based study of pediatric drowning-
related events in Houston (8) demonstrated 421 children with drowning events in a
population of approx 2 million total and roughly 400,000 children (annual incidence of
10per 100,000 children), and 234 required resuscitation. Of these, 193 resuscitated chil-
dren (82%) received bystander CPR and 72% were long-term survivors. An astonishing
99% of the long-term survivors were neurologically intact. However, if the child was still
apneic and pulseless when EMS personnel arrived, fewer than 5% were revived, and none
of these subsequent survivors were ultimately neurologically intact. These data are fur-
ther evidence that prehospital CPR can be quite effective for drowning-associated acute
asphyxial CAs, if provided promptly. Recent adult data in out-of-hospital CA as a result
of VF (40,41) similarly reinforces that the timing and intensity of resuscitative interven-
tion is important, particularly when no-flow time is longer than 5 minutes.

In summary, animal and human data both indicate that CPR for children can be quite
effective. Additionally, 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
prehospital setting or a provider in the in-patient setting is generally more effective than
late heroic efforts in our ICUs.

INTERVENTIONS DURING THE LOW-FLOW PHASE: CPR

Airway and Breathing

The most common precipitating event for CAs in children is respiratory insufficiency.
Therefore, providing adequate ventilation and oxygenation must remain the first priority.
Effective ventilation does not necessarily require a tracheal tube. One randomized, con-
trolled study comparing outcomes of children with out-of-hospital respiratory arrest who
received bag-mask ventilation compared to bag-mask ventilation followed by tracheal
intubation did not demonstrate that prehospital placement of a tracheal tube improves
outcome (42). However, the results of this study require interpretation in light of the
fact that transport times were short and providers were trained in bag-mask ventilation
extensively.
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Airway adjuncts such as pediatric laryngeal mask airways are available in most hos-
pital settings. Their use may be considered in the patient in whom tracheal intubation is
not immediately feasible. Pediatric emergency, critical care and anesthesia physicians
should be comfortable with their use. Emergency airway techniques such as transtracheal
jet ventilation and emergency crico-thyroidotomy are rarely, if ever, required during
CPR. Effective bag-mask ventilation skills remain the cornerstone of providing effective
emergency ventilation.

Provision of adequate oxygen delivery to meet metabolic demand and removal of
carbon dioxide is the goal of initial assisted breathing. During CPR, cardiac output and
pulmonary blood flow are approx 10–25% of that during normal sinus rhythm. Conse-
quently, much less ventilation is necessary for adequate gas exchange from the blood
traversing the pulmonary circulation during CPR.

Circulation
OPTIMIZING CARDIAC OUTPUT, CORONARY,
AND CEREBRAL PERFUSION PRESSURE DURING CPR

Blood is circulated during CPR by at least three different mechanisms: (a) the cardiac
pump (direct compression of the heart between the sternum and the spine); (b) the tho-
racic pump (increases in intrathoracic pressure generating a gradient for blood to flow
from the pulmonary vasculature, through the heart, and into the peripheral circulation);
and (c) the abdominal pump (abdominal compression forces arterial blood from the
abdomen to the periphery against a closed aortic valve and forces venous blood from the
inferior vena cava back to the heart). The cardiac pump mechanism predominates in
young children because of the relatively compliant thoracic wall (43,44). In children from
infancy through adolescence, the heart is immediately posterior to the lower third of the
sternum (44,45), suggesting that focusing compressions in this area may optimize the
cardiac pump in pediatric CPR.

RATIO OF COMPRESSIONS TO VENTILATION

Current compression to ventilation ratios and tidal volumes recommended during CPR
are based on rational conjecture, tradition, and educational retention theory. Recent
physiological estimates suggest the amount of ventilation provided should match, but not
exceed, perfusion and should be titrated to the phase of resuscitation (no flow, low flow,
high flow) and metabolic demand of the tissues (36). Current Pediatric Advanced Life
Support (PALS) recommendations for the ratio of chest compressions to ventilations in
an child less than 8 years old is five chest compressions to one ventilation, with a chest
compression rate of 100 per minute. In children more than 8 years old, the recommended
ratio is 15 chest compressions to 2 ventilations, with the chest compression rate remain-
ing at 100 per minute (46).

Although Airway and Breathing take first priority in the pediatric ABC algorithm,
that priority has been challenged in certain circumstances. Coronary perfusion pressure,
which correlates with ROSC (47), rises during sequential CCs and falls during ventila-
tion (48,49). In adult CA, increasing the number of CCs to as high as 50 between
ventilations, or eliminating ventilation during bystander CPR may result in better hemo-
dynamics and increased rates of ROSC (50,51). In animal models of sudden VF CA,
acceptable PaO2 and PaCO2 persist with sudden CA for 4–8 minutes in the absence of
any rescue breathing (52,53). A randomized, controlled study of dispatcher-assisted
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bystander CPR in adults found a trend toward improved survival in the patients who
received CCs alone compared to those who received ventilation and CCs (54,55).

Because oxygenation and ventilation are clearly important for survival from
fibrillatory CA, why is rescue breathing not necessary for so long in VF, yet quite
important in asphyxia? Immediately after an acute VF CA, 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 CCs are initiated, the
blood flowing from the aorta to the coronary circulation provides adequate oxygenation
at an acceptable pH. At that time, myocardial oxygen delivery is limited more by blood
flow than oxygen content. Over the next several minutes, arterial oxygenation and pH
become increasingly important for effective resuscitation. Adequate oxygenation and
ventilation can continue without rescue breathing because of CC-induced gas exchange
and spontaneous gasping ventilation during CPR. Rescue breathing is not necessary in
the VF arrests for up to 12 minutes because arterial oxygenation and pH can be adequate
with CCs alone. Most importantly, myocardial oxygen delivery does not differ whether
rescue breathing is provided or not, in part because rescue breathing may have adverse
effects on hemodynamics .

Unlike VF, during asphyxia, blood continues to flow to tissues, and arterial and
venous oxygen saturation decrease although carbon dioxide and lactate continue to
increase for many minutes. Additionally, continued pulmonary blood flow before the
CA depletes the pulmonary oxygen reservoir. Therefore, asphyxia results in significant
arterial hypoxemia and acidemia prior to resuscitation in contrast to VF.

Consequently, children with asphyxial CAs typically have a significantly higher PaCO2
and lower PaO2 at the onset of CA and following tracheal intubation during resuscitation
from CA than adults (56). Because respiratory arrest and asphyxia generally precede
pediatric CA, foregoing ventilation in the pediatric CA patient is not prudent.

A mathematical model of oxygen delivery during CPR performed with variable
ratios of CCs to ventilations revealed that with correctly delivered CCs, the optimal
compression to ventilation ratio is 30:2 in adults (51). When the model was adjusted
using CCs as generally delivered by a lay rescuer, the optimal compression to ventila-
tion ratio was 60:2. Mathematical models of compression–ventilation ratios suggest
that matching of the amount of ventilation to the amount of reduced pulmonary blood
flow during closed-chest CCs should favor a very high compression to ventilation ratio.
Babbs and Kern have suggested that the best way to determine compression to venti-
lation ratios is to choose one that maximizes oxygen delivery to peripheral tissues (or
perhaps a combination of oxygen delivery and blood flow [51]). Maximizing systemic
oxygen delivery during single-rescuer CPR requires a tradeoff between time spent
doing CCs and time spent doing MTM ventilations. Theoretically (ignoring the small
amount of ventilation caused by CCs), neither compression only nor ventilation only
CPR can sustain systemic oxygen delivery. Some intermediate value of the compres-
sion to ventilation ratio is needed. The best intermediate value depends on many factors
including the compression rate, the tidal volume, the blood flow generated by compres-
sions, and the time that compressions are interrupted to perform ventilations. These
issues can be related in a simple mathematical formula based on classical physiology.
These variables necessarily change as a function of the size of the patient. Such con-
siderations may help refine the amount of ventilation recommended for both adults and
children (56a).
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A CCto ventilation ratio of 15:2 delivered the same minute ventilation as CPR with a
CC to ventilation ratio of 5:1 in a mannequin model of pediatric CPR, but the number of
CCs delivered was 48% higher with the 15:2 ratio (57). The ratio of chest compressions
to ventilations during no-flow and low-flow phases of CPR remains an area of high
interest, controversy, and future research. Some have suggested the potential to simplify
the algorithm to 15 chest compressions and 2 ventilations in all children.

DUTY CYCLE

In a model of human adult CA, cardiac output and coronary blood flow are optimized
when CCs last for 30% of the total cycle time (approx 1:2 ratio of time in compression
to time in relaxation [58]). As the duration of CPR increases, the optimal duty cycle may
increase to 50%. In a juvenile swine model, a relaxation period of at 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% (59,60).

CIRCUMFERENTIAL VS FOCAL STERNAL COMPRESSIONS

In adults and animal models of CA, circumferential (Vest) CPR improves CPR hemo-
dynamics dramatically (61–64). 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
traditional two-finger compression of the sternum (65–68).

END-TIDAL CARBON DIOXIDE MONITORING DURING CPR
The generation of exhaled carbon dioxide (CO2) depends on pulmonary blood flow.

Thus, circulation generated by CCs can be assessed to an extent by measuring end-tidal
CO2. Chest compressions can be titrated to exhaled CO2 as an index of pulmonary
perfusion and cardiac output. In adults with CA, an end-tidal CO2 of greater than 10 torr
is associated with ROSC and with hospital survival (69–72). In an animal model, end-
tidal CO2 during CPR correlates with CPP and with ROSC.

In pediatric animal models of asphyxial CA, end-tidal CO2 is high at the initiation of
CPR (likely representing exhalation of CO2 that accumulated in the tissues and venous
system while the animals were apneic but not yet pulseless) and then falls to levels similar
to those seen during adult CPR (73,74). Although end-tidal CO2 monitoring is useful
during pediatric CPR, pediatric-specific data is limited.

OPEN-CHEST CPR
Excellent standard closed-chest CPR generates a cerebral blood flow (CBF) that is

approx 50% of normal. By contrast, open chest CPR can generate a CBF that approaches
normal. Although open-chest massage improves CPP and increases the chance of suc-
cessful 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) demonstrated that open-chest CPR
increased hospital costs without altering rates of ROSC or survival to discharge (75).
However, survival in both groups was 0%, indicating that the population may have
been too severely injured or too late in the process to benefit from this aggressive therapy.
Earlier institution of open-chest CPR may warrant reconsideration in selected special
resuscitation circumstances (76–79).



Chapter 31 / Pediatric CPR 621

MECHANICAL DEVICES TO IMPROVE CPR HEMODYNAMICS

The goal of mechanical adjuncts to CPR is to increase cardiac output by increasing the
action of the cardiac, thoracic, or abdominal pump (80). Several potentially beneficial
mechanical devices have been developed to improve CPR hemodynamics. A pneumatic
vest can replace standard CCs with repetitive circumferential compression of the thorax
in efforts to maximize the contribution of the thoracic pump to circulation (61,81). Active
compression–decompression cardiopulmonary resuscitation (ACD-CPR) uses a hand-
held plunger-type suction device, applied mid-sternum, to alternately compress the chest
then actively decompress the chest (82–86). This technique generates negative intratho-
racic pressure during “diastole,” increasing venous return and cardiac output. ACD-CPR,
combined with interposed abdominal compression (IAC) improves outcome from CA in
animal models. Mathematical models of human physiology also suggest this ACD tech-
nique can increase cardiac output in human adult CA (80,82,87). Minimally invasive
direct cardiac massage is the use of a device that allows for open-heart massage through
a 1–2 centimeter thoracotomy (88–90).

Additionally, an inspiratory impedance threshold valve can be attached to either a
tracheal tube or a face mask and serves to prevent inspiratory airflow until a preset
“cracking pressure” across the valve is reached (91–95). With a spontaneously breathing
patient, this valve increases the magnitude of negative intrathoracic pressure necessary
to initiate inspiration, increasing venous return and right ventricular (RV) preload. Dur-
ing CPR, patients are generally not making spontaneous respiratory efforts. Nonetheless,
the use of this valve during CPR may decrease intrathoracic pressure during natural chest
recoil, increasing venous return.

Although all of these mechanical adjuncts to CPR are more cumbersome than tradi-
tional CPR and require additional provider training, they hold great promise to improve
hemodynamics during the low-flow cardiopulmonary-cerebral resuscitation (CPCR)
phases of resuscitation, especially when prolonged CPR is necessary. In addition to
increasing the probability of ROSC, these adjuncts may provide for near normal hemo-
dynamics and adequate vital organ perfusion in a patient who cannot be resuscitated
immediately, allowing for initiation of ECMO or other intermediate-term supports.
These devices were developed mainly for use in adults. None of these adjuncts to CPR
has yet been evaluated specifically in children.

ECMO-CPR

The use of veno-arterial extracorporeal membrane oxygenation (ECMO) to reestab-
lish circulation and provide controlled reperfusion following CA has been reported, but
prospective, controlled studies are lacking. Nevertheless, these series have reported
extraordinary results with the use of a ECMO as a rescue therapy for pediatric CAs,
especially from potentially reversible acute postoperative myocardial dysfunction or
arrhythmias (28–30,96,97,97a). In one study, 11 children who suffered CA in the pedi-
atric ICU after cardiac surgery were placed on ECMO during CPR after 20 to 110 minutes
of CPR. Prolonged CPR was continued until ECMO cannulae, circuits, and personnel
were available. Of these 11 children, 6 were long-term survivors without apparent neu-
rological sequelae. More recently, two centers have reported an additional remarkable 8
pediatric cardiac patients provided with mechanical cardiopulmonary support during
CPR within 20 minutes of the initiation of CPR. All 8 survived to hospital discharge. CPR
and ECMO are not curative treatments. They are simply cardiopulmonary supportive
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measures that may allow tissue perfusion and viability until recovery from the precipi-
tating disease process. As such, they can be powerful tools.

Potential advantages of ECMO stem from its ability to maintain tight control of physi-
ological parameters after resuscitation. For example, blood flow rates, oxygenation,
ventilation, and body temperature can be manipulated precisely through the ECMO
circuit. As more is discovered about the processes of secondary injury following CA,
ECMO might enable controlled perfusion and temperature management to minimize
reperfusion injury and maximize cell recovery.

Intraosseous Vascular Access

In infants and children requiring emergent access for resuscitation from CA,
intraosseous (IO) vascular access should be established if reliable venous access cannot
be achieved rapidly. Because of the difficulty establishing vascular access in pediatric
CA victims, it may be preferable to attempt IO access immediately. A practical approach
is to pursue IO and peripheral or central venous access simultaneously.

IO vascular access provides access to a noncollapsible marrow venous plexus, which
serves as a rapid, safe, and reliable route for administration of drugs, crystalloids, col-
loids, and blood during resuscitation. IO vascular access often can be achieved in 30 to
60 seconds. Although a specially designed, IO styleted, Jamshidi-type needle is preferred
to prevent obstruction of the needle with cortical bone, butterfly needles and standard
hypodermic needles have been used successfully. The IO needle is typically inserted into
the anterior tibial bone marrow; alternative sites include the distal femur, medial malleo-
lus or the anterior superior iliac spine, and the distal tibia. In adult and older children,
alternative sites include the distal femur, distal tibia (medial malleolus), anterior-superior
iliac spine, distal radius, and distal ulna.

This IO vascular access technique can be used in all age groups, from preterm neonates
to adults. The needle should be twisted into, rather than shoved through, the bone marrow.
Evidence for successful entry into the bone marrow includes the following: (a) the sudden
decrease in resistance after the needle passes through the bony cortex; (b) the needle
remains upright without support; (c) aspiration of the bone marrow into a syringe (this
is not consistently achieved); and (d) the fluid infuses freely without evidence of subcu-
taneous infiltration.

Resuscitation drugs, fluids, and blood products can be administered safely by the IO
route. The IO route can also support continuous catecholamine infusions.Onset of action
and drug levels following IO infusion during CPR are comparable to those achieved
following vascular administration, including central venous administration (98–111). IO
vascular access can be used to also obtain blood specimens for chemistry, blood gas
analysis, and type and crossmatch, although administration of sodium bicarbonate through
the IO cannula eliminates the close correlation with mixed venous blood gases (112–114).

Complications occur in less than 1% of patients following IO infusion. Complications
include tibial fracture, lower extremity compartment syndrome, severe extravasation of
drugs, and osteomyelitis (115–125). Most of these complications can be avoided by
careful technique. Although microscopic pulmonary fat and bone marrow emboli occur
in animal models, they have never been reported clinically and appear to occur just as
frequently during CA without IO drug administration. Animal data and one human fol-
low-up study indicate that local effects of IO infusion on the bone marrow and bone
growth are minimal.
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Medication Use During Cardiac Arrest
VASOPRESSORS

Epinephrine (adrenaline) is an endogenous catecholamine with potent  and  stimu-
lating properties. The -adrenergic action (vasoconstriction) increases systemic and
pulmonary vascular resistance, increasing both systolic and diastolic blood pressure. The
rise in diastolic blood pressure directly increases CPP, thereby increasing coronary blood
flow and increasing the likelihood of return of spontaneous circulation. Epinephrine also
increases CBF during CPR because peripheral vasoconstriction directs a greater propor-
tion 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. Epinephrine also increases the vigor and intensity of VF, increasing the
likelihood of successful defibrillation.

High-dose epinephrine (0.05–0.2 mg/kg) improves myocardial and CBF during CPR
more than 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 (126,127). Retrospective studies
indicate that use of high-dose epinephrine in adults or children may be associated with
a worse neurologic outcome (33,128–140). A randomized, controlled trial of rescue high-
dose epinephrine vs standard-dose epinephrine following failed initial standard-dose
epinephrine in pediatric in-hospital CA demonstrated a worse 24-hour survival in the
high-dose epinephrine group (1/27 vs 6/23, p < 0.05) (141a). High-dose epinephrine
cannot be recommended routinely for initial or rescue therapy.

Wide variability in catecholamine pharmacokinetics and pharmacodynamics dictate
individual titration of therapy in non-CA situations. Therefore, it is likely that a lifesaving
dose during CPR for one patient may be life threatening to another. Perhaps high-dose
epinephrine should be considered as an alternative to standard-dose epinephrine in spe-
cial circumstances of refractory pediatric CA (e.g., patient on high-dose epinephrine
infusion prior to CA) and/or when continuous direct arterial blood pressure monitoring
allows titration of the epinephrine dosage to diastolic (relaxation phase) arterial pressure
during CPR. Nevertheless, high-dose epinephrine has not been demonstrated to improve
outcome should only be used with caution.

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 CA, vasopressin increases blood flow to
the heart and brain and improves long-term survival compared to epinephrine (141–162).
Vasopressin may decrease splanchnic blood flow during and following CPR. In a small
randomized trial comparing the efficacy of epinephrine to vasopressin in shock-resistant
out-of-hospital VF in adults, vasopressin produced a higher rate of return of spontaneous
circulation (153). Effective CPR and ALS were delayed somewhat in this out of hospital
study. In a study of adult in-hospital CA with rapid response of effective CPR and ALS,
vasopressin produced a rate of survival to hospital discharge similar to epinephrine (163).

In a pediatric porcine model of prolonged VF, the use of vasopressin and epinephrine
in combination resulted in higher LV blood flow than either pressor alone, and both
vasopressin alone and vasopressin plus epinephrine resulted in superior CBF than epi-
nephrine alone (164,165). By contrast, in a pediatric porcine model of asphyxial CA,
return of spontaneous circulation was more likely in piglets treated with epinephrine
than in those treated with vasopressin (165a). A case series of four children who received
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vasopressin during six prolonged CA events suggests that the use of bolus vasopressin
may result in return of spontaneous circulation when standard medications have failed
(166). Vasopressin has also been reported to be useful in low cardiac output states
associated with sepsis syndrome and organ recovery in children (167–169). Although
vasopressin will not likely replace epinephrine as a first-line agent in pediatric CA, there
is preliminary data to suggest that its use in conjunction with epinephrine in pediatric CA
deserves further investigation.

CALCIUM

Use of calcium in CA is reported to be high, despite lack of evidence for efficacy when
administered routinely in CA (170–174). In the absence of hypocalcemia, the adminis-
tration of calcium does not improve outcome in CA. Calcium administration is appropri-
ate for the following known or suspected conditions: hypocalcemia, hyperkalemia,
hypermagnesemia, and calcium channel blocker overdose.

BUFFER SOLUTIONS

The routine use of sodium bicarbonate for a child in CA is not recommended. Clinical
trials involving critically ill adults with severe metabolic acidosis did not demonstrate a
beneficial effect of sodium bicarbonate on hemodynamics despite correction of acidosis
(173,175–184). However, the presence of acidosis may depress the action of catechola-
mines, and so the use of sodium bicarbonate may be considered in an acidemic child who
is refractory to catecholamine administration. Acidosis may increase the threshold for
myocardial stimulation in a patient with an artificial cardiac pacemaker; therefore, ad-
ministration of bicarbonate or another buffer is appropriate for management of acidosis
in these children. The administration of sodium bicarbonate is also 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 bicar-
bonate. Therefore, there is not a role for the use of bicarbonate in the management of
respiratory acidosis. Unlike sodium bicarbonate, tromethamine (THAM) provides buff-
ering action without the generation of carbon dioxide (185–190). In a patient with limited
potential for ventilation, THAM may be a reasonable choice when buffering is necessary.
THAM undergoes renal elimination, and renal insufficiency may be a relative contrain-
dication to its use. Carbicarb, an equimolar combination of sodium bicarbonate and
sodium carbonate, is another buffering solution thought to generate less CO2 than sodium
bicarbonate. In a canine model of CA comparing animals given normal saline, sodium
bicarbonate, THAM, or Carbicarb, the animals given buffer solution had a higher rate of
ROSC than the animals given normal saline (185). In the animals given sodium bicarbon-
ate or Carbicarb, the interval to ROSC was significantly shorter than in animals given
normal saline. However, at the end of the 6-hour study period, all resuscitated animals
were in a deep coma, so no inferences regarding meaningful survival can be drawn. It is
premature to recommend either THAM or Carbicarb during CPR at this time.

Ventricular Fibrillation in Children

VF has been an underappreciated pediatric problem. Two important studies demon-
strated VF as the initial rhythm in 19 to 24% of out-of-hospital pediatric CA victims
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(6,39). Most previous investigations had indicated an incidence of VF in the range of
6–10%, but included substantial numbers of babies with Sudden Infant Death Syn-
drome (SIDS). Most of these SIDS babies had been dead for some time, often with rigor
mortis, and all had initial EKG evidence of asystole. Therefore, these two studies with
high incidences of VF excluded SIDS patients. The provocative investigation by
Mogayzel and colleagues also documented that 5 of 29 children (17%) presenting with
VF in a prehospital setting survived with good neurologic outcome vs only 2 of 128
(2%) presenting with asystole/PEA (p < 0.01).

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 and pulseless VT are more likely. Furthermore, in one study VF/VT
occurred in only 3% of children in CA from 0 to 8 years of age, but 17% of CA victims
from 8 to 30 years of age.

VF can also occur secondary to asphyxia. It is well documented among near-drown-
ing patients. In careful prospective studies of VF among asphyxiated piglets, the inci-
dence of VF was 28% and 33% at some time during the CA (191,192). However, many
of the piglets had converted from VF to asystole during time intervals that are consis-
tent with medical personnel arrival. Therefore, it is likely that continuous EKG moni-
toring would demonstrate that the incidence of VF is similarly more common in children
with asphyxial CAs, such as submersion events. Although continuous EKG monitoring
during the asphyxial episode is not practical, the important message is: VF occurs
during pediatric CA events. This is supported by preliminary data from the AHA
National Registry of In-Hospital CPR events from January 2000 to June 2002, which
suggests that shockable rhythm is the initial rhythm seen in 7% of all in-hospital
pediatric arrest events requiring chest compressions and 15% of all pulseless CA events
(13,21). Furthermore, as many as 25% of pulseless CA patients exhibited a shockable
rhythm at some point during their CA management.

The treatment of choice for short duration VF is prompt defibrillation. VF must
be identified before defibrillation can be provided. Diagnosis is by EKG. An attitude
that VF is rare in children can be a self-fulfilling prophecy with a uniformly fatal out-
come.

The recommended defibrillation dose is 2 J/kg, but the data supporting this recom-
mendation is not optimal. In the mid-1970s, authoritative sources recommended start-
ing doses of 60 to 200 J for all children (193). Because of concerns for myocardial
damage and animal data suggesting that generally 0.5 to 10 J/kg were adequate for
defibrillation in a variety of species, Gutgesell and colleagues retrospectively evalu-
ated the efficacy of their strategy to defibrillate with 2 J/kg (194). Seventy-one tran-
sthoracic defibrillations on 27 children were evaluated. Shocks within 10 J of 2 J/kg
resulted in successful defibrillation in 91% of the defibrillation attempts.

The major determinant of successful defibrillation besides duration of VF is the
countershock current. This current depends on the defibrillator energy and transthoracic
impedance. Studies in children indicate that the transthoracic impedance of infants and
children overlap greatly. Although there is a statistically significant correlation between
size and transthoracic impedence, the correlation is weak (195,196). These studies
provide only weak support for the present dogma that the defibrillator energy dose
should vary directly with weight (197,198). Nevertheless, the present recommendation
of 2 J/kg has stood the test of time.
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Anti-Arrhythmic Medications
Administration of anti-arrhythmic medications should never delay administration of

defibrillation in a patient with VF. However, after three unsuccessful attempts at elec-
trical defibrillation, medications to increase the effectiveness of defibrillation should
be considered. In both pediatric and adult patients, the current first-line medication in
VF is epinephrine. If epinephrine with or without vasopressin and a subsequent repeat
attempt to defibrillate are unsuccessful, lidocaine or amiodarone should be considered.

LIDOCAINE AND AMIODARONE

Lidocaine has been recommended traditionally for shock-resistant VF in adults and
children. However, the only anti-arrhythmic agent that has been prospectively deter-
mined to improve survival to hospital admission in the setting of shock-resistant VF
when compared to placebo is amiodarone (199–207). In another study of shock-resis-
tant out-of-hospital VF, patients receiving amiodarone had a higher rate of survival to
hospital admission than patients receiving lidocaine. Neither study included children.
Because there is moderate experience with amiodarone usage as an anti-arrhythmic
agent in children and because of the above-mentioned adult study, it is rational to use
amiodarone similarly in children with shock-resistant VF/VT. The recommended dos-
age is 5 mg/kg by rapid intravenous bolus. There are no published comparisons of anti-
arrhythmic medications for pediatric refractory VF. Although extrapolation of adult
data and electrophysiological mechanistic information suggest that amiodarone may
be preferable for pediatric shock-resistant VF, the optimal choice is not clear.

Pediatric Automated External Defibrillators
Automated external defibrillators (AEDs) have improved survival from adult VF.

AEDs are recommended for use in children 8 years or older with CA. The available data
suggest that some AEDs can accurately diagnose VF in children of all ages, but many
AEDs are limited because the defibrillation pads and energy dosage are for adults.
Adapters that have smaller defibrillation pads and that dampen the amount of energy
delivered have been developed as attachments to adult AEDs to allow their use in
children (208).

Because lack of defibrillation (0 J/kg) is clearly lethal (i.e., an LD100 ) for pediatric
VF, it is preferable to provide a shock with an appropriate pediatric dose or even a high
dose shock rather than no shock. However, it is important that the AED diagnostic
algorithm is sensitive and specific for pediatric VF. The diagnostic algorithms from
several AED manufactures have been tested for such sensitivity and specificity (209–
211), and can, therefore, be reasonably used in younger children.

Monophasic vs Biphasic Defibrillator Waveforms (and Beyond)
In a randomized, controlled trial comparing the efficacy of a biphasic (impedance-

compensated biphasic-truncated exponential) energy waveform with two different types
of monophasic waveforms (monophasic-truncated exponential and monophasic-damped
sine), defibrillation efficacy (i.e., termination of fibrillation) was superior for the biphasic
waveform than for either of the two types of monophasic waveforms (212–228). AEDs
currently use biphasic waveforms to deliver energy. Although internal (implantable)
pediatric defibrillators are all biphasic waveform, there is no data on the safety and
efficacy of biphasic transthoracic defibrillation in children, and a study in children is not
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feasible. Recent data suggests that higher doses and alternative waveforms may be safe
and effective in small children (197,198,229,230).

Smarter AEDs
An ideal AED would be readily available, easy to operate without training, and appli-

cable to children or adults. It would determine the presence of respiratory arrest alone or
CA and respiratory arrest and would prompt the appropriate intervention. Additionally,
it would be capable of identifying cardiac rhythms amenable to defibrillation and would
prompt the rescuer to the optimal time to deliver a shock based on an analysis of the
amplitude and frequency of fibrillation wavelets. The rhythm analysis could ideally
occur during ongoing CCs or during very brief interruptions in CCs. The components of
this “ideal AED” have all been studied in animal models and will likely become part of
routinely available AEDs.

POSTRESUSCITATION INTERVENTIONS
Temperature Management

Fever following CA is associated with poor neurological outcome. Hyperthermia
following CA is common in children (231). Mild resuscitative systemic hypothermia
may improve neurologic outcome in adults after resuscitation from out of hospital VF
arrest (232–237). Mild systemic hypothermia may benefit children resuscitated from CA,
but the question demands further study. At a minimum, it is advisable to strictly avoid
even mild hyperthermia in children following CPR. Scheduled administration of anti-
pyretic medications and use of external cooling devices is often necessary to avoid
hyperthermia in this population

Glucose Control
Hyperglycemia following adult CA is associated with worse neurological outcome

after controlling for duration of arrest and presence of cardiogenic shock (238–243). In
an animal model of asphyxial CA, administration of insulin and glucose, but not admin-
istration of glucose alone, improved neurologic outcome compared to administration of
normal saline (244). Clinicians should target tight glucose control with avoidance of
hyperglycemia and hypoglycemia following CA.

Blood Pressure Management
Compared to healthy volunteers, adults resuscitated from CA have impaired autoregu-

lation of CBF. Hence, they may not maintain cerebral perfusion pressure in the face of
systemic hypotension, and likewise may not be able to protect the brain from acutely
increased blood flow in the face of systemic hypertension. Blood pressure variability
should be minimized as much as possible following resuscitation from CA.

A brief period of hypertension following resuscitation from CA may diminish the
no-reflow phenomenon (245–247). In animal models, brief induced hypertension fol-
lowing resuscitation results in improved neurological outcome compared to normoten-
sion. In a retrospective human study, postresuscitative hypertension was associated with
a better neurological outcome after controlling for age, gender, duration of CA, duration
of CPR, and preexisting diseases (248).

After CA or resuscitation from shock, the individual may have ongoing hemodynamic
compromise secondary to a combination of inadequate cardiac pumping function, exces-
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sively increased systemic or pulmonary vascular resistance, or very low systemic vascu-
lar resistance. The last is most common in the patient with septic shock, although recent
data shows that most children with fluid-refractory septic shock have high rather than low
systemic vascular resistance and poor myocardial pumping function (249–256). Children
with cardiogenic shock typically have poor myocardial function and a compensatory
increase in systemic and pulmonary vascular resistance as the body attempts to maintain
an adequate blood pressure.

The classes of agents used to maintain circulatory function are usually characterized
as inotropes, vasopressors, and vasodilators. Inotropes increase cardiac pumping func-
tion and often increase heart rate as well. Vasopressors increase systemic and pulmonary
vascular resistance; they are most commonly used in children with inappropriately low
systemic vascular resistance. Vasodilators are designed to reduce systemic and pulmo-
nary vascular resistance. Although they do not directly increase pumping function, vasodi-
lators reduce ventricular afterload, which often improves stroke volume and therefore
cardiac output. They are the only class of agents that can increase cardiac output and
simultaneously reduce myocardial oxygen demand.

Optimal use of these agents requires titration of medication to the patient’s cardiovas-
cular physiology. Invasive hemodynamic monitoring, including measurement of central
venous pressure, pulmonary capillary wedge pressure, and cardiac output, may be appro-
priate. Furthermore, vasoactive agents have different hemodynamic effects at different
infusion rates. For example, at low infusion rates, epinephrine is a potent inotrope and
lowers systemic vascular resistance through a prominent action on vascular -adrenergic
receptors. At higher infusion rates, epinephrine remains a potent inotrope and increases
systemic vascular resistance by activating vascular -adrenergic receptors. Because the
pharmacokinetic and pharmacodynamic responses are not uniform across ages and across
different diseases (257), careful monitoring of the patient’s response to vasoactive agents
is needed for optimal use.

LIMITATIONS TO UNDERSTANDING
PEDIATRIC CARDIAC ARREST AND CPR

Our knowledge of the epidemiology and appropriate treatment of pediatric CA has
been limited, in part, because we have lumped diverse diseases and pathophysiologies,
thereby obscuring potentially important “signals” amidst all of the “noise.” In contrast
to CAs in adults, most pediatric arrests are secondary to profound hypoxia or asphyxia
as a result of variety of diseases resulting in respiratory failure or circulatory shock.
Pediatric studies tend to include all pediatric CAs, including those secondary to sudden
respiratory failure (e.g., drowning, foreign body aspiration), progressive respiratory
failure from infections and/or neuromuscular diseases, trauma, SIDS, septic shock,
hypovolemic shock, anaphylaxis, primary cardiomyopathy, primary arrhythmia (e.g.,
VF or VT), drug intoxications, and so on (4,13–15,22,33,34,258–260). Some pediatric
studies have lumped respiratory arrests with CAs, and many have included both
prehospital and in-hospital CAs in their data. Moreover, many of the CA victims in
these studies had been dead for a prolonged period of time (e.g., SIDS), 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 appropriate therapy.
When included in an interventional trial, these patients who can no longer be resusci-
tated are not meaningful participants in the study (i.e., they limit the ability to discrimi-
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nate whether the intervention could help those who could be resuscitated). Addition-
ally, most pediatric studies have focused on either prehospital or in-hospital data col-
lection, often without adequate integration. As a result, important data was neither
reported nor available. Finally, most pediatric arrest studies have suffered from inad-
equate and nonuniform data collection.

Lack of uniformity in data reporting has been a well-recognized methodological prob-
lem for both adult and pediatric CA research. In response to this issue, international
resuscitation experts have established the series of Utstein-style international consensus
guidelines regarding uniform reporting of CA data for adult out-of-hospital CA, adult in-
hospital CA, and pediatric ALS (22,23,261,262). These guidelines have resulted in the
use of more consistent terminology and data collection in CA investigations. Therefore,
these efforts to standardize data collection and reporting have allowed CA research to
focus on the important experimental “signals” rather than be obscured by experimental
“noise.”

A subtler obstacle to investigating pediatric CA and CPR is the intense emotional
response to a child in CA. Parents lay persons, EMS providers, and hospital personnel
are often emotionally overwhelmed during provision of CPR on a child. Providers and
investigators often attempt to ameliorate the pain by avoidance, denial, and minimizing
contact time. These responses discourage thorough investigations. Because of these
limitations and because CAs are much more common in adults, most clinical studies
on various aspects of CPR have focused on adults almost exclusively. Therefore, guide-
lines for CPR in children have largely been extrapolated from data obtained in adults
or in animal models of VF. This results in a therapeutic orphan status that is less than
optimal.

RESUSCITATION RESEARCH: MOVING THE FIELD FORWARD

The PULSE Initiative
The Postresuscitation and Initial Utility in Lifesaving (PULSE) conference (263)

gathered international leaders in resuscitation research to highlight opportunities for
improvement in outcomes after CPR and resuscitation from major traumatic injury. The
consensus paper highlights priority topics within resuscitation research. A few of the
projects that warrant immediate study include: hibernation physiology in settings of
ischemia and reperfusion, hypothermia, methods for inducing hypothermia, controlled
reperfusion, improved understanding of pharmacologic agents in CA, mechanisms of
generating greater blood flows during CPR, biosensors for detecting critical limitations
of blood flows, vascular access for reperfusion technologies, simulation and telemedicine,
the development of regional, national, and international trauma and CPR registries, and
the development of clinical trials networks.

Clinical Trials Network and Registry Development
Multicenter collaboration has obvious advantages over isolated single-center investi-

gations. Pediatric CAs are uncommon events; even large single institutions do not have
a volume of CAs that can allow for effective prospective resuscitation research. Such
collaboration allows national experts to cooperate in the development of research proto-
cols, and the involvement of many institutions provides a vastly larger patient population.
A clinical trials network to focus on pediatric CPR and cerebral resuscitation is needed
urgently and is under development.
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The NRCPR (www.nrcpr.org), through the AHA, is a nationwide registry of in-hos-
pital CPR with the capability for separate pediatric analysis. Improved awareness of, and
reporting to, this registry will facilitate improved pediatric resuscitation research.

Exception to Informed Consent and Community Consultation
The physiological repercussions of whole-body hypoxia and ischemia are complex

and poorly understood. There is an urgent need to reestablish circulation and interrupt the
cascade of events that result in reperfusion injury. Medical research in the United States
generally occurs only after a process of informed consent intended to protect the rights
of research subjects and their families. However, the therapeutic window for interven-
tions that may improve intact neurological survival following pediatric CA is very short,
and this requirement limited resuscitation research in the United States for many years.
In 1996, the Food and Drug Administration and the Department of Health and Human
Services published parallel guidelines allowing for an exception to the traditional informed
consent process for particular types of research in which the patient’s condition is emergent
and life threatening and it is impractical to obtain informed consent. A process of com-
munity consultation is required (264). These guidelines have not yet been successfully
applied to pediatric resuscitation research, but adaptation of the adult approach is likely
to be required to allow for pediatric resuscitation research to proceed.

CONCLUSION

Outcomes from pediatric CA and CPR appear to be improving. Perhaps, the evolving
understanding of pathophysiologic events during and after pediatric CA and the devel-
oping fields of pediatric critical care and pediatric emergency medicine have contributed
to these apparent improvements. Additionally, there are exciting breakthroughs in basic
and applied science laboratories that are on the immediate horizon for study in specific
subpopulations of CA victims. By strategically focusing therapies to specific phases of
CA and resuscitation and to evolving pathophysiology, there is great promise that critical
care interventions will lead the way to more successful cardiopulmonary and cerebral
resuscitation in children.

To shed the “therapeutic orphan” status of treatment for pediatric sudden CA 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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INTRODUCTION

Resuscitation began in the hospital setting nearly 40 years ago and little has been done
since that time to provide a critical evaluation of the process by which resuscitation is
performed. Recent regulatory and federal guidelines are forcing hospitals to assess both
process and outcome variables to improve the care given to victims of cardiac arrest (CA).
The purpose of this chapter is to review process evaluation issues for hospital-based
resuscitation programs and to describe the National Registry of Cardiopulmonary Resus-
citation (NRCPR) as a tool for enhancing quality improvement and resuscitation science
in the hospital.

THE IN-HOSPITAL CHAIN OF SURVIVAL

The American Heart Association (AHA) first developed the Chain of Survival con-
cept in 1991 to facilitate a timely and appropriate response to victims of a CA (1). The
now familiar chain consists of the four links of early access, early basic life support
(BLS), early defibrillation, and early advanced cardiac life support (ACLS). Pre-hos-
pital emergency medical services (EMS) systems have paid meticulous attention to
strengthening each link in the chain of survival, specifically with respect to early
defibrillation, and communities have been rewarded with improved survival over the
past decade. Hospitals, however, have been rather reluctant to critically evaluate their
process of providing resuscitation efforts in order to assure that all the links in the chain
are optimized and occurring in a timely manner. Some of this may be the belief that
because hospitals are filled with health care providers, they automatically have an
optimized response. Many people familiar with hospital-based resuscitation would
disagree because many physicians and nurses have minimal advanced life support
(ALS) training and use these skills very infrequently. Another possibility may be that
resuscitation practices are often “orphaned” within a hospital system. Providing an
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adequate response is a hospital-wide effort and requires hospital wide support. Although
many hospitals have a few champions for the cause, most lack overt organizational
backing for critical process evaluation and enhancement. The last few years have seen
the beginning of a shift toward process and outcome improvements for in-hospital
resuscitation but the trend is slow to take hold and is complicated by what appears to be
reluctance to use strategies that have been successful in the pre-hospital setting, such as
first responder automatic external defibrillator (AED) use to deliver early defibrillation.
Overall survival from cardiopulmonary arrest in the hospital setting has remained con-
stant over the past 30 years with reports quoting a range from 3 to 27%, depending on
the criteria and definitions used for inclusion criteria and outcomes (2–4).

Although one could argue the impact of acute comorbidities in the hospital popula-
tion, it is concerning that survival has never improved in this setting despite significant
advances in technology that have translated into improved survival in out-of-hospital
CA populations. This fact alone, independent of the need for quality review, should
prompt hospitals to critically evaluate the process by which they perform resuscitation.
Specific attention should be paid to both the process and clinical issues in order to
identify issues that could potentially impact survival.

The AHA published its Recommended Guidelines for Reviewing, Reporting, and
Conducting Research on In-Hospital Resuscitation: The In-Hospital Utstein Style in
1997 (5). This scientific statement defined a set of data elements deemed as essential or
desirable for documenting in-hospital CA responses. It was developed as a mechanism
for international standardization of process evaluation and reporting for in-hospital
resuscitation. By encouraging hospitals to use uniform definitions and methodology, the
Utstein template provides greater accuracy in comparing and contrasting data from
individual hospitals as well as across multiple studies. This document was the first
widespread effort to encourage hospitals to systematically evaluate resuscitation efforts
and outcomes

The Joint Commission for the Accreditation of Healthcare Organizations (JCAHO)
placed further emphasis on hospital resuscitation practices with the publication of new
regulations in 1998. As of January 1, 2000 the JCAHO required all accredited hospitals
in the United States to have effective resuscitation services available throughout the
hospital and to collect outcomes data. The JCAHO regulation Tx.8 states the following:
1. Appropriate policies, protocols, procedures, and processes governing the provision of

resuscitation services
2. Appropriate equipment placed strategically throughout the hospital close to areas where

patients are likely to require resuscitation services
3. Appropriate staff trained and competent to recognize the need to and use of designated

equipment in resuscitation efforts
4. Appropriate data collection related to the process and outcomes of resuscitation
5. Ongoing review and outcomes related to resuscitation in the aggregate to identify oppor-

tunities for improvement in resuscitation efforts

This new set of standards provides an opportunity for hospitals to pay specific atten-
tion to the process of resuscitation and re-enforces the fact that resuscitation responses
are a system-wide effort. By evaluating policy, protocols, and procedure hospitals are
forced to review the way resuscitation efforts are carried out, specifically with respect to
making sure that all populations are covered (inpatient, outpatient, visitor, adult, and
pediatric) and that the response process chosen does everything that it can to strengthen
the chain of survival in the hospital community. The second standard mandates that
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appropriate equipment be placed throughout the hospital and should stimulate an analyti-
cal approach by individual institutions to assure they have the most appropriate equip-
ment for providing prompt, first responder, BLS with early defibrillation followed by
ALS. The equipment must be appropriate for the population at potential risk for CA. The
third regulation involves documenting competency for persons responding to CA. This
is the fist time that hospitals have been held accountable for assuring skills retention in
this area. There are many approaches toward training and competency testing, ranging
from traditional classroom educational models to computer-based scenario testing that
can be done on the practitioners own time schedule at the convenience of their own
computer. Training and skills documentation can be uniquely designed to fit the needs
and resources of individual institutions. Hospitals are now required to collect data related
to both the process and outcomes of resuscitation. Never before have hospitals been
mandated to perform periodic quality review of the entire process of resuscitation efforts.
If done honestly and correctly, hospitals should critically evaluate every link in the chain
of the resuscitation process. Examples of questions to be asked include the following:

• Is there a team response? Who should be on that team?
• Are the right people responding?
• How are responders trained to handle medical emergencies?
• How can we best provide early defibrillation?
• How does the team get summoned?
• How is the telepage operator involved?
• If a pager system is used, is there a lag time?
• How far does the team have to travel to cover the resuscitation area?
• What are the response-time intervals to the arrival of key personnel and interventions?
• How is time documented and is time documentation accurate?
• Is event documentation accurate?
• Are proper BSL and ALS guidelines being followed?
• What policies are in place regarding the “do not attempt resuscitation” (DNAR) decision

pre-, or even postarrest?

Each area of the hospital that participates in the resuscitation process, such as nursing,
pharmacy, anesthesia, respiratory therapy, central supply, medicine, surgery, profes-
sional education, and telepage, needs to evaluate the role it plays and develop the stron-
gest process possible. For this to be done effectively and efficiently, a multidisciplinary
committee should be formed to provide oversight and direction to this entire process.
Because resuscitation services are used by everyone in the hospital and typically owned
by no one, it is important that the committee have the resources and authority to do its
job well.

THE NATIONAL REGISTRY
OF CARDIOPULMONARY RESUSCITATION

The AHA’s NRCPR is a prospective, multisite registry of in-hospital resuscitation.
The registry was developed by AHA volunteers with expertise in cardiology, emergency
medicine, adult and pediatric critical care medicine, nursing administration, and nursing
education, and is based on the in-hospital Utstein guidelines for data collection. One of
the unique features of the NRCPR is that it provides explicit definitions for every data
element. This not only allows for interfacility comparison, but also permits data from
numerous facilities to be combined and evaluated for trends in process, treatment, and
outcomes. The goals of the NRCPR are to provide a standardized mechanism for quality
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data collection and review, to give local hospitals a mechanism to critically evaluate
resuscitation process issues, treatment patterns, and outcomes, and to provide an ongoing
data source for the development of evidence-based guidelines for resuscitation practices.
Participating hospitals join the NRCPR voluntarily and have specially trained coordina-
tors to enter information about each CA into a computer database. Data is submitted by
either diskette or encrypted internet transfer to the central data repository. Each patient
is assigned a unique code and no specific patient identifiers are transferred. Hospitals
receive extensive quarterly reports on their own facility data along with comparisons to
the national dataset. These reports provide hospitals with a comprehensive mechanism
to meet JCAHO requirements for hospital-based resuscitation review.

The data set contains the following six major categories of variables:
1. facility data.
2. patient demographic data.
3. pre-event data.
4. event data.
5. outcome data.
6. quality improvement data.

Inclusion criteria are any adult (>18 years) or pediatric (<18 years) patient, visitor,
employee, or staff who experience a resuscitation event that requires chest compression
and/or defibrillation, elicits an emergency response by facility personnel, and has a
resuscitation record completed for review. Events that begin outside of the hospital, in
the neonatal intensive care unit (ICU), or occur in newborns in the delivery room are
excluded.

Peberdy et al. (6) recently published the largest descriptive report of in-hospital resus-
citation events in adults from the NRCPR data set. The report includes 14,720 CAs from
207 hospitals over a 2.5-year period. Demographic data of adults experiencing a CA in
the hospital are 57% male with a mean age of 67.6 + 15.4 years. Eighty percent of arrests
occurred on the medical services, being equally divided between cardiac and noncardiac.
Forty-eight percent of arrests occurred in the ICU, 32% on general inpatient wards, 11%
in the emergency department (ED), 4% in diagnostic areas, and 2% in the operating
room. Less than 1% occurred in ambulatory care or visitors areas, although hospitals are
required to have adequate responses for resuscitation in these populations. Knowledge
of the likely service and location could have significant impact on staffing, training, and
equipment placement.

The most common pre-existing conditions for adults experiencing CA in the hospital
are myocardial infarction (36%), respiratory insufficiency (35%), congestive heart fail-
ure (34%), arrhythmia (29%), renal insufficiency (29%), diabetes mellitus (28%), and
pneumonia (24%). Eighty-six percent of CA events are witnessed and/or monitored with
66% being both witnessed and monitored, 11% witnessed and not monitored, and 9%
monitored and not witnessed.

The three most common nonexclusive precipitating issues present in the hour before
the arrest are cardiac arrhythmia (49%), respiratory insufficiency (37%), and hypoten-
sion (32%). Although cardiac arrhythmias may occur suddenly without much warning,
they are often the result of prolonged respiratory insufficiency or hypotension. More
than two-thirds of adult CAs in the hospital are precipitated by disturbances that, if
identified and intervened on promptly, may prevent the CA from occurring. This stresses
the importance of having nurses and physicians trained to recognize and intercede in the
pre-arrest period to prevent the occurrence of a full CA. Some hospitals have employed
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medical emergency teams specifically trained in the pre-arrest crisis intervention to be
summoned to assist with the care of a patient before the code team is needed (7–11).
Some of these teams have been able to actually decrease the number of CAs that occurred
and have also improved survival.

The first pulseless rhythm documented for adult CA is ventricular fibrillation/ven-
tricular tachycardia (VF/VT) in 25%, pulseless electrical activity (PEA) in 30%, and
asystole in 36%. The prevalence of VF as an initial rhythm is surprisingly low in the
hospital setting. This is in contrast to the majority of out-of-hospital CAs that occur with
a continuous monitor in place, in monitored cardiac rehab, and in some public access
defibrillation programs such as the casinos (12,13). Although the occurrence of VF as a
presenting rhythm diminishes over time, the fact that 86% of events were monitored or
witnessed in the hospital suggests that a delay in rhythm recognition does not solely
account for the infrequent presence of VF as the initial arrest rhythm. In-hospital CA may
have different mechanisms and pathophysiology than prehospital arrest. This may ac-
count for the predominance of asystole and PEA in this population compared to
prehospital arrests.

Overall return of spontaneous circulation was 44% with overall survival-to-hospital
discharge of 17%. Broken down by presenting rhythm, VF/VT carries a 35% survival
rate to hospital discharge, in which survival from asystole and PEA are 10% each. The
higher percent of asystole and PEA patients having a lower survival further dilutes the
better survival in the comparatively smaller VF group. Of those patients that survived
their initial arrest but died in the hospital, 63% were declared DNAR status after their
index event, and 43% of these had life support actively withdrawn. The aggressiveness
with which an individual hospital withholds resuscitation efforts and withdraws care can
significantly impact survival and have tremendous influence on the outcomes of clinical
trials requiring survival-to-hospital discharge as an endpoint. The average hospital length
of stay is nearly 2 weeks for survivors and less than 2 days for those who die in the
hospital. The majority of those being declared DNAR are being done so very early after
their index event, perhaps even before meaningful recovery could be expected. Further
investigation is needed to determine DNAR practice patterns and to identify accurate
predictors of nonsurvival after initial CA.

Fifty-one percent of patients surviving a pulseless index arrest were discharged to
home. More than 30% of survivors were discharged to a rehabilitation facility or a skilled
nursing facility when less than 6% had lived in such a facility prior to their arrest. It is
reassuring however, that 86% of patients with a Cerebral Performance Category-1 (CPC-
1) at the time of admission had a CPC-1 at the time of discharge.

AEDs in the Hospital
Despite the fact that only 25% of pulseless CAs in the hospital are caused by VF,

survival in this group is much better than when asystole or PEA are the presenting
rhythms (35 vs 10% respectively). Hospitals must assure that defibrillation can be
delivered promptly in order to appropriately treat the small group of arrest patients who
have the best chance of survival. Survival from VF arrest is inversely related to the time
to shock. This is true for both pre-hospital and in-hospital settings. Data from witnessed
arrests during cardiac rehabilitation (14) or induced in the electrophysiology labora-
tory (15) report survival rates of more than 90% and nearly 100%, respectively.
Valunzuela et al. (13) reported a 74% survival-to-hospital discharge from out-of-hos-
pital CA when on-site lay first responders provide defibrillation in less than 3 minutes.
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Caffrey et al. (16) found an overall survival rate of 66% in victims of VF arrests in the
Chicago airport public access defibrillation (PAD) system. Data from NRCPR has
correlated improved survival with shorter time to shock intervals. The survival rate was
38% when the first shock was delivered within 3 minutes, compared to only 21% when
delivery was reported as more than 3 minutes. Even though many communities and
public venues have markedly improved survival from CA by using AED technology
and implementing PAD systems, hospitals have been slow to adopt the concept of
having hospital first responders deliver lifesaving defibrillation. Inside the ICU, nurses
often initiate CPR and provide defibrillation based on rhythm recognition and standing
order. Outside of the ICU, nurses and other first responders perform CPR but typically
must await the arrival of a physician to provide defibrillation. In-hospital use of AEDs
by non-ICU nurses and other first responders was first described in 1995 (17,18) and
8 years later only 33% of NRCPR-participating hospitals reported having AED capa-
bility anywhere in their institutions. Critical evaluation of timing documentation, pro-
cess issues, outcomes, and a willingness to explore different approaches to enhance
early defibrillation are necessary for hospitals to begin to improve survival from VF
arrest.

Outpatient Facilities
Medical practice in the United States is experiencing a continuous shift toward outpa-

tient care. Both the volume and acuity of patients seen in the ambulatory care setting has
increased dramatically since the 1990s. Numerous diagnostic and therapeutic procedures
performed previously on in-patients are now occurring routinely on outpatients. Because
of the use of conscious and deep sedation and increasing numbers of invasive and
interventional procedures, outpatient facilities are faced with higher risk patients than in
the past. The JCAHO mandates that a similar standard of care must be provided through-
out all areas of the hospital, including ambulatory care facilities. This does not mean that
the exact process for responding to CA be the same throughout but rather that a similar
level of care be provided in all areas. The mechanism to achieve that level of care may
differ by location. This is extremely important when designing a resuscitation response
for hospital-affiliated outpatient centers.

Many hospital-affiliated outpatient facilities consist of several distinct buildings that
may or may not be physically connected to the in-patient hospital complex or the ED.
Providing a timely, appropriate, and consistent response to victims of CA or other medi-
cal emergencies can be challenging. Emergency response options for these areas include
calling the in-patient code team, having an on-site response team in the ambulatory care
areas, calling 911, or a combination of these. There are also growing numbers of
satellite offices in remote locations not in close proximity to the main hospital. The only
viable response to emergencies in these areas is to have an on-site response team and/or
to call 911. Healthcare Finance Administration regulations state that hospitals must be
able to respond to all persons experiencing a medical emergency on the premises. This
requires a prompt and proper response for pediatric and adult patients, visitors, and staff.
Suitable training and equipment are necessary to respond appropriately to cardiorespi-
ratory arrest and other potentially life-threatening medical emergencies. Immediate,
advanced life support capable transportation also needs to be available to relocate the
patient to the ED or appropriate in-patient facility.

Consistent physician staff in ambulatory facilities is uncommon. Physicians provide
only a transient source of emergency medical care because they are often only present
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when they have a specific clinic or procedure scheduled. Although the typical “knee-
jerk” reaction might be to have them as the backbone of the response team, this may not
always be the most prompt and efficient response. Patients often come to clinic early in
the morning to register or stay later in the evening awaiting rides, picking up prescrip-
tions, etc. It is highly unlikely that a physician would be available on site at these times
to respond to a medical emergency. This inconsistent presence coupled with the fact that
many staff physicians are not current on basic or ACLS practices makes them less than
ideal candidates for a reliable first response to a CA in this setting. A physician-led first
response would also require training and recurrent competency testing for all potential
physician responders. Using physicians in this setting can be costly, constraining, and
may potentially interfere with care of other patients of the physician is in the middle of
a procedure, test, or consultation.

The nursing staff in most outpatient facilities has a much more consistent presence
throughout the day. Most nurses are already trained in BLS, and many have undergone
training with the AHA’s Healthcare Provider BLS course (BLS-D) that includes early
defibrillation training with an AED. In many facilities, the nursing staff may provide an
ideal first response for CA.

Many hospitals routinely have their in-patient code teams respond to episodes of
cardiorespiratory arrest that occur in the outpatient areas. Response time intervals may
be excessive given the travel distance required to reach many ambulatory care buildings.
If the in-patient team is used, full resuscitation equipment and immediate transportation
to the ED or appropriate inpatient facility must be readily available to all outpatient areas.
In-hospital code teams are trained to respond to victims of cardiorespiratory arrest but
are often not trained to respond to other medical emergencies, such as falls or injuries
that require immobilization. Pulling the in-patient team to a remote outpatient building
may significantly delay the response to a simultaneous inpatient arrest. Hospitals must
critically evaluate their ambulatory care facility layout with specific attention to staffing
and available resources and realize that a hospital-wide standard of care for responding
to victims of CA consisting of BLS with early defibrillation followed by ALs may be
achieved by very different mechanisms in in-patient vs outpatient areas. An example of
how a large academic medical center with several on- and off-site ambulatory care areas
chose to provide a prompt, consistent, and appropriate response to CA and other medical
emergencies in their outpatient facilities was described by Peberdy et al. (19). The
Virginia Commonwealth University Health System developed a Medical Emergency
Response Team (MERT) to respond to medical emergencies in its outpatient areas. The
team is designed as a two-tiered system. The first tier response is on-site BLS-D provided
by a cohort of nurses working full time in the ambulatory care areas that underwent
training in BLS, early defibrillation with AEDs, and first aid. Outpatient clinics and
diagnostic areas are equipped with AEDs and a BLS bag containing barrier, noninvasive
airway, and first aid equipment. The second tier of the response is provided by the local
EMS system. The Richmond Ambulance Authority is an all ALS system with a median
response time interval of 4.2 minutes to any location within the city. This is as fast or
faster than it would take for the in-patient code team to respond. The paramedics provide
adult and pediatric ALS, including all ALS equipment, and prompt transport to the ED.
They are capable of performing coordinated resuscitation efforts during the entire trans-
port, very unlike most in-hospital transportation systems. The MERT system does not
prohibit the participation of any on-site physician trained to respond to CA but is not
dependent on it. A portable bag containing intravenous setups, airway equipment, and
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resuscitation medications is available in each building if an on-site physician is ready to
start ALS resuscitation efforts prior to arrival of the paramedics. A cost analysis done on
the development and maintenance of this program over a 10-year period found that it
added only an additional 5 cents per outpatient visit. This strategy is one example of how
a hospital-affiliated ambulatory care system developed a fiscally responsible, prompt,
and appropriate response for medical emergencies.
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INTRODUCTION

A patient with out-of-hospital cardiac arrest (CA) stands little chance for survival
without prior organization and preparations for immediate resuscitation. Fortunately,
many communities have achieved relative success with resuscitation since the 1970s. In
the 1970s, cities such as Seattle and Milwaukee achieved overall survival-to-hospital
discharge rates for the subgroup of patients with out-of-hospital ventricular fibrillation
(VF) that exceeded 20 to 30% (1,2). Both of these communities used a classic deployment
system for out-of-hospital CA that sent a three- to four-member firefighter crew as a
neighborhood “first-responder” (FR) followed by a two- (or more) member paramedic
ambulance crew. In cases of witnessed collapse in which the patient received immediate
basic cardiopulmonary resuscitation (BCPR) by bystanders and presented to paramedics
with VF, survival rates in these systems exceeded 40%. This finding was duplicated in
several other communities, including the City of Houston Emergency Medical Services
(EMS) system after a major restructuring in the 1980s (3).

One of the key variables associated with successful out-of-hospital resuscitation and
survival-to-hospital discharge found in these systems was a relatively short paramedic
response-time interval (4). The inverse time relationship between outcome and para-
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medic arrival time may have only reflected the time it took to defibrillate the patient with
VF (5). The inability to demonstrate the efficacy of individual pharmacological interven-
tions such as high-dose epinephrine in the late 1980s to early 1990s (6–8), supported the
common notion that early defibrillation is the main therapeutic action provided by EMS
systems. In some communities, all ambulances became staffed by paramedics in order to
provide faster defibrillation. In turn, this led to the introduction of FR firefighter and
police defibrillation programs with the introduction of the automated external defibril-
lator (AED) in the 1980s (5,9–12). Using this new tool, communities with previously low
survival rates began to achieve modest improvements in outcomes, particularly with the
incorporation of bystander BCPR programs. However, in some cases, the successes were
profound.

By the 1990s, a police patrol car FR defibrillation program appeared in Rochester,
Minnesota, rapid-responding paramedic crews were preceded by police in patrol cars
equipped with an AEDs. Over the first 7 years, overall VF survival rates exceeded 40%,
and, in witnessed VF cases in which there was BCPR by bystanders, a frequent occurence
in Rochester, survival exceeded 60% (5,10,11).

On the surface, one might assume that high survival rates were simply a result of rapid
paramedic or police car responses coupled with bystander CPR. However, regardless of
the EMS system employed, most of these statistics have been forged by multiple factors
that are often difficult to quantify. First of all, 70 to 80% of out-of-hospital CAs occur in
residences and not public settings. Because there is no way that a professional 911
responder can reach a person’s side reliably within 4 to 5 minutes after the time of
collapse, it is incumbent on bystanders to perform BCPR to achieve optimal survival.
BCPR is most effective when started immediately (usually by family members), within
moments after the time of collapse. If BCPR is performed but is not started soon after the
onset of CA (in which case it is often provided by a nonfamily member who has to be
summoned to the scene, i.e., “retrieved persons”), the delay leads to a loss of peripheral
vascular tone as a result of hypoxia in the vascular musculature. In turn, this leads to a
diminished aortic pressure and thus less flow into the coronary arteries as compared to
BCPR that is provided immediately (13). A frequency of bystander actions at less than
15% probably reflects a low prevalence of training throughout the community with a
lesser likelihood of immediate (i.e., family member) CPR. Conversely, successes in
communities like Seattle and Rochester, Minnesota also reflect, in part, the level of
community-wide CPR training and the frequency of truly “immediate BCPR.”

Beyond the issues of bystander-performed BCPR, there is also evidence that advanced
life support (ALS) techniques performed by paramedics have a lifesaving effect. Although
survival rates are relatively low for patients who do not have VF as their initial rhythm,
there are still a number of “no shock” survivors (14,15). Although it is unknown what
intervention or interventions make the difference, ALS interventions (collectively) obvi-
ously work. Paramedic skills (and speed at performing them) are likely factors as well
(2,16).

Although these considerations have received traditional recognition (12), a number
of subtle factors affect the performance of an EMS system, as well. These include the
logistical procedures of dispatch centers and related dispatch medical protocols. It also
includes the intense involvement of expert EMS medical directors. Some of the factors
for success may be counterintuitive. For example, certain paramedic-deployment strat-
egies that utilize fewer paramedics can improve both skills and outcomes (16,17). There
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are also some evolving data indicating that traditional FR defibrillation approaches may
not be as optimal as first thought (18,19). In fact, some of the FR programs, under certain
circumstances, may even be detrimental (18,19). Also, local geography, logistics, and
population bases can have significant effects on outcomes.

All of these issues are discussed subsequently in detail, but the key concept is the need
to think multidimensionally (many factors to consider at once) and also to drill down on
individual aspects of the so-called “chain of survival” (12). Meticulous attention to
seemingly trivial items, such as having the endotracheal tube (ET) placed at the top of the
paramedic’s equipment bag and having partially unrolled adhesive tape nearby so that it
is ready to secure an inserted airway, often make the difference between successful and
unsuccessful systems by saving precious seconds that can make the difference between
life and death. The quality of basic training and the opportunity to practice lifesaving
techniques are also key elements in a successful EMS system (2,16,17). This chapter
focuses on these concepts and traces their development from ideas to effective functional
units. Additionally, practical details for providing the most efficient, timely treatment for
cardiac arrest victims are also presented.

UNDERSTANDING THE TRADITIONAL CHAIN OF SURVIVAL

The Chain of Survival in Perspective

The concept of the “chain of survival” is an educational metaphor used to explain the
simple principle that a series of multiple and distinct (but interlinking) actions must be
taken to optimize survival from cardiac arrest (12). The American Heart Association
(AHA) has promulgated a four-link chain comprising the following (12):

1. the access link (e.g., in the United States, the 911 telephone call or equivalent)
2. the early CPR link (e.g., bystander-initiated CPR)
3. the early defibrillation link (e.g., FR automated defibrillation procedures)
4. the ALS link (e.g., paramedic, nurse, or physician ALS interventions).

Any weak link can result in a poor outcome, even if all of the other links are strong.
However, there is more to an EMS system organization than this simple educational
concept.

Understanding Elements Within Each Link

It is important to understand of all of the intrinsic components within each link when
using the chain of survival concept as a model for improving resuscitation rates. As an
example, the “access link” is not just having a well-publicized emergency telephone
number in place (e.g., 911 in the United States or 113 or 114 in Europe or “triple 9” in
Australia). To ensure more rapid defibrillation, one must also ensure that the medical
dispatch system is directly linked and authorized to dispatch the fire or police FR unit
simultaneously with EMS. With computerized, enhanced 911 systems that display the
caller’s address automatically, both paramedics and fire department/police crews can be
dispatched within 30–45 seconds of the time that the 911 call is received.

Historically, in some systems (particularly large cities with high volumes) that uti-
lized private, health department or “third-service” ambulance programs, the dispatch of
the FR crews often was delayed. Firefighters or police officers equipped with AEDs
were sent as FRs in these systems, but the call for help was first relayed to the EMS
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(medical) dispatchers who in turn had to contact the fire or police dispatcher. Therefore,
system managers needed to integrate EMS and fire dispatch processes, at least electroni-
cally. Not surprisingly, simultaneous FR dispatches were always part of the protocol
(1,2) for many of the original, effective EMS systems (e.g., Seattle, Houston, and Mil-
waukee). Other cities operating health department or third-service programs discovered
this principle when implementing FR-AED programs. For example, in the 1980s, San
Francisco improved both response intervals and outcomes by integrating fire FR dis-
patch with the EMS dispatch.

Effective access links also require supervision and regular medical review and research
of dispatchers’ protocols to ensure that the time interval from the first 911 ring to dispatch
is not delayed significantly and that CAs are identified rapidly. Recognizing that agonal
breathing might be interpreted as “Yes, my husband is still breathing,” some EMS sys-
tems now simply ask if the patient is responsive and “breathing normally” (20). If the reply
to both is negative, research shows that the yield for CA is high. More importantly, the
capture of patients with a higher chance for successful resuscitation (those still having
agonal breaths) is much higher and does not impose significant risk to the low percentage
of patients who are picked up as false-positives (treated as a CA when it’s not). In systems
that only ask the traditional question, “Is the patient breathing?”, only those who have
deteriorated into apnea (and less likely to survive) will receive CPR instructions from
dispatchers prior to EMS arrival.

In addition to these issues, successful EMS systems continue to research better ways
of providing service. In a recent controlled, clinical trial of “pre-arrival” instructions
(instructions given to the callers at the site by the dispatchers prior to arrival of the EMS
responders), it was found that, contrary to traditional beliefs, “chest compressions-
only” CPR was more effective than standard CPR that includes pauses for rescue
breathing (20).

Dynamics of the Individual Links
Linkages must also be provided in a timely sequential manner. Simply having a

bystander or advanced cardiac life support (ACLS) link in place does not ensure success
if they are provided too late to be of value. For example, an EMS system may have both
rapid dispatch and a high frequency of bystander-initiated CPR always available, but if
the defibrillator arrives too late, survival rates will remain low.

Increasing the number of people trained and performing CPR in a community not only
increases the survival rate by increasing the frequency of bystander CPR, but it also
ensures a more rapid (and therefore more physiologically effective) provision of CPR.
Although CPR performed by retrieved persons will be classified as “bystander CPR” and
may even be performed better (technically speaking), it is more likely to be performed
relatively too late and therefore less effectively (physiologically speaking) (13). So there
is a dynamic related to widespread CPR training and one must understand that subgroup
statistical analysis of the binary code of “bystander CPR: yes or no?” will not reflect a
defect in the links or the true value of BCPR.

Sublime and Nonintuitive Issues to Success
Less quanifiable factors such as the organization of EMS systems and intensity of

medical direction may be the most significant keys to success in resuscitation (3,16,17).
Some of the most successful large city EMS systems operate two-tiered ambulance
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systems in which basic EMT ambulances are dispatched for minor injuries, and ALS/
paramedic ambulances are reserved for major cases by virtue of a well-tested dispatch
priority dispatch protocol (1,2,16,17). In such systems, fewer ALS ambulances are
needed and consequently a smaller number of paramedics are needed to staff them. Not
only does this relieve the more highly trained paramedics from dealing with and trans-
porting patients with minor injuries and illness, but it also provides the individual para-
medic with more frequent experience in using ALS techniques such as invasive airway
and intravenous access (2,16,17). Ultimately, this enhances their capabilities and even
survival rates (21,22). Some systems will have the primary service make the immediate
responses and then turn the more minor cases over to either BLS or private transport
units. In some cases, the ALS providers can respond in either transport units or response
cars without transport capabilities.

The use of two highly skilled, experienced paramedics who can work together effi-
ciently may be more effective than a larger cadre of paramedics, even those who can
arrive a minute or two earlier. Completion of skills and medical tasks on-scene is the
critical end-point, not the surrogate variable of arrival on-scene. In large city EMS sys-
tems with two-tiered (ALS–BLS) ambulance deployment, a team of two or more highly
skilled paramedics may provide definitive care more quickly than colleagues in other
cities who are lesser skilled and may take longer to perform their tasks, even if they arrive
on scene sooner. Paradoxically, running such tiered systems with fewer paramedics may
even improve response-time intervals because paramedic ambulances are not continually
occupied transporting the more minor cases to the hospital. Instead, they become much
more available for ALS responses that require a more rapid response (16,17,21,23).

Therefore, although putting more paramedics into the system would seem to make
sense, the opposite is often true. Obviously, there is a finite lower limit in terms of the
number of paramedics needed to respond. Also, the tiered ambulance deployment
approach would not be appropriate in a smaller city with less than 50,000 residents in
which only two or three ambulances are needed. Nevertheless, cities like Seattle oper-
ate their successful EMS systems with very few paramedic units. Accompanied by a
cadre of BLS (basic EMT-operated) ambulances and some private ambulance transport
services, the Seattle Medic One program operated the EMS system for their 500,000
residents during the 1970s with only four paramedic ambulances and still had the best
published survival rates for out-of-hospital VF in the United States (exceeding 30% for
all cases, witnessed or unwitnessed, bystander CPR or not).

More recently, research has shown the feasibility of sending only FR crews alone as
initial responders to triage low risk 911 calls such as automated alerts, motor vehicle
incidents in which there is no information transmitted about the situation, and so-called
911 hang-ups in which a call is made but the caller hangs up prior to talking to dispatchers
(23). Such a practice is relatively safe yet spares ambulances, and particularly paramed-
ics, from unnecessary responses.

Above all, the key factor in an EMS systems is a knowledgeable, “street-wise,” and
empowered physician who is not only expert in providing care in the out-of-hospital
setting, but also intensely involved around the clock in all aspects of the EMS system (3).
Although this factor is often difficult to prove scientifically or to analyze methodically,
it may be the strongest correlation with success (3). From Seattle, Washington to Boston,
Massachusetts or Rochester, Minnesota to Houston, Texas, public satisfaction and sur-
vival rates can be correlated with the reputation and intensity of the EMS medical direc-
tion (24).
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Highly skilled paramedics may have their greatest impact in terms of their expertise
in postresuscitative monitoring and the titration of resuscitative care. Dr. Peter Safar,
often referred to as “the father of cardio-cerebral resuscitation,” has always emphasized
that the greatest success in resuscitation is achieved with a focus on the postresuscitative
(titration) phase of care, particularly when the physician’s hands are locked on the pulse
of the patient in anticipation of any potential deterioration. For most paramedics, it has
not been typical to have them focus on meticulous maintenance of restored spontaneous
circulation. Without on-scene expert physician mentoring and role-modeling, the art of
maintaining and supporting cardiovascular stability may be lost. Although it is difficult
to measure objectively, it can be inferred from several studies that postresuscitative care
is just as critical as other links in the chain of survival.

For example, postresuscitative systolic blood pressure is associated directly with
neurological outcome. There is a clear indication that patients whose blood pressures
remain low (<90 mmHg) have poor neurological outcomes (25). Although a higher
systolic blood pressure may simply be a marker for shorter ischemic intervals, reflected
by a more intact peripheral vascular tone at the time of return of spontaneous circulation
(ROSC; leading to rapidly improved cerebral perfusion and outcome), studies suggest
that postresuscitative titration of blood pressure can affect neurological outcome (25).
Experienced physicians (and, in turn, well-trained and highly skilled paramedics) appre-
ciate that initially high blood pressures (at the first return of pulses) may suddenly
decrease as the effect of previously infused catecholamines wear off. Anticipating this,
experienced clinicians will have pressors or other catecholamines ready to maintain the
postresuscitative “hyperperfusion” state during the critical first 15 to 20 minutes after
resuscitation.

Other Potential Variables
Although meta-analyses and surveys have indicated the traditional tiered ALS–BLS

systems can be more effective than all paramedic ALS systems (24), there are numerous
confounding variables that preclude assurance of these conclusions. Many large urban
EMS systems have very poor survival rates even though they use ALS–BLS systems.

To account for the discrepancies in survival rates, it has been suggested that the size
of the city or demographics might play a role. Recent reports from some urban centers
suggest that racial and sex differences can affect the resuscitation survival rate (26).
Seattle, where some of the highest survival rates are found, has a population that is largely
white middle or upper class. It is possible that this population has less chronic left
ventricular (LV) injury from chronic hypertension or other comorbidities. Nevertheless,
other large cities like Houston and Milwaukee, with very large non-white populations,
have also achieved high salvage rates (2,3,21). Seattle, Milwaukee, and Houston have
also enjoyed excellent survival rates in injury management as well (2,27,28). Therefore,
it is clear that appropriate training, medical supervision, and system organization are
factors that are likely more influential in terms of success in resuscitation.

Distances and other logistics may make many of these recommendations impractical
in some rural or remote areas. Beyond the issues of limited resources for deployment is
the issue of limited skills performance. Because EMS personnel in low-volume areas use
their skills infrequently, there is a vicious cycle of lack of successful performance. Even
if one allows for occasional patient care service in busier urban settings or provides more
operating room or emergency department experience for ET and intravenous access
placement, it is no replacement for actual in-field experience.



Chapter 33 / Out-of-Hospital Resuscitation 655

More recently, it has become evident that overzealous assisted ventilation may have
been an unrecognized detrimental variable that may have confounded prehospital clinical
trials and even resulted in negative results and worse outcomes on a day-to-day basis (6–
8,19,20,29–33).

It has been observed that circulatory arrest patients are more apt to survive in EMS
programs utilizing slow ventilatory rates (1,3,27,28,31,33). Therefore, something as
subtle as a ventilatory rate can have major impact on success. Other factors, such as the
interval from interruption of chest compressions to application of shock, may have simi-
lar dramatic effects (34–37).

Melding the Links Together
AEDs are easy to operate and are becoming more available to the public. The recent

experience at two Chicago airports demonstrates that random bystanders at the scene of
a CA are not only capable, but also willing to use an AED with outstanding results (9).
The majority of patients who were defibrillated within the first few minutes after arrest
were not only resuscitated but also were awakening before traditional EMS responders
arrived on scene. In essence, these “public responders” melded the first three elements
of the chain of survival together by providing the access to care, bystander CPR, and early
defibrillation.

Although widespread public access to defibrillation, including eventual widespread
in-home storage and use of AEDs, seems feasible and has the potential to yield dramati-
cally better results, there are limitations to this as a single solution to the care of out-of-
hospital CAs. First of all, in most locales, the number of witnessed collapses following
VF is only about 60%, so a large percentage of cases do not receive immediate access to
the system and prompt CPR (13,14). In many cases, the patients do not even present with
VF (i.e., asystole or organized rhythms) and do not require defibrillation. Other mecha-
nisms of CA such as predisposing respiratory arrest, drowning, choking, electrocution,
and even trauma will require alternatives to the typical chain of survival. Therefore,
although training all school children in BCPR (which today includes AED use) is a
rationale public health strategy along with the promotion of both public and home AED
placement, it will only solve a certain fraction of the problem of out-of-hospital CA.

Summary Recommendations Based on Current Knowledge
If one were to design a system for a large US city today, this chapter’s authors would

recommend the following arrangements:

• Employ a highly qualified, academically oriented, “street-wise” physician medical
director (and assistant medical directors in systems over a half million population) who
has/have line authority over medical operations (e.g., EMS supervisors) and who is/are
intensely involved in all aspects of the EMS system around the clock.

• Train all schoolchildren in BCPR techniques including AED use, promulgate work-
place CPR-AED training and promote public access defibrillation programs along with
Good Samaritan laws and develop short (30-minute) validated courses to better appeal
to employers to promulgate“on-the-job” training for all lay people.

• Utilize an enhanced 911 system that is preferably linked to computerized dispatch
protocols that can quickly identify an inclusive group of potential CA victims and also
simultaneously dispatches FR units equipped with AEDs.

• Continuous quality assurance, re-evaluation and research of dispatch protocols that
can conserve utilization of resources, enhance availability of paramedics, improve
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response intervals for all applicable responders, improve paramedic skills and enhance
the efficacy of pre-arrival instructions.

• Establish a cadre of 911 FR crews (fire, police or both) and promote CPR-AED training
among security personnel and other employees in the private and public sectors, espe-
cially in highly trafficked areas.

• Train ALS providers not only in practical “street-oriented” techniques and patient care
strategies, but also in postresuscitative “titration” of reperfusion and logistical efficiencies.

• Provide continuous quality improvement of CA management through maintenance of a
comprehensive database, in-field supervision of EMS personnel, and continuous initia-
tion of research protocols.

EVOLVING PARADIGMS

Focusing Away From Traditional Paramedic Ambulances
Recent cost-containment pressures have led to questions about the cost-effective-

ness of ALS procedures in the prehospital setting (22). It has been suggested that lesser
trained, lower paid BLS personnel could be provided with equipment and procedures
that require much less in terms of ongoing training and supervision. For example, they
could be equipped with AEDs, adjunct airways, and perhaps even glucose infusions to
handle the clear majority of cases in which timeliness of treatment might be a factor.

Some studies confirm the value of pre-hospital ALS independent of defibrillation in
some mature EMS systems (14,15,38). However, this incremental lifesaving effect may
not be achievable routinely in many locales (22). It is possible that, in their political
judgment, governmental leaders would take the position that the cost of saving only a
few lives is not worth the increased expense necessary to provide paramedic services
(e.g., training, recertification, staffing, etc). Such a political judgment does not seem
likely at the present time, especially with the typical patient’s  desire to always have the
highest level of health care. In fact, this societal philosophy has driven the concept of all-
paramedic ambulance staffing in many venues in the United States and Europe.

Regardless of the path chosen, the deployment of FR firefighter or police crews (who
use AEDs as well as other BLS skills) comes the closest to universal acceptance among
all of the EMS deployment strategies in the United States and many other countries as
well. The additional cost and resource utilization of such a service is almost negligible
(23). Indeed, the FR fire truck is often considered to be the backbone of the EMS
program and fire crews routinely accompany paramedic responses for the majority of
ALS responses. Although further research is encouraged to define the most effective
training level and response schedule for this deployment strategy, the neighborhood FR
team is now receiving more of a focus than even the traditional paramedic ambulance
in some locales. In areas covered by only volunteer fire services, the routine use of on-
duty police patrol officers to provide early defibrillation should be considered to shorten
the time to treatment for patients with out-of-hospital VF.

First Responder Advanced Life Support
A growing trend is the use of paramedics on fire trucks and even in police teams. Union

leaders and fire administrators help to protect or even strengthen their position with such
a strategy when competing with the threat of privatization of the EMS service or the
decommissioning of fire apparatus. Although this approach seems logical, it conflicts
with the experience cited by tiered ALS–BLS ambulance deployment systems that fewer
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paramedics in a system leads to better skills and outcomes (16,17,21,24). Staffing each
FR fire apparatus with even one paramedic may dilute the ALS experience for others
staffing the ambulances.

Having stated that position, evolving evidence may possibly help to support the
concept of providing ALS as early as possible, even before defibrillation. Recent labo-
ratory and clinical data have begun to suggest that the current standard of immediately
providing countershock may be detrimental when VF has been prolonged beyond sev-
eral minutes (39,40). Several studies now suggest that when myocardial energy supplies
and oxygenation begin to dwindle with prolonged VF, improvements in coronary artery
perfusion must first be achieved to prime the heart for successful ROSC after defibril-
lation (15,18–20,39). Along with this supportive clinical evidence, histological and
physiological studies have created an evolving hypothesis that delivery of an electrical
countershock to an ischemic heart may be more damaging than when it is delivered
immediately (within the first 2–3 minutes of VF [40]).

In Seattle, there was a marked improvement in outcome when FR firefighter crews
provided 90 seconds of BCPR (chest compressions) prior to defibrillation attempts (19).
Although this study used a historical control (2 years of no preshock CPR vs a subse-
quent period using 90 seconds CPR first), survival rates were improved, when patients
received 90 seconds of CPR first when EMS response intervals were greater than 4
minutes. When EMS responded in less than 4 minutes, there was little difference in
outcome, but clearly not worse with the 90 seconds of CPR first. However, it should be
understood that even in witnessed cases, there is a finite amount of time before EMS is
called following the collapse and another minute or two required to reach the patient’s
side and deliver the shock after EMS on-scene arrival. Therefore, this “4-minute
response interval” may translate into a 7 or 8 minute period of VF.

Similarly, Wik and colleagues in Oslo, Norway, reported almost identical results in a
controlled clinical trial (18). Patients were randomized to either 3 minutes of chest com-
pressions first vs shock first. Patients receiving BCPR first did much better, particularly
those with more than 5-minute EMS response intervals (i.e., presumed 8–9 minutes of
VF). ROSC occurred in the group with 3 minutes of CPR first when response intervals
exceeded 5 minutes (62 vs 39%; p < 0.02) and return of circulation was similar in the
groups for whom the response was less than 5 minutes. The authors concluded that
because the former patients do no worse, 3 minutes of CPR prior to defibrillation is
indicated unless the patient collapses in the presence of EMS.

Preshock interventions may explain the lack of success for previous clinical studies of
so-called high-dose epinephrine (i.e., >1 mg/kg doses) and other ACLS procedures
(6,8,39,40). In keeping with international guidelines, these study protocols called for the
use of the test intervention following multiple countershocks (in VF cases). In contrast,
the successful preclinical studies had used the drugs prior to countershock. This expla-
nation has been substantiated by canine experiments that subsequently tested the resus-
citation effects of high-dose epinephrine administered before and after countershocks
(39). In such studies, ROSC was improved by first administering the high-dose epineph-
rine following only 7.5 minutes of VF. Several other animal models now strongly cor-
roborate this concept of “drugs first” in prolonged VF (40). Using a “cocktail”
(multiple-drug) regimen, including high-dose epinephrine, anti-arrhythmics and antioxi-
dants, investigators have demonstrated similar effects in terms of resuscitation and short-
term survival in swine that experienced 8 minutes of VF prior to interventions (41).
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In recent clinical trials, the first resuscitation drugs were usually given, on average, as
late as 17 to 21 minutes following notification of the CA event (6,29,30). Some of the
cities in these studies had excellent response time intervals and higher than average
survival rates indicating a “best case” scenario. Therefore, FR ALS providers may even-
tually prove to be of untapped value in terms of drug effectiveness.

Pros and Cons of Predefibrillatory Interventions
The pre-shock intervention approach poses problems for current resuscitation poli-

cies and the use of AEDs (whose protocols traditionally recommend immediate rhythm
analysis rather than CPR). However, technology exists to help to define the “shock-
ability” of the heart using power spectrum analysis of the VF waveform on the electro-
cardiograph such as median frequency or scaling exponent analysis (42–45). In the
future, there may be a need for responders to at least provide chest compressions first if
not intravenous drug infusions. This may not require full-fledged paramedic support, but
it does imply a change in philosophy in terms of training FR crews. Other systems might
be put into place to enhance endotracheal intubation (ETI) skills using a second tier of
responders or paramedic supervisors. Even in the recent study of PAD at the Chicago
airports in which three-quarters of the patients were resuscitated and achieved full neu-
rological recovery when shocked within 5 minutes of collapse, all survivors received
some period of chest compressions and other BCPR techniques, even if briefly, while
awaiting defibrillatory attempts (9). The authors of this chapter feel that rapid defibril-
lation should be a priority in the first few minutes after arrest although basic CPR may
be provided if it does not delay the shocks. However, after several minutes of arrest
(perhaps 4 or 5 minutes), BCPR and perhaps other ACLS interventions may need to be
provided prior to the shocks (40).

Counterarguments to Assigning Paramedics to First-Responder Units
In considering the optimal level of training of FR personnel, the presence of a para-

medic with ALS skills in the neighborhood fire truck may provide a potential survival
advantage, particularly in the more timely administration of drugs. However, the down-
side to such an arrangement is that, with paramedics on board, FR firefighters might have
less opportunity to practice their own skills and other paramedics have less opportunities
to maintain skills, such as ETI.

Therefore some considerations around this issue include:
1. Prove that ALS skills before defibrillation are useful;
2. If certain intravenous drug infusions are all that is needed, then perhaps an “IV EMT” is

all that is needed and the intubation can come later with a small cadre of advanced ALS
providers who frequently perform this skill (tiered ALS unit or EMS supervisor);

3. In a fire department-based system, run a tiered ALS–BLS transport system and occasion-
ally rotate the paramedics from the busiest ALS ambulance/ALS units (e.g., those that
respond to more than 450–500 incidents a month in a large city) onto fire trucks, thus
maintaining both ALS and firefighter skills.

ROOTS AND APPROPRIATE PHILOSOPHY FOR EFFECTING
OUT-OF-HOSPITAL ON-SCENE RESUSCITATIONS

Seminal EMS Systems: Doctors and Public Safety Officers Cross Paths
In 1967, Dr. Leonard Cobb in Seattle and several other academics across the nation

became interested in the experiences of Dr. Frank Pantridge and his mobile intensive care
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unit in Belfast, Northern Ireland (1). Dr. Pantridge originally had intended to reach
patients with evolving myocardial infarction (patients with chest pain) very early after
onset of symptoms, so that oxygen, rest, and other supportive care could limit myocardial
damage. Although many victims died within hours after the onset of pain, presumably
from severe myocardial damage, Pantridge found that several of these people simply
needed to be defibrillated after sudden onset of VF. This observation prompted Dr. Cobb
and physicians in other venues, to patrol their city streets in a systematic attempt to treat
VF as a primary process. These enterprising physicians soon learned, however, that the
provision of emergency resuscitative care was entirely different from in-hospital care.

Apart from the logistical challenges of distance and traffic, they had to learn to control
the adrenaline rush that accompanied emergency response. They learned that it was
virtually impossible to manage a patient single-handedly in a timely manner, particularly
to provide simultaneously defibrillation, endotracheal intubation, intravenous access,
and drug administration. They had also to develop strategies and priorities for delivering
emergency care in this unique setting, in front of family members or crowds of bystand-
ers. What evolved was a new practice of medicine rooted in experimental resuscitative
care, but delivered in the unique out-of-hospital setting.

This unique experience provided the foundation of the Seattle experience as well
as that of many other cities such as Miami, Los Angeles, Columbus, and others. Although
the doctors believed that their response to the scene could alter patient outcomes posi-
tively, they also recognized that their responses throughout the entire breadth of the city
from their base hospital meant delays to some areas. The concept of having a simulta-
neous response from someone in closer proximity to the incident was created, not only
to provide earlier BLS, but also to help at the scene.

For Seattle, the involvement of the fire department became a logical step in building
and effective EMS system (1). A first aid apparatus (“aid car”) was a service already in
place in the Seattle Fire Department (SFD) for rehabilitation and first aid at fire scenes.
They even responded to citizen requests for assistance. Philosophically, involvement of
SFD in Dr. Cobb’s activities was consistent with the stated mission of the fire service at
large (“to save lives and protect property”). When Dr. Cobb and associates approached
the fire chief to send crews out with the doctors to provide BLS, they received a very
positive response. Eventually, neighborhood fire truck crews were sent to ensure cover-
age rapidly throughout the city and to also provide more logistical backup and on-scene
medical support.

Subsequent studies have demonstrated the cost-effectiveness and safety of this
approach. Because the apparatus are already purchased and maintained, and because the
fire crews staffing them are already in place (and receiving salary), and because they
generally respond only in their own station house’s immediate territory, the entire addi-
tional cost (equipment, fuel, additional maintenance, training, etc.,) of sending fire
apparatus to tens of thousands of annual EMS calls in a large city has been shown to be
less expensive than commissioning just one new ambulance and staffing it around the
clock (23). Even the busiest fire trucks may be away from their station for about only one-
twentieth of a 24-hour period just for EMS responses and responses to major fires are not
missed. Because they are not occupied with transporting patients to the hospital and thus
remain readily available in their own territory, today, the FR response not only allows for
faster and more reliable delivery of medical interventions (e.g., CPR and defibrillation),
but it also enhances public satisfaction in terms of system responsiveness.
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The original SFD crews also had other special advantages. There were about 30 fire
stations to cover 90 square miles. This resulted in a relatively dense coverage with fire
apparatus allowing for an average response interval (leaving the station to the front door)
of about 2 minutes. Even considering the processing time to receive the call and dispatch
the fire crews, those first responders could still get to the scene and to the patient’s side
within 4 to 6 minutes in the majority of cases (1).

Rapid response time and performance of CPR were the original contributions of the
SFD, but as the system developed, Cobb’s group of physicians turned to firefighters to
assist with other procedures, including on-scene defibrillation, as a means of expediting
delivery of care under the physician’s supervision. They realized that because many of
the on-scene activities for resuscitation involved coordination of multiple simultaneous
skills—countershock, intubation, intravenous access—they thought that it might he fea-
sible to train a selected number of firefighters in these skills and deploy them strategically
throughout the city to achieve even earlier resuscitative care.

Accordingly, in the late 1960s, about a dozen trainees joined their physician mentors
on responses for about 1 year, gleaning from them the experience and hands-on approach
that the mentors themselves had learned as they developed the new found practice of out-
of-hospital resuscitative medicine. The student paramedics learned not only practical
resuscitation techniques, but they also received extensive role-modeling from their
mentors, which helped them achieve a professional and compassionate demeanor at all
times. It even instilled a sense of on-going scientific inquiry.

The Pivotal Role of the Apprenticeship
After the year of intense apprenticeship, the physician mentors knew their protégés so

well that they could tell state legislators that they would readily let these specially trained
lay persons treat their own family members. This strong vote of confidence resulted in
authorization for these paramedics to respond on their own and perform medical func-
tions, provided that their physician mentors would not only be responsible, but also be
held accountable for the activities of these trainees.

The value of this original intensive apprenticeship cannot be overemphasized. To this
day, the Seattle Medic I founders state that the historical and current success of the Seattle
EMS system could not have been realized without the original physician leadership and
apprenticeship. Yet, unfortunately, this kind of training is not found in most EMS systems
today. Unlike medical student and resident clinical training, paramedic training is not
provided by physician mentors and if it is, it is seldom conducted in the actual patient care.

Even when the SFD paramedics were allowed to respond “solo” without their physi-
cian mentors, they were in constant radio contact with them. The closeness of the appren-
ticeship permitted the mentor to sense a problem, even from the tone of the paramedic’s
voice over the radio transmission. It also allowed them to focus on any particular idio-
syncrasy or weakness in a given paramedic. Over the first few years of the Medic One
program, survival rates for out-of-hospital patients presenting with VF in Seattle soon
exceeded 20%, translating to more than 100 annual resuscitations and more than 50
surviving-to-hospital discharge (1). These numbers later improved even further, as the
number and frequency of lay bystanders performing CPR increased to nearly half of the
cases by the first decade of operation (4).

Institutionalization of Intensive Medical Supervision
In 1973, Dr. Michael Copass assumed the post of deputy medical director of the Seattle

paramedic program and director of paramedic training under Dr. Cobb. In this capacity,
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he reasserted and centralized the authoritative component of on-line supervision 24 hours
a day by physician mentors, and amplified it by making it his personal charge. Philosophi-
cally, he viewed each 911 phone call for medical emergencies to be a personal consult
to him from the medical community at large to provide the best possible care for their
patients in the out-of-hospital setting. Thus, every citizen of Seattle was potentially one
of his patients. As a result, Dr. Copass developed a keen sense of public trust that any
person calling 911 would receive the same level of care as if he had been there in person.
He personally trained and intensively monitored the firefighters, EMTs, paramedics, and
physicians assisting him (nearly round the clock, 7 days a week). Each morning he would
also personally review all fire department records from the previous day. Accordingly,
he also became a role model for many of the physicians who trained with him and who
later assumed similar roles in other cities (3). In turn, these habits were passed on to
several next generation medical directors, meaning that his meticulous and compulsive
oversight significantly influenced the development of successful EMS systems in many
other cities, such as Tucson and Houston. In fact, introduction of such medical director
behaviors and philosophical approaches have been demonstrated in published studies to
dramatically improve survival rates (3,24).

Backbone of the EMS System:
Orchestrated Management by First-Responders

As stated previously, in reviewing the published successes of lifesaving pioneer EMS
systems, the neighborhood fire truck has always been a key element (e.g., Milwaukee and
Seattle). Dispatch of a FR unit seems logical from a response interval point of view.
Following suit, beginning in 1985, firefighter crews in Houston were sent to assist with
cardiac arrest cases using a specified task-oriented management approach. FR crews, in
many EMS systems, may simply stand by waiting for instructions from an lone EMT crew
member (such as help with lifting or other directed assistance) while the individual EMT
tends to the patient single-handedly. However, in successful EMS systems, each member
of the FR crews, including the officer in charge, has a specific duty.

One task-oriented approach mimics the day-to-day assignments given to crew mem-
bers for fire responses such as, “plug man,” “first line man,” and “engineer.” For the
medical responses, each of the four-crew members, including the apparatus officer, is
trained by the medical director to perform specific tasks in an A-B-C-D-E assignment
approach. The first crew member (the “A–B” firefighter for “Airway–Breathing”)
applies oxygen and marks the respiratory rate and any signs of distress while auscultating
for equal breath sounds. In cases of CA or respiratory arrests, the A–B person correctly
performs bag-valve mask ventilations. The second crew member (the “C” firefighter for
“Circulation”) is responsible for preserving circulation. This person stops any overt
bleeding and checks the blood pressure and pulses. In pulseless patients, the “C” person
provides basic chest compressions as necessary. The third crew member (the “D” person
for “Disability”) is responsible, in essence, for assessing the current degree of disability
and preventing further disability. This responsibility includes ensuring spinal immobi-
lization as needed and checking motor activity, pupillary response, and mental status. In
a CA case, the D crew member assists the A–B crew member with proper two-person bag-
valve mask application and ventilation, After paramedics arrive, this person sets up
medications and intravenous drips as necessary, allowing paramedics to perform ALS
actions and monitor the patient more closely (e.g., fingers constantly on the femoral
pulse). A current or former paramedic may be best suited for the “D” position.
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The officer or lead firefighter is the “E” person (for “Executive” or “Emergency Team
Leader”). This officer who ensures that all of the other members are performing their
tasks properly. In a CA case, the officer often sets up the AED around the C crew member
to ensure its rapid application and use without interrupting chest compressions. The
officer also assesses the scene for hazards, both environmental and sociological and
keeps records of the interventions provided as well as the time at which they are provided.
The officer also maintains (or delegates) communications with dispatchers and in-com-
ing crews and also interacts with family members or bystanders (or both). If feasible, the
“E” person obtains the patient’s medical history and a list of all recent and current
medications.

Even when firefighters and paramedics are dispatched from the same station,
firefighters should perform these basic functions, allowing the paramedics to provide
more advanced procedures, such as intravenous access, drug administration, and ETI.
Studies have shown that, as a result, these three critical procedures can be performed in
a significantly shorter time. In successful EMS systems, the FR crew is not thought of as
simply a supplemental crew for faster response, but rather as the basic response supple-
mented by transport or ALS specialists in the 10 to 15% of cases that may involve ALS
monitoring or active interventions (<5% of most EMS incidents). Therefore, the fire
apparatus and its crew are considered to be the primary EMS responders in their EMS
systems, and paramedics are thought of as responders who are specially trained as ALS
specialists for the uncommon case requiring such services. The analogy is similar to a
hazardous material (haz-mat) response. The fire truck crew is still the primary responder,
but if haz-mat specialists are needed, they respond and manage that aspect of the fire as
the basic firefighters continue with their basic responsibilities. If, because of the specific
situation, the haz-mat providers need to take over the scene, then they may proceed to
redirect the basic crews accordingly. The same would be true for paramedics who are
“specialized” in ALS procedures, but the basic concept of the FR being the backbone of
the EMS response should not be lost when there is a so-called “higher level of care.”

PRACTICAL APPROACHES TO CARDIAC ARREST
MANAGEMENT IN THE OUT-OF-HOSPITAL SETTING

A Cardiac Arrest is a Cardiac Arrest
One practical approach to successful resuscitation of the CA patient in the out-of-

hospital setting is to maintain an organized, yet simplified methodology that will accom-
plish the appropriate interventions as rapidly as possible with little interruption. Although
there are many different pathophysiologies and, accordingly, resultant outcomes for
CAs, the management can be simplified under “one roof.” In essence, the approach to all
cases is rapid restoration of brisk coronary artery perfusion with oxygenated blood.
Therefore, the uniform avenues to achieve this goal are as follows:

1. Adequately inflate the lungs bilaterally (on an intermittent basis, to ensure adequate O2
saturation of red cells);

2. Adequately circulate the oxygenated red cells with basic CPR (chest compressions or
other alternative CPR devices/methodolgies);

3. As necessary, enhance basic CPR with potent vasopressors (e.g., epinephrine, norepi-
nephrine, vasopressin) for pulselessness or persistent hypotension to enhance coronary
perfusion pressure;
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4. When there is VF or ventricular tachycardia (VT), one must apply the “bookends” of
clearing the VF/VT; and then helping to maintain electrical stability with anti-arrhythmics
(e.g., lidocaine, amiodarone).

Following this simple, four-step approach, almost every case of cardiac arrest can be
managed appropriately.

Use of other traditional drugs like atropine sulfate and sodium bicarbonate should be
considered supplemental (in certain cases) to the basic strategies used to restore strong
perfusion of the coronary arteries. The key to success then becomes the training issues
in terms of understanding the critical caveats of the descriptors, “adequately” and “as
necessary.” Nevertheless, the often confusing multiple algorithm approach to CA (i.e.,
one for VF, one for “asystole,” one for “pulseless electrical activity,” (PEA) one for
“bradycardia,” and one for “respiratory arrest,” etc.,) can be simplified for the out-of-
hospital resuscitator.

For example, once the left “bookend” of defibrillation for a patient with unmonitored
VF results in a post-conversion electrocardiographic (ECG) rhythm with wide QRS
complexes and a rate of 40 per minute, the treatment of the patient is going to be the same
as if the patient originally presented with pulselessness and wide QRS complexes at a rate
of 40 per minute. It does not necessarily require a special VF algorithm. Likewise,
defibrillation resulting in asystole is treated the same as a case in which the person
presents with an ECG flat line.

On another front, a common reaction in many venues is to administer atropine to a
patient with a rate of 40 per minute because of the “bradycardia protocol.” Although this
drug may actually be helpful in some patients, in the pulseless state, the bradycardia is
most likely to be secondary to myocardial hypoxia (no energy supplies) or some form of
myocardial “stunning” (e.g., electroporation), and not from an overactive vagal nerve.
Simply put, it is difficult to “stimulate” a heart with no oxygenation.

Therefore, most successful drug actions and mechanical methodologies during CPR
conditions will usually result from indirect “stimulation” of the heart by helping to better
restore adequate aortic “diastolic pressure” and, in turn, better coronary artery perfusion.
Therefore, atropine would be more of afterthought to the priorities of basic CPR, ETI, and
vasopressor.

Table 1 presents an “ABCDEF” checklist that can be applied almost universally
to nontraumatic out-of-hospital CA management in which other factors such as hypo-
volemia, tension pneumothorax, pericardial tamponade, and other reversible processes
have at least been considered and tentatively ruled out. The following sections analyze
each part of this practical and simplified approach and explain the meanings of
“adequate” and “as necessary” using current knowledge about such issues.

Monitored (Provider-Witnessed) Arrest
If the strategy for CA management could be summarized into a single phrase, it would

be that “the sooner a strong spontaneous circulation is restored, the better the outcome.”
Consequently, for the most “treatable” presentation of primary CA, namely that resulting
from sudden VF of short duration, spontaneous circulation will not occur until the VF is
terminated. Therefore, the priority in most VF- or VT-associated circulatory arrest of
short duration (<4 or 5 minutes) is to terminate the ventricular dysrhythmia with defibril-
latory countershocks. Whereas it may be argued that, after more prolonged VF, “success-
ful” defibrillation (conversion into electrical rhythm that leads to spontaneous circulation)
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Table 1
General Approach to Nontraumatic Cardiac Arrest Management

I. Prepare to clear out VF/VT, while considering spinal injury/immobilization and follow the
“ABCs” checklist below. In a monitored arrest, shock as soon as possible, otherwise provide
2–3 minutes of uninterrupted chest compressions first (and occasional breaths).

II. Follow the ABCs checklist:
A. Adequate, Slow, Lung Inflations, slowly and Bilaterally with O2? (check endotracheal

tube centimeter mark, stomach/breaths sounds and symmetry, bite block, respiratory rate
and end-tidal CO2 level).

B. Blood Pressure or Chest Compressions; adequate?
(check compression force/depth, ensure uninterrupted performance and maintain rate
at 100 per minute; feel for femoral pulses, monitor end-tidal CO2 level).

C. Catheter(s); drips, rate and patency? (use multiple large bore catheters in antecubital sites
if possible).

D. Drugs—Drug Check list: “4A—BCD” Consider each one and go back again.
A. Anti-Arrthythmic—e.g., Amiodarone or Lidocaine: in VF/VT (except with wide,

slow QRS on electrocardiogram not “driven” by P wave). Remember to load
(e.g., Lidocaine IV 3 mg/kg or second dose for amiodarone).

Adrenergic—e.g. epinephrine or vasopressin: pulseless despite good O2 and CPR
or pulseless with definite long interval of time post-arrest.

Atropine—(a) hypotensive and (b) heart rate less than 60 per minute or less (or
atrioventricular block).

Altered mental status considerations (e.g., glucose test; naloxone).
B. Bicarbonate: no significant response to initial “rounds” of therapy or known/highly

suspected hvperkalemia or tricyclic overdose.
C. Chemical imbalances (Mg++, Ca++, K+, etc.).
D. Drips of Pressors—e.g., pressors like levarterenol, dopamine, epinephrine; pulses

present, but hypotensive (or epinephrine, vasopressin soon to be wearing off). Set up
ahead of time in anticipation of need.

E. Electrial functions (“GAMES”) and pacemaker trial.
Gain?
Attached Leads?
Mode (paddles vs chest leads)?
EGG Vector (check several leads)?
Strip (document with a “hard copy”)?

F. Further History and Physical (e.g., medications, recent symptoms/injury, asymmetry,
auto-positive end-expiratory pressure, etc.).

III. Repeat above steps over and over.

may not occur until a better myocardial environment (restoration of reasonable myocar-
dial oxygenation) is first created, clearing of VF must eventually be accomplished to
restore “a strong spontaneous circulation” (40).

Rapid defibrillation, such as that done within 1 minute of a monitored collapse, will
allow the heart to beat spontaneously and thus restore circulation. It may then also result
in stronger spontaneous respiration and rapid wakening. In turn, very early defibrillation
might even obviate the need for these other ALS procedures. In the recent study of public
access to defibrillation at the Chicago airports, most of the patients shocked within the
first 4 to 5 minutes were awakening and almost all were awake prior to hospital admission
(9). Therefore, in monitored VF/VT-associated arrest, the patient should first receive one
or two successive countershocks until the VF/VT clears, be it done with a manual defibril-
lator or an AED.
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Unmonitored Arrest: The Classic Response

The approach may be different for patients with unmonitored arrest who must await
traditional EMS responders, even in EMS systems providing relatively short response
intervals (40). Given the classic correlation of time to defibrillation with outcome, the
“defibrillate-first” approach has traditionally been well accepted for all patients pre-
senting with VF/VT. However, as discussed previously, recent animal and clinical data
also suggest that improved coronary perfusion should be accomplished first if CA has
exceeded 4–5 minutes, especially without rapid performance of bystander-initiated
BCPR (40). In those studies, lower rates of conversion occurred with the “shock first”
approach. Although “CPR-first” was most useful for those patients with longer
response intervals, Wik et al. have argued that “CPR-first” should always be the
approach by arriving responders because, in their controlled study, it did not signifi-
cantly  diminish the chances of a favorable outcome for patients as compared to those
receiving countershock first (18).

Therefore, it seems logical to perform chest compressions, with as little interruption
as possible, for 2–3 minutes, followed by immediate countershock (18,19).

Defibrillation efficiency has dramatically improved at lower energies using improved
(“biphasic” or “rectilinear”) waveforms. More than 90% of out-of-hospital VF patients
can be cleared of VF successfully using three shocks (or less) at 200 J, even with the
historic use of dampened sinusoidal monophasic waveforms. Today, many patients are
cleared of VF with equal efficiency using 150 J or less of biphasic energy within one or
two shocks. This approach may be preferable because many lower energies are less
injurious to myocardial cells. In the future, multiphasic defibrillators may lower energy
requirements even further.

However, others believe that in certain patients with larger hearts (larger mass of
fibrillating myocardium) or with chest walls with higher transthoracic resistance, there
may be a need for escalating “doses” of energies. Also, the repeated application of shocks
could also be detrimental. Therefore, it is believed by some that rapid escalation to higher
energies in such cases should be considered. At the time of publication, this still remained
an open-ended issue.

Likewise, in children, the heart size and mass of fibrillating myocardium are obviously
much smaller. Therefore, the starting “dose” of 2 J/kg has been recommended as a rough
guideline, but the most appropriate level of defibrillation energy has not yet been clearly
established for the pediatric population, especially with the evolution of newer wave-
forms. Experts agree that most AEDs used in adults could be used in children 8 years of
age or older.

Step A: Adequate Lung Inflation Slowly and Bilaterally With Oxygen

Persons with sudden CA do not stop breathing suddenly. Most will have agonal gasp-
ing respirations, which may even be more efficient than assisted breathing. Because of
the specific interdependent architecture of the lungs, spontaneous respirations (largely
diaphragmatic contractions) generally open up those dependent lung zones that tend to
collapse during expiration. In fact, at first, these breaths are usually larger than “normal”
(5–7 mL/kg) respirations, thus they are more efficient, not in terms of inflating those lung
zones, but also in terms of removing carbon dioxide (proportionately less dead space per
breath). They also enhance venous return.
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In contrast, positive pressure (assisted) breaths act by “pushing” the lungs open and
not “pulling” them open. As a result, the specific dependent lung zones may not be as
affected by a positive pressure breath. In fact, positive pressure breaths coming from the
upper airways will, at first, distribute gases to areas of less resistance and not necessarily
those dependent lung zones that need to be inflated. Even with a protected airway (i.e.,
ETI), it will often take tidal volumes twice the normal tidal volume size (i.e., 10–12 mL/
kg) to effect adequate lung inflation. Therefore, during the first few minutes of a sudden
CA, the patient’s spontaneous respirations may be more effective than mouth-to-mouth
assisted ventilations by a bystander, particularly considering the accompanying risks for
gastric insufflation and the lower than normal inspired oxygen fractions (0.16–0.17) in
an assisted breath (31).

Nevertheless, without adequate circulation, gasping respirations eventually dissi-
pate as a result of loss of adequate oxygenation of those respiratory muscles and the
brainstem. Also, with a loss of smooth muscle tone at the gastroesophageal junction,
there is a greater risk of gastric insufflation, of regurgitation and subsequent aspiration
of gastric contents. Therefore, the early placement of an endotracheal tube is strongly
advised. ETI not only helps protect the airway from aspiration of gastric contents, but
it also definitively helps to restore adequate lung inflation to reverse the critical hypox-
emia that will eventually ensue after cardiopulmonary arrest. Particularly with the force
of chest compressions, it may be difficult to reinflate the lungs with a bag-valve mask
system alone. The use of ETI helps to guarantees the 10–12 mL/kg positive pressure
breathing that may be required to reverse most of the intrapulmonary shunt that results
from the associated collapse of gas-exchange units, particularly in dependent lung
zones. If the patient receives a correctly placed ET, accompanied by the delivery of 10–
12 mL/kg tidal volumes and 100% inspired oxygen, inadequate PaO2 levels leading to
significant red blood (hemoglobin) desaturation rarely occurs, even in time presence
of significant lung disease.

In the best of hands, bag-valve devices may be used without significant gastric insuf-
flation, but, in general, there are concerns that bag-valve devices will lead to too much
gastric inflation. Recent recommendations have been to use smaller tidal volumes in such
circumstances of unprotected airways if supplemental oxygen is available. Nevertheless,
without supplemental oxygen, tidal volumes of 10 mL/kg are still recommended even
though the proportionate risk for gastric insufflation increases. Therefore, rapid perfor-
mance of ETI is strongly encouraged.

Although persons with cardiopulmonary arrest usually need assistance with lung
inflation to ensure oxygenation, persons in circulatory arrest have unusually low total
body oxygen consumption, subsequent low CO2 production, and low flow back to the
lungs. In turn, they require much less ventilation. In fact, because twice normal tidal
volumes need to be used to ensure adequate oxygenation, those breaths can remove
more than twice the amount of CO2 removed by normal breaths. Therefore, low ven-
tilatory rates (8 per minute or less in adults) may be much more than adequate.

Also, moderate (or even “normal”) rates of positive pressure ventilation may lead to
compromised cardiac output. Spontaneous respirations work by creating intermittent
negative intrathoracic pressures (vacuum effect) that suck air into the chest. Likewise,
these negative intrathoracic pressure swings help to enhance venous return. In contrast,
assisted positive pressure breaths, transiently inhibit venous return. Although recoil from
chest compressions can create some negative intrathoracic pressures, frequent positive
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pressure breaths inhibit this process, particularly if one interrupts chest compressions to
perform the breaths. Until spontaneous circulation is restored, lower respiratory rates are
recommended (i.e., 5–8 breaths per minute). Again, this assumes that 10–12 mL/kg are
being used and, with a protected airway (ETI), compressions should not be interrupted
to provide those breaths.

After spontaneous respirations return, rates of breathing can be increased. Two key
cautions to this return to faster rates (i.e., >10 per minute) would be patients with severe
expiratory flow limitation (i.e., asthma, chronic obstructive pulmonary disease) and
patients with hypovolemia who are most susceptible to the hemodynamic effects of
positive pressure breaths on venous return (31). Hypovolemia is a problem because of
already diminished preload, whereas expiratory flow obstruction maintains positive pres-
sure in the chest through most of the respiratory cycle, thus inhibiting venous return.
Many cases of PEA or the more classical term of “electromechanical dissociation” are
probably the result of inadvertent cardiac output compromise from assisted positive
pressure breaths (31–33). A brief interruption of breaths to see if spontaneous pulses
return will occasionally help to unmask such a problem. Obviously, fluid resuscitation
and/or treatment of the underlying expiratory flow obstruction may also help. The easiest
action is to slow the respiratory rate. As long as adequate size breaths are provided five
to six times a minute, oxygenation generally will be maintained, particularly with expi-
ratory flow obstruction (33).

Step B: Blood Pressure or CPR Adequacy

The “B” in this mnemonic is not “breathing” as in BLS, but rather “blood pressure”
(BP). If adequate lung inflation bilaterally with O2 guarantees red cell saturation in
virtually all cases, the next endpoint is brisk perfusion of the coronaries with those
oxygenated cells by restoring a strong coronary artery perfusion pressure. If the BP is less
than 110 to 120 mmHg systolic, the coronary artery perfusion pressure may not be
adequate, especially when the end-diastolic pressure typically is not even clinically
detectable. Although chest compressions may be less important in a patient primarily
presenting with hypotension, in the post-CPR situation when the myocardium has been
underperfused for a while, chest compressions may still augment ROSC in the hypoten-
sive state. Even though pulses have returned, if the BP remains lower than 90–100 mmHg
(e.g., absence of radial pulse or strong femoral pulses), this may be insufficient for
adequate restoration of the O2 debt to the “stunned myocardium” and may not supply the
steady-state circulation required to support coronary perfusion. Moreover, chest com-
pressions should be deep and quick (rate = 100/min) and, most importantly, rarely inter-
rupted.

It has been demonstrated that when compressions are transiently held to deliver
breaths, coronary perfusion falls off dramatically and, in turn, it takes as many as 10 or
15 compressions to restore the perfusion pressure to the previous pressure (34–37).
Therefore, once an endotracheal tube is placed, breathing and chest compressions do
not need to be synchronized, meaning that compressions can be provided continuously.
With unprotected airways (e.g., mouth-to-mouth or bag-valve-mask ventilation), how-
ever, assisted breathing does need to be synchronized (i.e., compressions held transient-
ly to deliver a breath without impediment from back-pressure during compression
down-strokes). Nevertheless, growing evidence suggests that those interruptions should
be less frequent (31–33). As noted previously, during cardiac arrest, the need to ven-
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tilate (to clear CO2) is markedly reduced and one may only need to provide 30 to 50
compressions to two ventilations for adults and bigger children and perhaps 15 to 20
compressions to two breaths for smaller children, and again with negligible pauses to
deliver the breaths (46).

With the endotracheal tube in place, compressions should be continuous. However,
certain pauses will be required to switch compressors or to deliver shocks or to assess
the cardiac rhythm or check for the presence of pulses. In fact, continuous end-tidal CO2
monitoring will often demonstrate diminishing levels of CO2 output as the chest com-
pressor begins to fatigue, indicating a good reason to substitute personnel. Nevertheless,
all of these reasons to transiently halt chest compressions should be coordinated. If it is
anticipated that a pulse and ECG assessment will needed at three minute mark, then that
may be a good time to switch off personnel. And just prior to that interruption of
compressions, the assessing rescuers should have their fingers already poised at the
femoral pulse site (or whatever pulse they are checking) while watching the monitor.
Only then should they command a halt to assisted ventilations followed immediately by
the extremely brief interruption of chest compressions with a ready command to resume
compressions (and ventilation).

Anecdotally, one can often observe rescuers giving a “hold CPR” directive, followed
by a lengthy stare at a monitor. Discovering that ventilation is still going on, they then ask
for those actions to be halted as well. Then re-staring at the monitor, the question arises,
“Does ‘that’ (the abnormal rhythm on the monitor) have a pulse?,” followed by several
searches at the groin and neck. To make matters worse, the chest compressor will await
orders to “resume CPR” and simply stand by while orders for additional adrenaline doses
(or whatever additional therapies) are provided. The interruption of CPR can become
significant and, most likely, lethal if continually repeated.

The other issue that is important to consider is the “compression to shock interval.”
Studies have shown a rapid drop-off in survival rates when the delivery of the shock
occurs more than 5 or 10 seconds after compressions are halted to provide the counter-
shock (34–37). Long pauses should not occur. Methods should be employed to prepare
to have the defibrillator charged and ready to fire as soon as the command to “halt
compressions“ is given and the compressing rescuer clears body contact.

Step C: Catheters

Although endotracheal administration of drugs such as epinephrine can be an alterna-
tive approach in adults in whom intravenous access is not available, this method is a poor
choice in the absence of adequate circulation, particularly for lidocaine and atropine,
which are not absorbed very well even in the patient with normal circulation. Therefore,
intravenous catheters with large bore cannulaes (e.g., no. 14 or no. 16 French gauge)
should be placed as quickly as possible. Placement is best accomplished either at the
antecubital, forearm, or external jugular sites. As drugs are administered during CPR
conditions, they should subsequently be flushed in vigorously. For example, in an antecu-
bital site, the intravenous solution (e.g., D5W) can be squeezed in under pressure with the
arm elevated well above heart level. In this situation, a 20- to 30-second flush is probably
adequate.

Theoretically, one might hold compressions and positive pressure breaths during the
last 5 seconds of the flush in order to help overcome obstruction to flow into the chest
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from elevated intra-thoracic pressures. For external jugular or direct central venous
access, a shorter flush with immediate halting of breaths and compressions would seem
reasonable.

Multiple cannulations would be preferred eventually, as long as other key interven-
tions are not delayed. This not only permits multiple therapies (e.g., anti-arrhythmic drips
in one site and pressor drips in another), but it also better ensures constant IV access in
case of inadvertent dislodgement or site infiltration.

Although seemingly a straightforward issue, care should be taken to ensure that bubbles
have been removed from the intravenous fluid tubing as well as the injectable medica-
tions, especially in children. Although a “few air bubbles” are generally not considered
to be harmful by most clinicians, they may accumulate with multiple rapid drug dosings,
especially if the IV fluid (flush) is infused under pressure as previously recommended.
Intuitively, a small visible bubble in IV tubing may be as large as an infant or small child’s
inflow/outflow track in the central and pulmonary circulation. Therefore, one should pay
attention to this under-appreciated detail. Likewise, the injectable medication should be
pointed upward before infusion with flicking of bubbles upward and the plunger gently
elevated until all air is expelled and the bubble-less drops begin to flow from the injection
needle/outlet.

While IV access at the femoral site (or other lower extremity placement) may be better
than no IV access at all, it may not be as effective as upper extremity placement in view
of the low flow, distance to the heart, and intermittent intra-thoracic pressure elevations.
The same is true for endotracheal infusions where drugs are poorly absorbed in the
absence of circulation and thus depot in the pulmonary track, later to be absorbed, unpre-
dictably, if and when circulation is restored.

Step D: Drugs

To date, no single drug has been shown to improve survival definitively in the clinical
setting. However, there are excellent animal studies as well as preliminary results of
small clinical trials and other inferential data that support their efficacy (14,15,29,38,47).
The appropriate use and timing of drugs need to be definitively characterized and there-
fore Table 1 (and the following discussion) should serve more as a general template that
can guide the protocol choices based on current available data (e.g., amiodarone versus
lidocaine for the anti-arrhythmic therapy or noradrenaline vs vasopressin-epinephrine for
the vasopressor). Patients who present with ventricular fibrillation can re-fibrillate and,
therefore, though not yet explicitly proven to increase long-term survival, the use of anti-
arrhythmics is theoretically of benefit, especially after re-establishment of pulses (29,30).

More broadly, the concept of restoration of pulses by re-perfusing the coronaries (and
maintaining brisk perfusion) is the key factor in resuscitation (34–37,46). Use of drugs
that can enhance back flow into the coronary arteries can be one reasonable strategy for
establishing restoration of spontaneous circulation (6,47). Because cardiac arrest patients
develop peripheral vascular relaxation (13), administration of vasopressor agents, par-
ticularly ones that may have mostly vasopressive actions and less  activity (i.e., less
arrhythmogenic), may be of benefit. Although results of clinical studies to date have not
yet provided confirmatory evidence, the laboratory evidence for this strategy is very
strong (6,47). Also, as stated previously, the timing of these drugs (e.g., before or after
shocks) has yet to be addressed definitively, but it is clear that something about resusci-
tative drugs does work (14,15).
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Also, although initial boluses of drugs (e.g., epinephrine) may help to restore resuscita-
tion, their effects may wear off and so the early establishment of pressor drips (even prior
to blood pressure deterioration) may be a worthwhile strategy. In fact, one problem in
resuscitation practices is the timing of all repeat medications. For example, a protocol may
call for “1 mg. IV q 3 to 5 min.” Instead of a routine schedule of administration, what
generally happens in actual practice is that someone will ask, “When did we give the last
epi?” Recognizing that more than 5 minutes may have passed, an epinephrine is ordered,
but that then requires a search into the drug box, the unwrapping of the packaging and often
a screwing of an injector into the vial. This would then be followed by ejection of the air
bubble, and finally intravenous administration after double-checking for absence of pulse
and the ECG rhythm. In other words, another minute or even two may pass after there is
recognition that a drug needs to be administered (well beyond the proscribed schedule).

Rescuers and their trainers should therefore pay attention to such details and focus
more how meet that “schedule.” If a q 3 min schedule is the protocol, then rescuers should
not have to ask when the last epi was given. Specifically, at the moment, one is ready to
administer the drug, the person administering it should examine the vial to confirm that
it is the correct drug and announce out loud, “I am now giving 1 mg of 1:10,000 epine-
phrine IV” to provide the actual time of administration (not ordering of the drug) for those
documenting the medical record and also to double check the appropriateness of the
dosing at that moment among all of the fellow team members (another error-reducing,
quality assurance tactic). As the drug is pushed into the IV site, the “3 min” (180 second)
clock begins. Assuming the drug is pushed over 10 to 15 seconds and then flushed for
another 15 to 25 seconds, nearly 20% of the schedule is already exhausted. If the reaction
of the drug is gauged 2 minutes later (typical time frame), and another dose needs to be
given, then it is already time to give that repeat infusion. Therefore, the subsequent
(repeat) drug administration needs to be anticipated, including its acquisition and prepa-
ration, right at the time of any current infusion. Although this strategy may lead to a
concern over a potential waste of an opened vial if pulses return, the cost of epinephrine
(in this case) is relatively low compared to the entire cost of the resuscitation effort,
successful or not, let alone the cost of the life. More importantly, one must always still
anticipate deterioration of the original epinephrine effect and having a “quick fix” avail-
able is wise and potentially lifesaving.

Atropine is probably of little value in a circumstance of no flow, but has theoretical
potential in certain cases, particularly those in which vagal tone, insecticides or toxic
“nerve agents” may have played a role, and especially if it involves low but spontane-
ous flow states involving supra-ventricular complexes occurring at bradycardic rates.

Sodium bicarbonate remains controversial as a routine drug to administer, but it has
theoretical advantages in tricyclic overdoses and known (or highly suspected) hyper-
kalemia such as a dialysis patient who has not been dialyzed for quite a while. It should
theoretically be avoided in carbon monoxide poisoning because it causes additional left
shift in the hemoglobin-dissociation curve, thus further diminishing oxygen unloading
at the tissues. Hypothetically, a relatively acidotic state should be beneficial in shock
conditions to facilitate oxygen unloading. In fact, previous trends and teachings to
compensate for metabolic acidosis by “hyperventilation” through positive pressure
ventilation is clearly a concern because of the concomitant effects on intrathoracic
pressure and the resulting inhibition of venous return and subsequent reduction in
cardiac output (31,32). It is even possible that, in the future, permissive hypercapnea,
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balanced by some titration of extreme acidosis with some alkalinizer, may prove to be
a preferred tactic. Even better, devices that create enhanced negative intrathoracic
pressure for breathing (and enhanced venous return) may be the best method to control
extreme acidosis just as an acidotic sprinter normally does after the race or a grand mal
seizure patient does in the post-ictal period.

One should consider other potential problems predisposing to the arrest (e.g., a severe
ion deficiency such as hypomagnesemia or hypokalemia—or both) and other factors that
may lead to or exacerbate a cardiac arrest such as drug overdose or hypoglycemia which
are reversible with medications such as naloxone or dextrose (glucose) administration.
Since the major concern with narcotics is postural hypotension and respiratory depres-
sion, one could argue that the narcotic antagonist would not be a critical consideration
if respirations are controlled and the patient is supine. The main indication would be for
the patient for whom the airway is not secured and control of breathing is limited or in
the case of the resuscitated person who has not awoken quickly. In the case of dextrose
administration, considering that there has been some theoretical concern over high glu-
cose levels in terms of neurological recovery, dextrose should not be administered capri-
ciously and just because a person is reportedly “diabetic.” Therefore, glucose levels
should be checked if there is a suspicion of hypoglycemia (actually a rare event in cardiac
arrest) such as in the case of person using insulin or hypoglycemia agents and -blockers.

Step E: Electrical Functions and Pacemaker Trial

Regardless of the rhythm, perfusion of the coronary arteries with oxygen is a priority
in pulseless states. However, the electrical and ECG functions may provide some
assistance in resuscitation. First of all, it is important to confirm the actual cardiac
rhythm. One mnemonic to help in this analysis is the word “GAMES” (Table 1). One
should check the machine’s “Gain” to see if it is dampened or could be used to better
identify the rhythm when physiologic factors might obscure the electrical activity (e.g.,
obesity, chronic bullous lung disease or pericardial fluid). One should always confirm
that the ECG leads are “Attached” because they may have a tendency to fall off a wet
person or after a shock or after aggressive chest compressions. Likewise, rescuers
should confirm the “Mode” (e.g., paddle vs lead II or lead I) on the monitor, particularly
if switching leads to view different vectors. In that respect, it may very well be helpful
to actively search various “ECG Vectors” to confirm asystole (in multiple leads) or to
better delineate the ECG complex width in different views. It must be reinforced that
asystole is not a “flatline,” it is a physiologic state of no heartbeat evidenced by absence
of auscultated heartsounds (insensitive) or ultrasound demonstration of no heartbeat,
no pulses, and no detectable electrical activity anywhere in the heart. Documentation
of the rhythm with a printed “Strip” can be helpful, not only in terms of the medical
record, but also in terms of immediately showing what has transpired to subsequent
caretakers (e.g., arriving supervisors or the emergency department doctors). Even when
the longitudinal ECG information is stored electronically by today’s built-in comput-
ers, having a hard copy of the initial presentation can help with immediate record-
keeping and on-line quality assurance during transfer of care to the hospital personnel.

Pacemaker trials are usually ineffective if myocardial energy supplies have
dwindled, but may be useful in extremely hypotensive patients with slow rates who
have not yet progressed into a state of extreme circulatory compromise. It may also be
of value once spontaneous pulses have returned. To some extent, a pacemaker, a device
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which can be shut off or better controlled, might be more useful than atropine consid-
ering that it the drug may unpredictably predispose the patient to a sustained tachycardic
effect once resuscitation has occurred. Still, the earlier the intervention, the better the
result and so atropine would be preferred if would take too long to set up a pacemaker
in targeted patients.

Step F: Further History and Physical Factors
Whether or not a patient responds to initial interventions, it is important to consider

additional historical and physical factors. Historical factors such as medications used,
potential drug abuse, chronic lung disease or a circumstance leading to profound hypo-
volemia should be considered. Likewise, one should evaluate for physical signs such as
asymmetric breath sounds (e.g., potential pneumothorax), prolonged expiratory phase
(i.e., Auto-PEEP), nitroglycerin (or other) patches (which should be removed), signs of
hypovolemia, internal or external bleeding, aberration in core temperature, and other
physical signs that may alter interventions.

For example, a prolonged expiratory phase, particularly in circumstances that have
inexplicable pulselessness in the face of well-organized ECG complexes may actually
reflect an “auto-PEEP” effect in which the person with chronic obstructive pulmonary
disease (COPD) or severe asthma has trouble exhaling the entire positive pressure breath
before the next breath is delivered, resulting in persistent positive intrathoracic pressure
throughout the respiratory cycle (i.e., positive end-expiratory pressure because of the
person’s obstructive lung disease and relatively overzealous positive pressure ventila-
tion). As discussed previously, an auto-PEEP effect (or any prolonged phase of positive
pressure in the chest) leads to severely impaired venous return and subsequent impair-
ment of cardiac output. Whereas COPD and asthma patients are at greatest risk, this
phenomenon can occur in persons with normal lungs, especially in the face of severe
hypovolemia or hemorrhage. Sometimes a brief pause in assisted breathing (e.g, 10–15
seconds) may be enough to allow return of palpable pulses and uncover a situation of
“pseudo-EMD” caused by unnecessarily high respiratory rates. In these cases, attempted
treatment of bronchospasm with intra-tracheally administered epinephrine may have
theoretical benefit, but intentionally slower ventilation is still the key therapeutic inter-
vention. In the absence of applied PEEP, a relatively larger breath (e.g., 10–12 mL/kg)
may be more efficient in terms of removing carbon dioxide and also result in faster recoil
of the lungs allowing much slower rates (e.g., five breaths per minute if necessary).
Again, longstanding COPD patients, even those resuscitated with strong pulses (and
particularly those known to be chronic carbon dioxide retainers), may fare very well with
high end-tidal carbon dioxide values.

As discussed previously, hypoglycemia and toxic overdose should be considered in
historical analysis and the medication history should be put into context (e.g., -blockers
causing less effective response to catecholamine or tricyclic antidepressants indicating
the potential use of sodium bicarbonate). A history of digoxin and loop diuretic use may
prompt considerations of hypomagnesemia and/or hypokalemia, especially with persis-
tent ventricular fibrillation or ventricular tachycardia (indicating potential use of magne-
sium infusion). A history of delayed dialysis may raise the issue of hyperkalemia
(indicating sodium bicarbonate or calcium chloride use). In addition, one should also
think about the classical considerations of occult (or obvious) trauma, pericardial tam-
ponade and hypothermia/hypothermia.
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LOGISTICS OF RESUSCITATION

The management of time and logistical considerations may the most critical “thera-
pies” that rescuers can provide for cardiac arrest. As stated before, placement of an
endotracheal tube at the top of resuscitation kit or alternating chest compressors at the
same time one wishes to examine the ECG monitor, are all strategies that may actually
help to save a life. It is likely that a life is probably saved by a rescuer who has used the
toilet before laying down for a 3 AM. nap at the station than one who has memorized the
dosing of some new anti-arrhythmic. The point being, if a rescuer significantly delays a
response to a subsequent 4 AM. sudden death event because he has to urgently use the toilet
on the way out the door, the impact may be greater than some (often arbitrary) dosing of
a drug. Although this analogy seems somewhat crude, it serves to emphasize the concept
that time efficiencies are paramount in cardiac arrest.

At the same time, two highly skilled and coordinated medics arriving on scene 8
minutes after an arrest may be more successful than two lesser trained medics who arrive
at 6 minutes. The two coordinated and highly skilled medics may get the defibrillation,
intubation and drug infusion all finished minutes before the lesser trained team because
they understand the logistics and efficiencies that get the job done faster. Likewise,
understanding relative priorities (e.g., once IV access is obtained, injecting and flushing
the drug even before taping in the catheter and tubing) is paramount. Appreciating that
intubation or IV access does not need to be delayed just to check a pulse post-defibrilla-
tion is appropriate judgment.

In the following sections, certain tricks of the trade will be detailed as considerations
to facilitate rapid patient care. although these suggestions may be helpful, they are not the
“definitive” methods. It is eventually up to all rescuers to find ways to make themselves
more efficient, more coordinated and more skilled at rapid interventions.

Coordination of Personnel, Both Professional and Laypersons

Drilling and continually providing coordinated training with FR teams and ALS crews
is a key to success. If the FR fire apparatus crew provides the previously described
ABCDE approach while the medics simultaneously provide ETI and IV access, the
coordinated response will enhance efficiency and rapid completion of necessary tasks.
This response should be drilled before (and reviewed after) a given incident by supervi-
sors to ensure improved performance at the next resuscitative event.

But other factors are involved. If arriving at a high rise or corporate complex maze,
first responders being led by security officers to the scene should take action to ensure
that ensuing rescuers (e.g., ambulance crews, supervisors) will also be guided to the site
of the collapsed patient just as rapidly. For that matter, local EMS agencies should
establish a coordinated response with such facilities long before the event. In fact, in
some communities, such activities can be coordinated with corporate CPR training and
AED placement in these facilities along with education and planned coordination
regarding likely dispatch interrogation and procedures. Also, the CPR instruction
should address likely scenarios and what to expect to see (e.g., cyanosis, anoxic sei-
zure, agonal breaths) and they should encourage would-be bystanders to act rapidly and
not to hesitate to use rescue procedures because of potential social mores or code of
conduct implications (e.g., removal of a co-worker’s blouse to apply AED pads). As
applicable, actions should also include statements like “Call 9-1-1—and tell them
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we’re going to be doing CPR.” This second phrase should help to markedly expedite
the dispatch process, especially in priority dispatch systems (16,17).

Anticipation of what rescuers are likely to encounter and what bystanders are likely
to experience is crucial to a well-designed EMS system. Case reviews, follow-up inter-
views and on-scene response by system designers are important activities to learn about
these factors and to enhance expedited responses to cardiac arrest in the community.
Mass CPR education should not only be sought across the community (with required
school training and workplace initiatives serving as the nucleus), but that education
should provide expectations of what to anticipate in such events, including the logistical
issues. Such training might even involve role-playing with likely scenarios that involve
anoxic fits, regurgitation and lone or multiple rescuer situations.

This approach coupled with shorter (e.g., 30-minute) CPR practice-based training
might be preferable to current multihour (mostly didactic) approaches. This strategy may
also lead to more persons taking courses because of the more manageable time allotment,
particularly for employees, and it may also permit more frequent re-training. It is not only
likely that more people would know CPR but that the retention of skills would then be
better as well. Therefore, logistical issues for life-saving apply in terms of preparation
across the entire community, just as much as they do in an individual cardiac scenario.

Quality Assurance is Key: Some On-Line and Off-Line Examples
One potential advantage to police FR programs or private ambulance services that

deploy roving, “stationless” systems, is that the rescuers are dressed, in their vehicles
and ready to respond as compared to colleagues in a fire station who may have lain down
to nap on the night shift and still need to awaken, pull up their pants, “slide down the fire
pole,” start the ignition and look both ways before coming out of the fire station’s
garage. To diminish such time-consuming problems, some EMS agencies have esta-
blished systems that light up the station and automatically open station doors with a
microwave signal while also delivering a voice or electronic alarm. Perhaps boots are
in place on the truck and a comfortable (but presentable) jump suit (that can also be slept
in) is worn. Whatever it takes to crop off seconds in the response, those suggestions
should be entertained. Added up, 5 seconds here and 5 seconds there can mean a 10 or
20% reduction for the cardiac arrest patient’s chance of surviving and returning to their
families.

One suggestion to reduce wasted time is that one should always consider each call
a “worst-case scenario.” By not announcing the dispatch type until the crews are in
active response to the initially dispatched location, one removes bias about the urgency.
This may also backfire considering that cardiac arrests are only about 1% of all EMS
responses and that most responses are not as time-dependent. Therefore, intensive
quality assurance should track the time intervals from dispatch to actual response and
do so not only at each station, but also according to each shift at each station. This helps
to eliminate (or, in some cases, prove) the claim that there is something unique about
the particular station that causes a crew’s frequent tardiness or delays. Feedback and
emphasis on the concept of “seconds count” should ensue and friendly competitions
encouraged.

Likewise, at the other end of the response, one may find an unusually long inter-shift
or inter-station differential in terms of arrival at the street address location to arrival at
the patient’s side or from arrival at the patient’s side to delivery of the first shock. In a
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classic “Hawthorne effect,” some EMS systems have demonstrated a marked reduction
in time and even increased survival rates by a simple quality assurance intervention such
as having the crews announce over the radio when they have arrived at the scene, when
they are at the patient’s side and then again when they have delivered the first shock.
Therefore, the quality assurance can be done both “off-line” in follow-up review of
electronic records, or by “on-line” with “real-time” actions. In both cases, positive feed-
back and comparison to others—with objective data—are all key components of risk
management and EMS system success in resuscitation.

Of course, there are a multitude of quality improvement techniques, some involving
hard data, some more clinical and experience-based. For example, the use of on-scene
supervisors, discussed in a subsequent section, can be a key quality assurance factor,
especially during scene activities, that can go far beyond the findings in a chart or data-
base. Again, each system needs to employ multiple layers of such quality assurances.

Paying Attention to Details: Airway Techniques as an Example
Certain things may seem straightforward to the experienced and knowledgeable cli-

nician-educator such as defibrillator electrode placement or the way a breath is delivered
through a bag-valve device. However, in under-scrutinized EMS systems, particularly
those without on-scene supervision of EMS personnel, one may find a defibrillator-
monitor pad placed over the left upper quadrant of the abdomen (or even lower) or a
breath delivered rapidly and the manual squeeze sustained instead of a steady squeeze
over 2 to 3 seconds with a quick release to allow the bag to quickly re-inflate with oxygen.
Accordingly, as discussed in the following sections, attention to every detail is important
in successful EMS systems.

Although seemingly a noncritical issue, oxygen flow may be either too low or too high.
If an 800 mL tidal volume is being delivered at a rate of six per minute (4.8 L per minute
volume), then at least five liters per minute flow of oxygen flow should be provided. On
the other hand, if, in that circumstance, 20 L per minute flow is provided, the small
portable tank will soon deplete unnecessarily. This will cause a premature break in
oxygenation to change out bottles (even assuming that the depletion is anticipated and
recognized immediately). Conversely, when strong pulses are returned and sustained and
minute volume needs to be increased accordingly, the flow should be re-titrated to the
new level of delivery.

As an aside, there are situations in which rescuers may be faced with the resuscitation
of an infant (or anyone for that matter) without the applicable ventilatory adjuncts but
with availability of supplemental oxygen. In such circumstances, rescuers can them-
selves breathe the oxygen in and raise their own inspired oxygen fraction. Since expired
oxygen fraction is usually about 4 to 5% less than the inspired, a 40% inspired mixture
can lead to delivery of about 35% with the mouth-to-mouth breath, a level much better
than the usual 16 to 17% breath usually provided by inspiring only ambient air.

Attention to details in many other airway and breathing aspects of the resuscitation can
improve patient care. Immediately after the performance of endotracheal intubation, very
typically a ritual typically ensues among inexperienced resuscitators in which someone
shouts, “Check the breathsounds!” and a scramble for a stethoscope ensues followed by
auscultation of the chest, right and left, up and down and then the epigastric area. In the
meantime, 10 L or more of gas may have been pumped into the stomach if there was
an inadvertent esophageal placement of the tube. Even with immediate end-tidal carbon
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dioxide monitoring, it may take a few breaths or more to confirm pulmonary carbon
dioxide excretion. Instead, as part of a more appropriate intubation ritual, a stethoscope
worn by a second rescuer should be poised for auscultation over the left epigastrium at
the costal margin (and not the supra-umbilical area!) before the first breath is delivered.
Also, as that first “test breath” is provided, the chest wall should be observed for concomi-
tant rise and if a loud “breathsound” is heard over the stomach and the chest wall does
not rise, one can avoid the inappropriate delivery of any more gas into the esophagus.
Conversely, if the chest wall rises and the epigastrium is quiet except for a slight “swoosh”
sound that is clearly heard much better on the next breath over the right upper chest (and
then the left), one can feel more confident that additional breaths can be given without
gastric insufflation. Efficiencies and details are important to successful systems of resus-
citation and logistics (e.g., stethoscope in place before the first breath) are paramount.

Along these same lines, in both adults and children, a properly placed endotracheal
tube can become an iatrogenic airway obstruction if the patient awakens and begins to bite
down on the tube. The cardiac sequelae (bradycardia/asystole) can be insidious and
dramatic, especially in children. Key monitoring actions include continuously feeling for
resistance on the bag device or closely checking the automated ventilator and the end-
tidal carbon dioxide output as well as constantly recycling through the steps in Table 1.
But even if the obstruction is immediately recognized, it could be hard to un-do once a
patient is beginning to bite down. Therefore, (anticipated) use of a bite block or gap in
the teeth should be part of the routine and a detail that should not be ignored.

Although endotracheal tubes can be secured by specialized devices or additional spi-
nal immobilization techniques, particularly for transport, one should not waste signifi-
cant time doing this if the resuscitation is still in progress and other advanced tasks need
to be performed. A simple roll of one inch white bandaging adhesive tape can serve as
a rapid and strong device for anchoring the tube. Without tearing the tape, a 2 to 3 cm.
piece can be extended out from the roll and taped around the tube right at the level of the
front teeth, in turn, serving as an additional marker for tube depth. Specifically, the tape’s
lower lateral edge is secured snugly at the marker on the endotracheal tube (e.g., 21 cm)
that denotes the distance between the front teeth and the point at which the endotracheal
tube cuff has just past the vocal cords. The tape is then pulled out a foot or so and quickly
wrapped around the back of the head snugly with the tape lying just above the ear, across
the occiput, above the other ear and cheek, and then re-wrapped around the tube at the
same level of the original marker point—and, most importantly, it is tightened snugly
without any slack. Therefore, one should also avoid taping around the neck where the
tight tape would compress main arteries and veins, but also not placed too high around
the head that it could predispose the tape to slip off, especially with dampness and vomit
at the taping sites (that can lubricate the tape and diminish adhesiveness). This entire
procedure can take less than 10 seconds in experienced hands and, if done properly, will
almost always prevent self-extubation in a awakening, combative patient.

The act of endotracheal intubation may be difficult outdoors in daylight because of
glare and the rescuers pupils not adjusted to look down a poorly lit throat. Therefore, one
logistical trick is to have a jacket or opaque cloth that can be placed well over the rescuer’s
and patient’s heads to blot out light (like an old-time photographer’s camera cloak). This
technique should be considered immediately under such circumstances to facilitate the
intubation in order to get the intubator’s eyes more accustomed to less light.
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Reducing Error Through Team Work

The intubating paramedic should take steps to decrease the chance of critical error and
even an (inappropriate) accusation of not having placed an endotracheal tube correctly
by a physician who quickly pulls out the tube in the emergency department when breath
sounds appear markedly diminished bilaterally due to a patient’s individual chronic
physiology (e.g., COPD) or acute pathophysiology (e.g., bilateral hemothorax). Specifi-
cally, in addition to end-tidal monitoring, one should also have a colleague also take a
confirmatory direct visualization to reassure that the tube is passing right between the
vocal cords. Direct visualization by two different rescuers as part of the routine expec-
tation diminishes the risks of error from an arrogant clinician (“You don’t need to check
me—it’s in”). This approach also makes a stronger case, for example, when it is a
physician’s word against one medic’s. Nevertheless, use of end-tidal monitors and addi-
tional monitoring (continually rechecking tube position), particularly on transfer from
the ambulance to the emergency department stretcher, and especially in children, is
critical.

If the intubation is delayed or unsuccessful on the initial attempt, one may use bag-
valve-mask (BVM) devices. In such circumstances, the airway is unprotected and there
is risk for inadequate lung inflation and gastric insufflation, particularly with on-going
chest compressions and subsequent decreases in thoracic compliance. In turn, there is
risk for hypoxemia, regurgitation and potential aspiration of gastric contents. The
frequency of these complications can be decreased, however, by techniques that will
lower the rise in airway pressure as well as those that optimize airway opening. As
much as it uses up resources, these techniques are best accomplished with two to three
rescuers, one to position the head, place oral airways, elevate the jaw and seal the mask
and another to deliver the gas in a slow steady way with a quick release (and perhaps

Table 2
Recommendations for Optimal Bag-Valve-Mask (BVM) Device Use

C Consider C-spine Injury (e.g., consider potential for post-incident or accompanying fall; or
motor vehicle collision, etc., and position accordingly).

O Oral Airway (properly sized to push the tongue up and out of the way).

P Position the head (neutral position if there is a risk of cervical spine injury; or sniffing
position—tilted back and elevated off the ground—if no suspicion of cervical spine risk).

E Elevate the Jaw (usually with the tips of the fourth and fifth fingers, bilaterally, placed at the
angle of the jaw, lifting it directly upward and perpendicularly to the ground).

S Seal the mask with two hands (forming two opposite “C-shaped clamps,” by placing the
thumbs on the bridge of the nose and the index fingers over the chin).

S Slow, steady squeeze (a second person provides a full 10 mL/kg squeeze of the bag without
supplemental oxygen—or lesser volume with oxygen—but at a deliberate steady rate of
delivery over a 2- to 3-second period, followed by a quick release to allow the bag and
reservoir bag to fill with O2 before the next breath).

O Oxygen (delivered at a titrated rate to maintain full reservoir bag inflation—if applicable—
just prior to the next breath; depletion of the tank is anticipated).

S Sellick’s maneuver (moderate cricothyroid pressure; best done by a third person if available).
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a third rescuer to provide cricothyroid cartilage pressure. This approach can be orga-
nized according to the mnemonic, “COPES SOS” (Table 2). If there is no concern about
a spinal injury, elevation of the head 2 to 3 inches above the floor with a towel or jacket
in order to create a better “sniffing position” and thus optimize the airway opening.
In addition, an appropriate oral airway and a concomitant jaw thrust with the fourth and
fifth fingers on each side of the rear angle of the mandible can create improved airway
opening, while a Sellick’s maneuver would compress the esophagus and diminish risks
for regurgitation and gastric insufflation. Recent studies have emphasized that, with an
unprotected airway, lower and slowly delivered tidal volumes are preferable to dimin-
ish gastric insufflation, specifically, 10 mL/kg without supplemental oxygen and lower
tidal volumes with oxygen supplementation. Therefore, a reasonable recommendation
is to provide that estimated tidal volume with a very deliberate steady squeeze over 2
to 3 seconds (followed by a quick release) in order to allow the bag to fill itself with
supplemental oxygen.

Supervisor System
Although a cardiac arrest can often be managed fairly efficiently by two highly

skilled paramedics who are supported by first responders using the organized “ABCDE”
approach, there are advantages to EMS supervisory systems. Supervisory systems can
include the use of experienced EMS physicians and/or veteran paramedic officers who
respond (preferably in separate response vehicles) to all cardiac arrests in their assigned
territory (48). Without taking away primary skills performance from the front-line
paramedics, they double-check actions taken (per understood routine) and they also
offer back-up assistance. They tend more to monitor the overall situation and evolving
strategy and reinforce adherence to the cycle in Table 1. They also perform procedures
whenever the front-line medics encounter a difficult situation, but generally they tend
to step back and think ahead to the next move (e.g., preparing pressor drips early) and
adhere to infusion schedules. They also interact with family members and/or bystanders.

In some EMS systems, certain supervisors may attend 25 to 30 cardiac arrests a month
giving them more exposure to difficult cases, sociologically and physiologically, as well
as more overall frequent experience with cardiac arrest management. In turn, both their
skills and judgment are honed by longtime experience. This experience also makes such
EMS supervisors an ideal subject to implement a pilot procedure or investigatory drug
procedure, especially if the supervisor maintains close relationships and on-line contact
with their designated medical director (49). In Houston, for example, supervisors have
received close monitoring and routine field interaction with intensely involved medical
directors (3,48) who maintain extremely close 24/7 radio/cell-phone contact.

In progressive EMS systems, supervisors usually rove in assigned territories and
make announced and unannounced responses. They are routinely notified for certain
key incidents such as “child shot,” “CPR in progress,” or “major explosion.” The
supervisor also ensures that interactions with the “environment” are controlled. This
not only includes recognition of potential hazards, but also paying attention to family
members and other bystanders, before and after the resuscitation effort. In most EMS
systems, the majority of out-of-hospital cardiac arrest patients will not have their
pulses restored at all, let alone restored immediately. Therefore, one of the supervisor’s
roles can be to assure the family and bystanders that the patient is receiving all of the
most appropriate interventions right there at the scene. Even if pulses are not returned
(or the patient eventually dies), the resuscitation effort can still be considered success-



Chapter 33 / Out-of-Hospital Resuscitation 679

ful if the rescuers have truly provided the best interventions that medicine can offer in
the most timely and optimal manner and the family is satisfied with the way things were
handled.

This “success” is particularly true if the observing family members feel confident in
the rescuers and if they believe that “everything possible was done” for their loved one.
As soon as the supervisor checks that the endotracheal tube is in place and other actions
are well underway, he or she can begin to interact and gain the confidence of the bystand-
ers assuring them that everything that could be done at the hospital is being done right at
that moment. The supervisor, recognizing that there is no immediate response to treat-
ment, also can begin to prepare the family and bystanders for the eventuality that the
outcome will be negative. To gain confidence, statements such as the following can be
one early tactic, “Please forgive me and let me know if I’m too blunt with you, but I
personally believe that you should know about everything that is going on—and as soon
as possible” followed later by “You need to understand that his heart stopped and that is
obviously very bad—if we ever get a heart re-started it’s usually right away—and so far
it doesn’t look good—but we’re going to keep trying—at least for now—let me get back
to him now—but don’t hesitate to ask me anything.” Although there are many other
approaches, and this particular example may even be a bad one in some circumstances,
the concept is to gain confidence, provide a confident, calm demeanor and to exude
professionalism and compassion, especially in the face of emotion, be it anger, grief,
guilt, anxiety, or disbelief.

Another role for the supervisor can also be to gain more historical details, preferred
physician or hospital destinations, and also initiate discussions about on-scene termina-
tion of efforts and begin to finesse that sensitive concept (50). Also, veteran supervisors
can bring along tricks of the trade from years of “trial and error.” As an example, in a tight
elevator space, the supervisor might remember a previous resolution and ask that the back
board be removed and that the patient be turned around on the stretcher so that the
patient’s feet and legs are at the “head” of the stretcher which, in turn, can be lifted up,
still allowing the head and thorax to lay flat while the legs are elevated, making just
enough room to fit the stretcher in the cramped space.

Above all, EMS supervisors can provide invaluable insight to re-thinking system
design and the way we provide interventions. Be they “street-wise” and creative phy-
sicians or wise, veteran medics, or both, we need to continually pay attention to details,
focus on logistics and re-evaluate our interventions. The simplistic uni-dimensional
approaches that have often led to ineffective EMS systems in the past will always
have a tendency to re-surface. The future will therefore lie in our ability to continually
“re-search” what we do and our ability to be nurturing mentors who provide expert role
models for future medics and EMS physicians in successful systems for out-of-hospital
resuscitation.
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INTRODUCTION

The ultimate goal of cardiopulmonary resuscitation (CPR) is the total reanimation of
the cardiac arrest (CA) victim back to their pre-arrest status. Much of what we know and
do regarding human CPR is based on animal modeling of the many components of CA
and its treatment. Ideally, hypotheses regarding mechanisms of injury caused by arrest
and treatments to improve outcome should first be tested in robust preclinical models of
this disease followed by clinical testing. Although some aspects of the disease and
treatment lend themselves to computational, cell culture, and isolated organ modeling,
whole animal experimentation remains the standard for preclinical testing (1–4). To this
end, the proper design and use of the preclinical model is crucial to ensure that clinical
trials are warranted and optimally designed for ultimate validation of the hypotheses.

It is not the purpose of this chapter to review all known animal models of CPR but
rather to provide an overview of the principles and challenges of animal modeling of
CA and CPR. An understanding of these principles will assist the reader in the inter-
pretation of past, current, and future preclinical literature and in the design of future
clinically relevant preclinical models.

UNIQUENESS OF PROBLEMS AND QUESTIONS
ASKED IN CA RESEARCH

Similar to other shock states such as hemorrhagic, cardiogenic, and septic shock, the
major pathophysiologic challenge that the body faces from CA hinges on the processes
associated with ischemia and reperfusion. However, unlike other shock states, the
ischemia of CA is absolute and affects each major organ system, especially the heart and
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brain immediately. Thus, there is no active compensatory redistribution of blood flow
to the heart and brain during the arrest period. The tissue blood flow produced by CPR
is not sufficient to restore oxidative metabolism and membrane potentials to cells
routinely and this period of intervention can be viewed as additional ischemia. This
degree of total body ischemia is unique to the shock state of CA and the resulting
challenges in regards to achieving return of spontaneous circulation (ROSC) and neu-
rological recovery are similarly unique.

It is difficult to draw conclusions from studies of isolated organ ischemia and apply
or mix them with those of CA. For example, global brain ischemia is studied widely using
non-CA models. These results are applied frequently to CA because it is by far the entity
most responsible for producing global brain ischemia (5). On the surface, results from
models of isolated global brain ischemia might seem to be fully relevant to the global
brain ischemia of CA. However, there may be significant confounding variables (e.g.,
ischemia to the brain itself), which might negate the major similarity between the two
models. CA is associated with total body ischemia, which will drastically change the
postresuscitation biochemical milieu that will reperfuse the brain. This includes a tre-
mendous difference in the acid–base status of the blood, creation of other circulating
mediators (e.g., cytokines produced by remote organ ischemia), immune and stress regu-
lating events triggered by the arrest, and additional cerebral hypoperfusion that might be
caused in the postresuscitation phase from a stunned and dysfunctional heart (6–8).
Similar arguments can be made in the case of isolated ischemia-reperfusion models of the
heart, which are not routinely perfused or reperfused with acidotic blood returning from
ischemic organs. In such models, the heart does not contain the important component of
neutrophil and endothelial interactions, which may impact on the final damage caused by
the arrest (1,9).

The lack of models that incorporate causative conditions of CA such as coronary
artery stenosis and myocardial ischemia or important comorbid conditions such as
hypertension, congestive heart failure (CHF), or diabetes also severely hamper to
ability to apply results of animal models to clinical CA. As with other models, issues
of anesthesia, preparatory surgery, and monitoring are debated to their effects on clini-
cally relevant outcomes or pathophysiologic processes that are being studied. If, for
example, brain protein synthesis is believed to be a vitally important cellular process
adversely affected by ischemia and reperfusion, the effects of various anesthetics should
be considered first (10,11). Ketamine, which is a popular anesthetic used in CA models
examining neuronal protein synthesis, depresses protein synthesis severely compared
to other anesthetics such as sodium pentobarbital (12). Even what might be deemed
minor or inconsequential preparatory issues such as anticoagulation to keep moni-
toring catheters patent are potentially controversial. The effects of heparin provide
significant protection against endothelial cell dysfunction (not simply from its antico-
agulant effects) in the ischemia-reperfusion injury of trauma (13,14). It is likely to
effect microvascular function in the setting of CA as well and will need further study.
Even postsurgical antibiotics such as tetracycline may have downstream protective
effects on tissue injury not related to their antimicrobial actions (15).

Researchers must remain cognizant of the unique features of CA and how the
downstream effects of other organ systems or model preparation will influence the
results. There is perhaps no other experimental model containing as many unknowns
as CA.
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MODELING VARIABLES

The goal of all animal research is to measure an end-point (dependent variable). The
two major end-points in CPR animal research are process and outcome variables (16).
Process variables in CPR research are innumerable and measure or describe events at the
subcellular, cellular, organ, organ system, or whole-body level. Specific examples of
these might include effects of CA on production of reactive oxygen species, the role of
protein synthesis in contributing to neuronal necrosis or apoptosis, and the effects of CPR
on coronary perfusion pressure (CPP), acid–base chemistry, and regional organ blood
flow. Data obtained on process variables helps in solving the puzzle of CA and CPR in
terms of pathophysiology and treatment mechanisms. In terms of their effects on human
trials, process variables are used infrequently to support human trials examining out-
comes. Process variables in animal experimentation are used to refine mechanistic hy-
potheses, which can be tested in humans to substantiate mechanisms. For example,
sampling tissue or hemodynamic parameters during arrest, CPR, or the postresuscitation
period may confirm in humans a proposed mechanism of injury or potential benefits of
a technique demonstrated in animals.

Outcome variables in resuscitation research usually describe an organism’s function
after resuscitation with the most common variables being actual ROSC and neurologic
outcome. Although debate exists, an argument can be made that human outcome trials are
warranted when properly designed animal trials demonstrate an improvement in ROSC
even if neurologic outcome is not improved because improvements in the rate of ROSC
in humans is the first step toward improving neurologic function after CA resuscitation.

Species

Not all aspects of CA, CPR, and postresuscitation care need to be modeled simulta-
neously when asking certain questions. However, it would be nice if the same model
could be used by all so that questions asked and studied would come as close as possible
to the clinically relevant. Ideally, animal models used to study process or outcome vari-
ables would be amenable to modeling all aspects of the disease including the ischemia
of the arrest itself (down time), the period of low flow produced by CPR, and the
postresuscitation period after ROSC. This means that if the cause of the arrest could be
incorporated in the model, the model would have the same metabolic profile allowing
clinically relevant durations of arrest and resuscitation to be performed. Clearly defined
end-points such as neurological outcome could be used if desired. Additionally, the
models would incorporate important underlying conditions such as coronary heart dis-
ease or comorbid conditions such as hypertension and/or CHF if adult CA is being
modeled. Finally, the ability to manipulate the model genetically to assist in identifying
and understanding various pathophysiologic mechanisms would greatly add to the sci-
ence of CA research. Unfortunately, no such model exists and is unlikely to exist for some
time to come. When it is finally developed, it is likely to be quite expensive. Despite this,
it is incumbent that researchers balance issues of realism and cost to match the importance
of the question asked with the most appropriate model.

Models of CA and CPR have included rodents, rabbits, cats, canines, swine, and
primates. Each has its advantages and disadvantages ranging from price to complexity.
Of these, the models using rodents, canines, and swine predominate. A brief overview of
each of these species along with primates follows.
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RODENTS

Although rodents are the most commonly studied animal species in biomedical
research, their use in CA research is relatively new (17,18). Rats have been used most
frequently for CA research. The use of mice has been reported only recently (19). The
most obvious advantages of using rodents for CA research are their relatively low cost
and maintenance, the controlled genetic variability, and most recently the potential to
examine cellular mechanisms of pathophysiology and treatment through the use of
genetic knock-out strains in mice and soon for rats.

Rodents are valuable for testing of interventions expected to produce small but impor-
tant changes in outcome thus necessitating the study of a greater number of animals. They
are also valuable for hypothesis testing of process variables at the cellular level. There
are, however, very important limitations in the use of rodents for CA research. The
anatomy and physiology of rodents are, markedly different from humans. For example,
rodents defibrillate themselves spontaneously, and thus are difficult to use if ventricular
fibrillation (VF) is the mode of arrest. Another major potential difference that has not
been adequately studied is the issue of metabolism and individual organ tolerance to
ischemia. Fundamental questions of basal oxygen delivery and consumption of indi-
vidual organs and the level of oxygen delivery that results in ischemia and accumulation
of oxygen debt have not been well defined (20). This lack of information prevents basic
comparisons of the effect of arrest times on process and outcome variables between
rodents, larger animals, and humans. Is a 4-minute arrest in a rat or mouse equivalent to
a 10-minute arrest in humans? Can anything but basic process variables at a cellular level
be compared to humans? These are basic questions that should be asked and studied if
rodents are to become an important link in the chain of CA research.

Neurological outcome studies in rodents is appealing because they can be trained
easily (compared to large animals) to perform tasks requiring memory prior to the arrest
and then be tested postarrest. However, provision of postresuscitation care to rodents is
difficult in terms of providing clinically relevant ventilation and cardiovascular support.
This is an important but often overlooked issue when examining neurological outcome
several days after the arrest. Similar to other species, postresuscitation process and out-
come variables may be misinterpreted if animals are left to their own resuscitation after
CA. For example, something as simple as postresuscitation hypoxemia that occurs from
tracheal or bronchial secretions might result in death or a worsened neurologic outcome
and negate any positive findings proposed as the result of an experimental intervention.

Rodents can be obtained that are bred to have important comorbid conditions associ-
ated with CA such as hypertension and age (21,22). Although tempting, the use of genetic
knock-out strains of rodents to study cellular processes associated with CA and CPR
should be viewed with caution. Nature will have a tendency to compensate for removal
of a gene. Good examples of this are (a) the upregulation of various isoforms of nitric
oxide synthase when the gene for the endothelial form of the synthase to maintain micro-
vascular vasodilation is removed, or (b) the increase in capillary density that occurs in
response to removal of the gene responsible for making myoglobin to maintain oxygen
delivery (23).

In terms of animal husbandry, there are differences between inbred and outbred
species of rodents. Viruses and bacterial pathogens such as rat respiratory virus or
Myocplasma, may produce adverse and unintended experimental outcomes even when
clinical signs are not present (24). Thus, attempts should be made to assure that animals
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are pathogen-free. Even what might be minor pre-experimental events such as cold or
transport stress should be taken into account when planning experiments examining
both process and outcome variables as these events may significantly alter the animals’
immune system and response to the stress of surgery.

CANINES

Until the mid-1980s, canines were the favored large animal model used in CA research.
Although canine cardiovascular function in general is similar to humans, the canine heart
contains extensive collateral circulation. Additionally, the thoracic dimensions of most
canines (which are keel chested) are substantially different from humans, making com-
parison of chest compression techniques to humans difficult. Between breeds there is
significant difference in the size and shape of the chest, heart, and brain that may poten-
tially affect outcome. Additionally, some feel that the cardiac output and regional blood
flow in canines are higher before and during resuscitation compared to humans (25).

Despite these shortcomings, canines remain a valuable model and there exists exten-
sive neurologic and histopathologic outcome data for the species in the setting of CA and
CPR. Specific neurological outcome scores have been developed for canines, which
appear to correlate well with histopathology (26). Canines can also be “engineered”
(nongenetically) to develop via diet and other means to have clinically relevant causal or
comorbid conditions such as atherosclerosis and CHF.

Canines can be obtained from colonies that are purpose-bred, which indicates that
animals were bred specifically for research in a regulated facility. Such animals are
conditioned and should thus be free of clinical disease and vaccinated from such entities
as heartworms. Use of canines from local sources such as shelters or pounds is discour-
aged because uniform health and size among animals cannot be guaranteed.

SWINE

Swine use in CA research has greatly increased and appears to be currently favored
over canines for a variety reasons. They are generally less expensive than canines and can
be obtained in more uniform sizes and ages for experiments modeling infants, children,
and adults. From an anatomical standpoint, the swine thorax has more similarities to
humans and the swine heart has less collateral circulation than canines. Humans and
swine are also very similar in terms of metabolism and cardiovascular function. The
electrophysiology of the heart and the central hemodynamic and organ-specific blood
flow of the swine in response to CPR and pharmacology appear to be more similar to
humans and may allow for better preclinical studies on techniques and interventions,
which take place during the period of CPR than with rodents and canines (27). Similar
to canines, the size of swine allows for easier measurement of central hemodyanics such
as cardiac output and organ-specific hemodynamics such as regional blood flow than
rodents. As with canines, this is especially important in the postresuscitation phase in
which a level of critical care similar to humans can be provided to examine longer term
variables such as neurological outcome and histopathology or shorter term variables such
as myocardial function (28,29).

Similar to canines, swine also allow for the potential advantage of imputing other
important variables into a model of CA including coronary atherosclerosis and CHF(30–
33). It is also likely that swine will be the first large animal to have its genome sequenced
and to undergo knock-out experimentation although the same compensatory caveats will
exists with swine as exists with rodents.
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Swine can be obtained from herds accredited by a national agency and can be indicated
as such by the term specific-pathogen-free. However, even in such circumstances, such
pre-existing disease states as pneumonia can be present and are difficult to diagnoses
unless animals are radiographed prior to use. Use of swine that are contracted out from
local farms is discouraged because it will be more difficult to ensure uniform health
among animals prior to experimentation.

NONHUMAN PRIMATES

Despite their similarity to humans and ability to be bred to have human cardiac disease,
primates have not been used frequently for CA research (34–36). The ability to observe
and test for functional neurological changes produced by the arrest and treatment and
their extrapolation to humans is enticing. However, the expense of purchase and upkeep
of these animals are major deterrents. Additionally, among animal models, primates will
have the greatest degree of genetic variability that may or may not be valuable when
looking for an initial treatment effect. Many CA clinical trials have been based on data
obtained from species other than nonhuman primates (37–40). It is unclear what benefit
or changes would have occurred if nonhuman primates had been used prior to human
trials in these instances.

Lessons and Examples From the Literature
Following are a number of studies that have been performed in CA research, which

serve to stress the importance of clinical relevance and the sometimes counterintuitive
results of clinical studies that were not supported by animal studies.

Perhaps one of the greatest stumbling blocks in CA research is the clinical relevance
of the model chosen. If outcome variables of an animal model such as ROSC and neu-
rologic outcome are chosen to mimic out-of-hospital CA as a prelude to clinical studies,
as many clinical variables should be incorporated as possible that mimic the clinical
scenario so that any improvement in the outcome variable is more likely to be observed
in a clinical study.

This is not specific to CA research but permeates research in other shock states. For
example, models of hemorrhagic shock examining the effects of a treatment on out-
come can be criticized because none contains all of the common clinical elements of
severe soft tissue injury, pain, hypoxemia, resuscitation with stored packed cells, pro-
longed mechanical ventilation, and potentially intra-abdominal hypertension in addi-
tion to volume hemorrhage leading to severe oxygen debt. In this situation, events
concomitant to hemorrhage that occur in the individual of multisystem trauma as a
result of both injury and treatment have the potential to effect outcome profoundly. For
instance, stored packed red cells (commonly used in the clinical setting) have been
demonstrated to adversely effect microcirculatory tissue oxygen delivery adversely
compared to citrated or heparinized fresh whole blood (never clinically used [41]).
Pain from sever soft tissue injury has been demonstrated to significantly increase
oxygen consumption and decrease splanchnic blood flow, both of which have the
potential to potentiate cumulative oxygen debt (42,43). This can be compounded by
increases in intra-abdominal pressure, which further decreases splanchnic perfusion
and cardiac output (44). Prolonged (>24 hours) mechanical ventilation is injurious to
the lungs, increasing the chance of acute lung injury after hemorrhage (45). It is easy
to envision how a model designed to test the ability of a new blood substitute vs
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crystalloid fluid and fresh hemorrhaged whole blood on 24 to 48 hours survival could
significantly underestimate the severity of injury and illness if the model was one of
simple pressure hemorrhage. Significant benefits of the blood substitute found in such
a simple experiment may not be present when applied to the more complex everyday
clinical scenario. Failure to model all of the above entities is also likely to be respon-
sible for why there are no animal models of trauma-induced multisystem organ failure.

Similar disparities exist when modeling out-of-hospital CA. Epinephrine dosing is a
prime example. The original recommendation by the American Heart Association (AHA)
that epinephrine be administered to adults at a dose of 1 mg was based on the studies of
Redding who used 1 mg of epinephrine on 10-kg weight dogs (46). Without critical
evaluation, this dose was accepted before realizing that the human dose may not have
been properly extrapolated from animal data. This in turn led to a large number of animal
studies that examined the effects of much higher doses of epinephrine. The results of
these animal studies demonstrated higher doses of epinephrine significantly improved
variables such as CPP, which are associated with increases in ROSC (47,48). However,
when tested in humans, high-dose epinephrine failed to improve outcome (37). Close
examination of the clinical studies revealed several important issues that may not have
been taken into account in animal studies (49). Chief among these was the timing of
administration. Whereas most animal studies examined the use of the drug approx 10
minutes after onset of CA, analysis of human trails found that the time to first drug
administration averaged 18 to 20 minutes, a time almost double that of animals. Addition-
ally, postresuscitation care of humans after CA is not standardized and indeed had not
been studied at that point in animals to understand what affects high doses of catechola-
mines would have on postresuscitation myocardial function and microcirculatory blood
flow (50). Clinicians were ill prepared to treat the postresuscitation systemic effects of
massive catecholamine dosing that were found to produce significant tissue oxygen
defects (51,52).

Another major issue not taken into account was whether higher doses of epinephrine
would be able to increase myocardial blood flow in the face of significant coronary artery
stenosis. This is an important question because the majority of adult arrest victims will
have significant coronary artery disease (CAD) and a very important segment of these
victims will have had a myocardial infarction (MI) as a cause of their arrest (53). In a
remarkable series of studies performed by Kern and colleagues, coronary artery lesions
of 50% or less were shown to drastically reduce distal myocardial blood flow during CPR
for a given perfusion pressure (54–56). Although the effect of high-dose epinephrine was
not examined in these studies, a distinct possibility exists that the benefits demonstrated
in previous animal models of CPR without coronary lesions would have been less impres-
sive and may not have reached significance if they had been studied in models incorpo-
rating coronary artery stenosis. Additionally, MI-induced VF is rarely modeled (57).
Instead, VF is induced electrically. The ability to obtain ROSC in an infarcted heart with
significant CAD and a prolonged post-arrest predrug administration time of 20 minutes
will be much more difficult than that of a nondiseased, noninjured pre-arrest heart with
a post-arrest predrug administration time of 10 minutes. Therapies that significantly
improve ROSC and neurological outcome in the former model should have much less
chance of failure in a clinical trial.

Use of asphyxial models that correspond to the clinical experience presents similar
challenges and pitfalls in attempting not to underestimate the severity of the insult.
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Rodent models of asphyxia have used asphyxia times of 8 to 10 minutes to produce actual
CA times of only 4 to 8 minutes (18,58,59). With the exception of drowning, asphyxia
(at least in adults) is likely to be much more prolonged and produced by more insidious
processes as exacerbations of acute airway diseases such as asthma or emphysema in
which the individual fatigues and finally becomes hypoxemic enough to arrest. In these
settings, the accumulated oxygen debts of the individuals will be significantly higher than
the short durations of total asphyxia and arrest produced in current preclinical models.
Additionally, arrest times prior to interventions such as drug therapy will be prolonged
much more clinically (49).

Using vasoactive agents again as an example, animal studies can be designed in such
as way as not to see an affect at all or to see something artificial. Both human and animal
studies have demonstrated the need to create a minimum CPP for ROSC to occur. In order
to demonstrate that the new agent is helpful in achieving critical CPP, baseline chest
compressions should be performed to create the suboptimal range of CPP that occurs
clinically (60–62). If, however, chest compressions are performed in the animal model
and in of themselves produce a CPP above the critical threshold for ROSC and produce
ROSC without the need for exogenous vasoactive agents, it becomes less likely that the
vasoactive agent(s) being tested will be demonstrated to superior over each other (63).
In fact, it might be possible in this model to find detrimental effects of one agent over
another that would not be found ordinarily because administration of the agent such as
high-dose epinephrine in this model would be similar to producing a model of simple
catecholamine overdose.

A much overlooked part of animal models of CA is the issue and importance of
modeling the postresuscitation phase of care. For as much emphasis as has been placed
on demonstrating the ability of experimental agents or techniques to improve neurologi-
cal outcome, it is amazing how much this aspect of modeling has been neglected because
neurologic outcome cannot be predicted immediately upon ROSC but instead takes
several days to determine. The postresuscitation care of animals has ranged from liter-
ally extubating comatose animals within several hours of ROSC and placing them into
cages to providing clinically relevant intensive care from the onset of ROSC and lasting
96 hours (26,63–65). Failure to provide aggressive postresuscitation care to animals
may lead to the inability to observe the ability of an intervention delivered during CPR
to improve ROSC and long-term outcome because poor postresuscitation care may
increases mortality or morbidity as a result of cardiovascular or respiratory events that
would have ordinarily been avoided with proper monitoring in the clinical setting.
Conversely, aggressive postresuscitation care from a cardiovascular standpoint imme-
diately after ROSC my also lead to the inability to observe differences in outcome
because in the clinical environment, it may take several hours to instrument patients
properly and optimize cardiovascular performance and cerebral blood flow.

Finally, there are animal models demonstrating benefit of an intervention on outcome
that have also significantly underestimated the benefit of the intervention in humans. A
prime example of this has been in the large animal studies of hypothermia to improve
neurological outcome after CA. A significant body of work examining the effects of
postresuscitation hypothermia in canines demonstrated that in order to be effective in
improving neurological outcome, hypothermia had to be instituted in less than 15 minutes
after ROSC (65). This would present many challenges in applying hypothermia as a
clinical postresuscitation treatment. Despite these findings, several large clinical trials



Chapter 34 / Animal Models 691

demonstrated a significant improvement in neurological outcome when hypothermia
was instituted in the postresuscitation phase, even when the therapy could not be imme-
diately instituted and the time to reach target temperature was several hours longer than
animal studies suggested would be effective (39,66,67). It was also demonstrated that
delays in instituting hypothermia in rat models of CA did not negate its effectiveness (68).
These findings appear to violate the hierarchical approach to clinical trials in which one
would originally screen a therapy in rodents followed by movement to a higher species
such as canines or swine, and then finally move to a clinical trial. Why canines demon-
strated little improvement in neurological outcome after delayed cooling remains a
mystery but again points out that there is no perfect preclinical model.

Utstein Guidelines

Historically, it has been difficult to compare the results of clinical studies with each
other, the results of laboratory studies with each other and the results of clinical and
laboratory studies to each other. One of the major reasons for this difficulty is the lack
of standardization and the use of nonuniform terminology. In 1990, an international
conference on the topic of out of hospital resuscitation was held at the Utstein Abbey
in Norway to discuss the lack of standardized nomenclature and language in clinical
research reports. That same year, an additional meeting was held to develop a consen-
sus. This resulted in development of a uniform style of reporting and definitions of
clinical resuscitation research and was termed the Utstein Style (69). That same year, the
European Academy of Anaesthesiology developed a similar approach for animal mod-
els that led to a series of conferences and workshops culminating in 1996 with an
Utstein-Style guidelines for uniform reporting of laboratory CPR research (70,71). In
a survey performed by Idris and colleagues, it had been noted that lack of simple uni-
form definitions and item reporting made comparison between studies difficult. These
included failure to define and report such basic but important issues as minute ventila-
tion, CPP and ROSC (72). The aim of Utstein-type guidelines for laboratory study were
not to encourage or discourage one species or model over another but simply to include
enough uniform reporting information concerning aspects of the laboratory study to
allow its comparison with other published studies. The guidelines are centered around
nine templates and include the following:

• Study design
• Subjects
• Preparation of animals
• Methods for monitoring
• Experimental protocol
• Outcome variables
• Analytical approach
• Results
• Discussion and conclusions (71)

These templates cover almost every conceivable aspect of a laboratory CPR experi-
ment using animals and ranges form living conditions of the animals prior to the experi-
ment to mode of ventilation to comparing the statistical and biologic significance of
results. However, despite being published in 1996, the extent of adherence to these
guidelines remains unclear.
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SUMMARY

In the quest to develop successful treatments for CA, animal research will remain an
invaluable asset. However, researchers must critically evaluate the appropriateness of the
model used based on the clinical relevance of the question asked as it relates to process
vs outcome variables to be assessed. When placed in the greater context of the actual
clinical experience, more robust animal models are likely to be created. Clinical trials
based on such data will hopefully be at less risk of failure.

REFERENCES
1. Angelos MG, Murray HN, Gorsline RT, Klawitter PF. Glucose, insulin and potassium (GIK) during

reperfusion mediates improved myocardial bioenergetics. Resuscitation 2002; 55:329–336.
2. O’Neil BJ, Alousi SS, White BC, Rafols JA. Ultrastructural consequences of radical damage before and

after differentiation of neuroblastoma B-104 cells. Acta Neuropathol (Berl) 1996; 92:75–89.
3. Babbs CF, Thelander K. Theoretically optimal duty cycles for chest and abdominal compression during

external cardiopulmonary resuscitation. Acad Emerg Med 1995; 2:698–707.
4. Babbs CF, Ralston SH, Geddes LA. Theoretical advantages of abdominal counterpulsation in CPR as

demonstrated in a simple electrical model of the circulation. Ann Emerg Med 1984; 13(Pt 1):660–671.
5. Traystman RJ. Animal models of focal and global cerebral ischemia. Ilar J 2003; 44:85–95.
6. Schultz CH, Rivers EP, Feldkamp CS, Goad EG, Smithline HA, Martin GB, et al. A characterization of

hypothalamic-pituitary-adrenal axis function during and after human cardiac arrest. Crit Care Med
1993; 21:1339–1347.

7. Basha MA, Meyer GS, Kunkel SL, Strieter RM, Rivers EP, Popovich J. Presence of tumor necrosis factor
in humans undergoing cardiopulmonary resuscitation with return of spontaneous circulation. J Crit Care
1991; 6:185–189.

8. Feuerstein GZ, Liu T, Barone FC. Cytokines, inflammation, and brain injury: role of tumor necrosis
factor-alpha. Cerebrovasc Brain Metab Rev 1994; 6:341–360.

9. Frangogiannis NG, Smith CW, Entman ML. The inflammatory response in myocardial infarction.
Cardiovasc Res 2002; 53:31–47.

10. Sullivan JM, Alousi SS, Hikade KR, et al. Insulin induces dephosphorylation of eukaryotic initiation
factor 2alpha and restores protein synthesis in vulnerable hippocampal neurons after transient brain
ischemia. J Cereb Blood Flow Metab 1999; 19:1010–1019.

11. Krause GS, Tiffany BR. Suppression of protein synthesis in the reperfused brain. Stroke 1993; 24:747–
755; discussion 55,56.

12. Reid KH, Paskitti M, Guo SZ, Schmelzer T, Iyer V. Experience with ketamine and sodium pentobarbital
as anesthetics in a rat model of cardiac arrest and resuscitation. Resuscitation 2003; 57:201–210.

13. Rana MW, Singh G, Wang P, Ayala A, Zhou M, Chaudry IH. Protective effects of preheparinization on
the microvasculature during and after hemorrhagic shock. J Trauma 1992; 32:420–426.

14. Wang P, Ba ZF, Chaudry IH. Endothelial cell dysfunction occurs after hemorrhage in nonheparinized
but not in preheparinized models. J Surg Res 1993; 54:499–506.

15. Tikka TM, Koistinaho JE. Minocycline provides neuroprotection against N-methyl-D-aspartate neuro-
toxicity by inhibiting microglia. J Immunol 2001; 166:7527–7533.

16. Yealy DM. How much “significance” is significant? The transition from animal models to human trials
in resuscitation research. Ann Emerg Med 1993; 22:11–16.

17. von Planta I, Weil MH, von Planta M, Bisera J, et al. Cardiopulmonary resuscitation in the rat. J Appl
Physiol 1988; 65:2641–2647.

18. Katz L, Ebmeyer U, Safar P, Radovsky A, Neumar R. Outcome model of asphyxial cardiac arrest in rats.
J Cereb Blood Flow Metab 1995; 15:1032–1039.

19. Song L, Weil MH, Tang W, Sun S, Pellis T. Cardiopulmonary resuscitation in the mouse. J Appl Physiol
2002; 93:1222–1226.

20. Dawson TH. Engineering design of the cardiovascular system of mammals. Englewood Cliffs, NJ:
Prentice Hall, 1991.

21. Takiguchi Y, Wada K, Nakashima M. Hemodynamic effects on thrombogenesis and platelet aggrega-
tion in spontaneously hypertensive rats. Clin Exp Hypertens 1993; 15:197–208.

22. Akiyama K, Tanaka R, Sato M, Takeda N. Cognitive dysfunction and histological findings in adult rats
one year after whole brain irradiation. Neurol Med Chir (Tokyo) 2001; 41:590–598.



Chapter 34 / Animal Models 693

23. Godecke A, Schrader J. Adaptive mechanisms of the cardiovascular system in transgenic mice—lessons
from eNOS and myoglobin knockout mice. Basic Res Cardiol 2000; 95:492–498.

24. Damy SB, de Lourdes Higuchi M, et al. Coinfection of laboratory rats with Mycoplasma pulmonis and
Chlamydia pneumoniae. Contemp Top Lab Anim Sci 2003; 42:52–56.

25. Halperin HR, Tsitlik JE, Guerci AD, et al. Determinants of blood flow to vital organs during cardiop-
ulmonary resuscitation in dogs. Circulation 1986; 73:539–550.

26. Leonov Y, Sterz F, Safar P, Radovsky A. Moderate hypothermia after cardiac arrest of 17 minutes in
dogs. Effect on cerebral and cardiac outcome. Stroke 1990; 21:1600–1606.

27. Gross DR. Animal Models in Cardiovascular Research. Boston, MA: Kluwer Academic Publishers,
1985.

28. Kern KB, Hilwig RW, Rhee KH, Berg RA. Myocardial dysfunction after resuscitation from cardiac
arrest: an example of global myocardial stunning. J Am Coll Cardiol 1996; 28:232–240.

29. Wenzel V, Lindner KH, Krismer AC, et al. Survival with full neurologic recovery and no cerebral
pathology after prolonged cardiopulmonary resuscitation with vasopressin in pigs. J Am Coll Cardiol
2000; 35:527–533.

30. Bocan TM. Animal models of atherosclerosis and interpretation of drug intervention studies. Curr
Pharm Des 1998; 4:37–52.

31. King MK, Coker ML, Goldberg A, et al. Selective matrix metalloproteinase inhibition with developing
heart failure: effects on left ventricular function and structure. Circ Res 2003; 92:177–185.

32. Argenziano M, Dean DA, Moazami N, et al. Inhaled nitric oxide is not a myocardial depressant in a
porcine model of heart failure. J Thorac Cardiovasc Surg 1998; 115:700–708.

33. Yarbrough WM, Spinale FG. Large animal models of congestive heart failure: A critical step in trans-
lating basic observations into clinical applications. J Nucl Cardiol 2003; 10:77–86.

34. Gilroy BA, Rockoff MA, Dunlop BJ, Shapiro HM. Cardiopulmonary resuscitation in the nonhuman
primate. J Am Vet Med Assoc 1980; 177:867–869.

35. Eshel G, Safar P, Radovsky A, Stezoski SW. Hyperthermia-induced cardiac arrest in monkeys: limited
efficacy of standard CPR. Aviat Space Environ Med 1997; 68:415–420.

36. Malinow MR. The role of nonhuman primates in research on atherosclerosis regression- hypothetical
mechanisms implicated in regression. Artery 1981; 9:2–11.

37. Brown CG, Martin DR, Pepe PE, et al. A comparison of standard-dose and high-dose epinephrine in
cardiac arrest outside the hospital. The Multicenter High-Dose Epinephrine Study Group. N Engl J Med
1992; 327:1051–1055.

38. Randomized clinical study of thiopental loading in comatose survivors of cardiac arrest. Brain Resus-
citation Clinical Trial I Study Group. N Engl J Med 1986; 314:397–403.

39. Mild therapeutic hypothermia to improve the neurologic outcome after cardiac arrest. N Engl J Med
2002; 346:549–556.

40. Halperin HR, Tsitlik JE, 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.

41. van Bommel J, de Korte D, Lind A, et al. The effect of the transfusion of stored RBCs on intestinal
microvascular oxygenation in the rat. Transfusion 2001; 41:1515–1523.

42. Mackway-Jones K, Foex BA, Kirkman E, Little RA. Modification of the cardiovascular response to
hemorrhage by somatic afferent nerve stimulation with special reference to gut and skeletal muscle
blood flow. J Trauma 1999; 47:481–485.

43. Rady MY, Little RA, Edwards JD, Kirkman E, Faithful S. The effect of nociceptive stimulation on the
changes in hemodynamics and oxygen transport induced by hemorrhage in anesthetized pigs. J Trauma
1991; 31:617–621; discussion 21–22.

44. Saggi BH, Sugerman HJ, Ivatury RR, Bloomfield GL. Abdominal compartment syndrome. J Trauma
1998; 45:597–609.

45. Slutsky AS. Lung injury caused by mechanical ventilation. Chest 1999; 116(Suppl):9S–15S.
46. Redding JS, Pearson JW. Evaluation of drugs for cardiac resusciation. Anesthesiology 1963; 24:203–207.
47. Hoekstra JW, Rinnert K, Van Ligten P, Neumar R, Werman HA, Brown CG. The effectiveness of bystander

CPR in an animal model [see comments]. Ann Emerg Med 1990; 19:881–886.
48. Brown CG, Werman HA, Davis EA, Hobson J, Hamlin RL. The effects of graded doses of epinephrine

on regional myocardial blood flow during cardiopulmonary resuscitation in swine. Circulation 1987;
75:491–497.

49. Hoekstra JW, Banks JR, Martin DR, et al. Effect of first-responder automated defibrillation on time to
therapeutic interventions during out-of-hospital cardiac arrest. The Multicenter High Dose Epinephrine
Study Group. Ann Emerg Med 1993; 22:1247–1253.



694 Cardiopulmonary Resuscitation

50. Tang W, Weil MH, Sun S, Noc M, Yang L, Gazmuri RJ. Epinephrine increases the severity of
postresuscitation myocardial dysfunction. Circulation 1995; 92:3089–3093.

51. Rivers EP, Wortsman J, Rady MY, Blake HC, McGeorge FT, Buderer NM. The effect of the total
cumulative epinephrine dose administered during human CPR on hemodynamic, oxygen transport, and
use variables in the postresuscitation period. Chest 1994; 106:1499–1507.

52. Rivers EP, Rady MY, Martin GB, et al. Venous hyperoxia after cardiac arrest. Characterization of a
defect in systemic oxygen use. Chest 1992; 102:1787–1793.

53. Zahger D. Immediate coronary angiography in survivors of out-of-hospital cardiac arrest. N Engl J Med
1997; 337:1321,1322.

54. Kern KB, Lancaster L, Goldman S, Ewy GA. The effect of coronary artery lesions on the relationship
between coronary perfusion pressure and myocardial blood flow during cardiopulmonary resuscitation
in pigs. Am Heart J 1990; 120:324–333.

55. Kern KB, Ewy GA. Minimal coronary stenoses and left ventricular blood flow during CPR. Ann Emerg
Med 1992; 21:1066–1072.

56. Kern KB, de la Guardia B, Ewy GA. Myocardial perfusion during cardiopulmonary resuscitation (CPR):
effects of 10, 25 and 50% coronary stenoses. Resuscitation 1998; 38:107–111.

57. Angelos MG, Gaddis ML, Gaddis GM, Leasure JE. Improved survival and reduced myocardial necrosis
with cardiopulmonary bypass reperfusion in a canine model of coronary occlusion and cardiac arrest.
Ann Emerg Med 1990; 19:1122–1128.

58. Neumar RW, Bircher NG, Sim KM, et al. Epinephrine and sodium bicarbonate during CPR following
asphyxial cardiac arrest in rats. Resuscitation 1995; 29:249–263.

59. Mayr VD, Wenzel V, Voelckel WG, et al. Developing a vasopressor combination in a pig model of adult
asphyxial cardiac arrest. Circulation 2001; 104:1651–1656.

60. Paradis NA, Martin GB, Goetting MG, et al. Simultaneous aortic, jugular bulb, and right atrial pressures
during cardiopulmonary resuscitation in humans. Insights into mechanisms [see comments]. Circulation
1989; 80:361–368.

61. Paradis NA, Martin GB, Rivers EP, et al. Coronary perfusion pressure and the return of spontaneous
circulation in human cardiopulmonary resuscitation. JAMA 1990; 263:1106–1113.

62. Paradis NA, Martin GB, Rosenberg J, et al. The effect of standard- and high-dose epinephrine on coronary
perfusion pressure during prolonged cardiopulmonary resuscitation. JAMA 1991; 265:1139–1144.

63. Berg RA, Otto CW, Kern KB, et al. A randomized, blinded trial of high-dose epinephrine versus standard-
dose epinephrine in a swine model of pediatric asphyxial cardiac arrest. Crit Care Med 1996; 24:1695–1700.

64. Kern KB, Carter AB, Showen RL, et al. Comparison of mechanical techniques of cardiopulmonary
resuscitation: survival and neurologic outcome in dogs. Am J Emerg Med 1987; 5:190–195.

65. Kuboyama K, Safar P, Radovsky A, Tisherman SA, Stezoski SW, Alexander H. Delay in cooling negates
the beneficial effect of mild resuscitative cerebral hypothermia after cardiac arrest in dogs: a prospective,
randomized study. Crit Care Med 1993; 21:1348–1358.

66. Bernard SA, Jones BM, Horne MK. Clinical trial of induced hypothermia in comatose survivors of out-
of- hospital cardiac arrest. Ann Emerg Med 1997; 30:146–153.

67. Bernard SA, Gray TW, Buist MD, et al. Treatment of comatose survivors of out-of-hospital cardiac
arrest with induced hypothermia. N Engl J Med 2002; 346:557–563.

68. Hickey RW, Ferimer H, Alexander HL, et al. Delayed, spontaneous hypothermia reduces neuronal
damage after asphyxial cardiac arrest in rats. Crit Care Med 2000; 28:3511,3516.

69. Cummins RO, Chamberlain D, Hazinski MF, et al. Recommended guidelines for reviewing, reporting,
and conducting research on in-hospital resuscitation: the in-hospital ‘Utstein style’. American Heart
Association. Circulation 1997; 95:2213–2239.

70. Aitkenhead AR, Bahr SJ, Cavaliere F, et.al. Animal research in cardiopulmonary resusciation: revised
recommendations of a working party of the European Academy of Anaesthesiology. Eur J Anaestheiol
1990; 7:83–87.

71. Idris AH, Becker LB, Ornato JP, et al. Utstein-style guidelines for uniform reporting of laboratory CPR
research. A statement for healthcare professionals from a task force of the American Heart Association,
the American College of Emergency Physicians, the American College of Cardiology, the European
Resuscitation Council, the Heart and Stroke Foundation of Canada, the Institute of Critical Care Medi-
cine, the Safar Center for Resuscitation Research, and the Society for Academic Emergency Medicine.
Writing Group. Circulation 1996; 94:2324–2336.

72. Idris AH, Becker LB, Wenzel V, Fuerst RS, Gravenstein N. Lack of uniform definitions and reporting
in laboratory models of cardiac arrest: a review of the literature and a proposal for guidelines. Ann Emerg
Med 1994; 23:9–16.



Chapter 35 / Clinical Trial Design 695

695

From: Contemporary Cardiology: Cardiopulmonary Resuscitation
Edited by: J. P. Ornato and M. A. Peberdy © Humana Press Inc., Totowa, NJ

35 Design of Clinical Trials Relating
to Medical Emergencies

Alfred Hallstrom, PhD

CONTENTS

INTRODUCTION

GENERAL COMMENTS ON TRIAL DESIGN

CASE EXAMPLES OF RECENT CLINICAL TRIALS CONDUCTED

IN AN EMERGENCY SETTING

SAMPLE SIZE

REFERENCES

INTRODUCTION

The purpose of any clinical trial is to evaluate treatment(s) in an at-risk population.
Clinical trial design principles are the same regardless of the setting. Three very read-
able books that cover fundamentals and specifics of clinical trial design are those by
Friedman, Furberg, and DeMets (1); Meinert (2); and Pocock (3). Clinical trial design
is much more than inclusion/exclusion criteria, sample size, randomization to treat-
ment arm, and counting endpoints. Defining and monitoring data collection, monitor-
ing and maintaining compliance, and monitoring and reporting potential adverse events
are often the most demanding design aspects.

The details of clinical trial design follow from three general concerns: ethics, believ-
ability, and cost. Details that are partially or entirely driven by ethics include the
following:

• Consent
• Randomization schemes (one-to-one, many-to-one, play the winner)
• Monitoring (Data and Safety Monitoring Boards, stopping rules)
• One-sided vs two-sided test of the null hypothesis (H0)
• Control arm (placebo, standard of care)
• Sampling

Believability is largely based on sufficient evidence and a probabilistic foundation
for making conclusions. Aspects of design that follow from the requirement of a proba-
bilistic foundation include the following:

• Sampling (registry)
• Randomization (blocking, weighted allocation)
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• Intention to treat
• Unbiased outcome measurement (blinding)

The need for adequate evidence will influence design issues such as:
• Sample size
• Type 1 error (finding a treatment effect when there is none) – -level
• Type 2 error (not finding a treatment effect when there is one) – -level (or power = 1– )

§ Compliance
§ Efficacy analysis (analysis based on therapy received)

• Data (type, extent, accuracy)

Unfortunately, substantial resources are needed to conduct a clinical trial. No trial
should be begun without an estimate of the cost, if for no other reason than to ensure that
the trial can be completed. Details that may be largely dictated by cost include the
following:

• Selection (inclusion/exclusion criteria)
• Length of trial
• Choice of primary endpoint (surrogate, composite)
• Secondary endpoints (cost, quality of life)
• Basic design (crossover, matched-pairs, two-sample, many-sample, groups)
• Covariate ascertainment (what, how, quality)
• Subgroups
• Mechanisms

GENERAL COMMENTS ON TRIAL DESIGN
Ethics

CONTROL ARM

In the emergency setting, there is little time or opportunity for a placebo effect on the
patient. Use of a placebo would be solely to blind study personnel so to avoid biased use
of concomitant therapy and bias in outcome assessment. Thus, in the emergency setting,
use of a placebo must not reduce the efficacy of standard of care, because there is no
potential for an offsetting placebo effect.

RANDOMIZATION SCHEMES

Clinical trials should be completed as quickly as possible and at the same time should
protect the safety of the trial participants. In the emergency setting, outcomes are essen-
tially immediate and one-to-one randomization will usually be most efficient, that is, will
result in the shortest trial. Play-the-winner strategies (which weight the randomization
toward the therapy that is currently winning) result in more patients being placed on the
superior arm, generally at the expense of extending the duration of the trial with only
modest reduction in the number of bad outcomes in the inferior treatment arm. Many-to-
one allocation schemes cannot be based on ethical arguments because such use would
actually suggest lack of equipoise on the part of the investigators. However, if a new
therapy is to be compared to a well-known standard therapy, enrolling two or three
patients to the new therapy per patient enrolled to standard may be desirable to obtain
more precise information about secondary and adverse endpoints of the new therapy.

DATA AND SAFETY MONITORING

Trials with mortality or serious morbid outcomes must be monitored on an ongoing
basis for safety and efficacy of the therapies (4–9). To preserve objectivity, the Data
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Safety Monitoring Board (DSMB) should consist of persons not vested in the conduct or
outcome of the trial (5). At minimum, the DSMB should include a statistician with
clinical trials experience, a generalist with clinical trial experience, and a person with
special expertise in the specific subject matter of the study (4). Because frequent assess-
ment of the efficacy of the treatments increases the likelihood of observing a large but
chance difference (Fig. 1), formal stopping rules are usually employed to maintain the
Type I error rate or -level (10–12). The effect of these rules is, on average, to terminate
trials early when there is, in fact, a substantial treatment difference at little cost in terms
of the total length of the trial should the rules not come into play. From the perspective
of minimizing trial subject exposure to the inferior therapy, these rules will tend to be
much more efficacious than play-the-winner allocation strategies. A simple monitoring
rule and its consequences are shown in Table 1. So-called futility rules based on condi-
tional power (the probability of observing a difference if the alternative is true given the
data observed to date) may also be used (13,14). These rules tend to stop the trial if the
conditional power becomes quite low. Although futility rules increase the type II error
rate, the increase is very small compared with the savings in cost and participant time that
can accrue in a study that is unlikely to impact future therapies. A simple futility rule and
its consequences are shown in Table 2.

SAMPLING

Certain groups (e.g., minorities, rural dwellers, or older persons) can be oversampled
to maximize the ability to determine whether the study results can be extrapolated to the
entire population.

Believability—Probabilistic Function
SAMPLING

It is desirable for results of a completed trial to be applicable to the population at large.
Generalizability is usually valid if the study participants were selected randomly from the
at-risk population. Generally, this cannot be done and even if it can, nonconsenting
patients may be quite distinct from consenting patients. Generalizability of trial results
can be evaluated to the extent that the population screened can be defined clearly and a
simple registry maintained of eligible consenting and nonconsenting patients. Fortu-
nately, in the emergency setting, exemption of consent will result in almost full sampling
in a, hopefully, representative sample of communities. Thus, for trials of emergency care,
the key sampling issue is selection of which communities should participate.

RANDOMIZATION

The fundamental basis for inference is the process of randomization. The hundreds of
millions of dollars spent on epidemiologic studies of the relationship between smoking
and cancer and smoking and heart disease were necessary because of the lack of random-
ization, creating a milieu in which results could be challenged easily. A few simple,
moderately sized, randomized trials would have provided unassailable evidence and in
a much shorter time frame.

Even with randomization, one might, by chance, encounter unequal allocation of risk
in the randomized groups. This can be partially controlled through a technique called
blocking to ensure that in certain “natural” strata, approximately equal numbers of par-
ticipants are randomized to both arms. For example, if there are several centers partici-
pating in the study, blocking on center will ensure that each center has patients
participating in both arms. If the enrollment will occur over a substantial number of years,



698 Cardiopulmonary Resuscitation

F
ig

. 1
. E

ac
h 

fi
gu

re
 r

ep
re

se
nt

s 
th

e 
on

go
in

g 
ta

ll
y 

of
 n

um
be

r 
of

 h
ea

ds
 m

in
us

 n
um

be
r 

of
 ta

il
s 

fr
om

 a
n 

“h
on

es
t c

oi
n”

 f
li

pp
ed

 2
00

 ti
m

es
 (

eq
ui

va
le

nt
 to

 a
 “

no
di

ff
er

en
ce

” 
tr

ia
l e

nr
ol

li
ng

 2
00

 p
at

ie
nt

s)
. T

he
 d

ot
te

d 
cu

rv
e 

re
pr

es
en

ts
 th

e 
“n

om
in

al
” 

0.
05

 b
ou

nd
ar

y 
fo

r c
ha

nc
e.

 F
or

 e
xa

m
pl

e,
 if

 th
e 

ta
ll

y 
w

as
 o

nl
y 

“l
oo

ke
d

at
” 

at
, s

ay
, t

he
 1

00
th

 f
li

p,
 th

e 
ta

ll
y 

w
ou

ld
 f

al
l o

ut
si

de
 th

at
 c

ur
ve

 o
nl

y 
1 

in
 2

0 
ti

m
es

 (
in

 th
is

 c
as

e 
it

 is
 0

 o
ut

 o
f 

6)
. T

he
 o

th
er

 c
ur

ve
s 

re
pr

es
en

t b
ou

nd
ar

ie
s

(l
ib

er
al

, a
nd

 c
on

se
rv

at
iv

e)
 th

at
 a

dj
us

t f
or

 lo
ok

in
g 

at
 th

e 
ta

ll
y 

af
te

r e
ve

ry
 fl

ip
. N

ot
ic

e 
th

at
 th

e 
no

m
in

al
 b

ou
nd

ar
y 

is
 e

xc
ee

de
d 

in
 th

re
e 

of
 th

e 
si

x 
tr

ia
ls

, a
lt

ho
ug

h
th

e 
li

be
ra

l b
ou

nd
ar

y 
is

 ju
st

 a
tt

ai
ne

d 
(r

at
he

r 
ea

rl
y)

 in
 o

ne
 o

f 
th

e 
si

x 
tr

ia
ls

 a
nd

 th
e 

co
ns

er
va

ti
ve

 b
ou

nd
ar

y 
is

 e
xc

ee
de

d 
(r

at
he

r 
la

te
) 

in
 o

ne
 o

f 
th

e 
si

x 
tr

ia
ls

.



Chapter 35 / Clinical Trial Design 699

Table 1
Effect of Sequential Monitoring on Sample Size

for a Conservative and a Liberal Monitoring Boundary

Monitoring Plan (equally spaced looks)

Actual treatment effect

Number Maximum  0.3 0.4 0.5
of looks Boundarya sample size Expected sample enrollment

1 1.96 707 707 707 707
2b 2.8, 1.98 712 670 638 577
2c 2.18, 2.18 785 687 600 592
3b 3.47, 2.45, 2.00 719 662 607 569
3c 2.29, 2.29, 2.29 824 691 571 564

Binomial outcome: Control rate = 0.3, Hypothesized alternative rate = 0.4,  = 0.05,
power = 0.8, two-sided, sequential monitoring for rejecting null only

a If absolute value of Z statistic exceeds value, stop for difference.
b Conservative boundary (i.e., requires substantial difference to stop early).
c Liberal boundary (i.e., requires moderate difference to stop early).

Table 2
Effect of Futility Monitoring on Sample Size

for a Conservative and a Liberal Monitoring Boundary

Monitoring Plan (equally spaced looks)

Actual treatment effect

Number Futility Maximum  0.2 0.3 0.4
of looks boundarya sample size Expected sample enrollment

2b 0.1 (300) 600 309 429 492
2c 0.4 (300) 600 303 401 483
3b –0.5 (200), 0.1 (400) 700 237 458 491
3c –0.2 (200), 0.5 (400) 700 224 391 476

Binomial outcome, Control rate = .3, Hypothesized alternative rate = .4,  = 0.05, power = 0.8,
1-sided, sequential monitoring for rejecting null using conservative boundary, sequential monitoring
for futility (little chance of rejecting the null by end of study).

a If Z statistic is less than value, stop for futility; value in ( ) is when (in terms of number of
enrolled patients) look is made.

b Conservative boundary (i.e., requires trend in opposite direction or very close to null to stop
early).

c Liberal boundary (i.e., requires trend moderately close to null to stop early).

blocking on year of entry will ensure that approximately equal numbers of patients are
randomized to each arm in each time period. In the emergency setting, blocking on season
and/or weekend may be relevant. Blocking is also sometimes done within important
clinical confounders. One must be careful not to block randomization on too many strata
as this can lead to a higher likelihood of imbalance in total numbers between the two arms
(15). Weighting the randomization allocation according to the accumulated risk factors
in the two treatment arms has also been advocated. This approach is generally unsuitable
for the emergency setting because it requires time to process. Moreover, imbalance in
measured risk factors can be at least partially addressed through analytic techniques.
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INTENTION TO TREAT

Although virtually everyone accepts randomization as a keystone to inference, not
everyone accepts intention to treat (analysis according to which arm the patient was
randomized to as opposed to the actual treatment that the patient received) as the appro-
priate method of analysis (16,17). For example, it is difficult to understand why a patient
who dies after randomization but prior to any treatment being instituted should be counted
as an endpoint in the arm to which the patient was randomized; or if a patient was
randomized to therapy A but inadvertently was given therapy B why that patient should
not be analyzed in treatment arm B. However, not receiving the randomized therapy is
almost never a haphazard proposition, but instead is as a result of very specific biases. For
example, if therapy A takes three times as long to initiate as therapy B, one might expect
three times as many patients to die prior to initiation of therapy A than prior to initiation
of therapy B, thus eliminating more of the high-risk patients from the therapy A arm if
one does not include such patients in the analysis.

UNBIASED OUTCOME MEASUREMENT

Unfortunately, if there is any subjectivity at all possible in the outcome measurement,
humans seem by nature inclined to measure what they want to see. As noted earlier, there
is no time for a placebo effect in the emergency setting. However, there may well be a
need for a placebo to mask study personnel to the therapy assignment, thus preventing
biased outcome measurement. Death, but not mode of death, is a nonsubjective endpoint,
but an outcome measure based on death can still be biased if outcome ascertainment is
not complete. Because death—or rather its opposite—survival, is the important measure
in most emergency trials, substantial effort must be devoted to ensure complete ascer-
tainment.

Believability—Adequate Evidence
SAMPLE SIZE

The cornerstone of adequate evidence is sufficient sample size. P values that are
viewed with some credulity (0.1, 0.075, 0.05) would achieve levels that are seldom
questioned (0.035, 0.021, 0.01) if the study had been twice as large.

TYPE I ERROR

For good or evil, an -level of 0.05 has been adopted as the appropriate level for
adequate evidence for most clinical trials. Occasionally, perhaps because the control
therapy is very inexpensive or the alternative therapy is very expensive, type I error rates
less than 0.05 may be desired.

TYPE II ERROR

If the trial does not result in a rejection of the null hypothesis, then believing that the
alternative hypothesis is not true will increase according as the type II error is small.
Generally, type II error rates less than 0.2 are acceptable, but rates less than 0.1 are
preferred. Type II error rates are increased by noncompliance to the randomized therapy.
For this reason, studies must be designed to monitor and maintain compliance. Efforts
spent on maintaining good compliance will provide a much greater return in believability
than attempting to do efficacy analyses because of poor compliance. Sufficient condi-
tions for an efficacy analysis to have validity (shown in Table 3a) cannot usually be
verified. Verifiable necessary, but not sufficient, conditions are listed in Table 3b.
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DATA

Extensive accurate data can enhance believability by allowing rigorous comparisons
of characteristics in the two randomized groups. Ascertainment of nonrandomized thera-
pies and process indicators showing equal exposure to the study during follow-up and,
as well, ancillary outcomes can be used to support and/or help explain the trial primary
outcome.

Cost
SELECTION

Screening requires study coordinator time but also can be expensive if special tests
are required to evaluate inclusion and exclusion criteria. Thus, costs will be reduced if
inclusion/exclusion criteria are few and easily determined. However, more extensive
screening may be cost effective, for example, to ensure that a high risk population is
enrolled (a 20% relative reduction in a control rate of 10% will require almost three times
as many patients as a 20% relative reduction in a control rate of 50%), or to enroll
patients who will comply with therapy and follow-up (a 25% crossover from control
would affect the design in such a way to require almost twice as many patients to achieve
the same power).

LENGTH OF TRIAL

Infrastructure costs are a substantial portion of the costs of multicenter trials and are
directly related to the number of participating centers. A longer trial at fewer centers will
generally cost less.

CHOICE OF PRIMARY ENDPOINT

A good surrogate is an endpoint that occurs sooner than the real endpoint and for which
the therapies being compared will have an effect similar to the effect that they would
have on the real endpoint (18–20). For example, blood pressure is sometimes thought to
be a reasonable surrogate for mortality and morbidity outcomes in hypertensive studies.

Table 3
Efficacy “On Treatment” Analysis

Must be able to define “on and off treatment.”

(a) If “off treatment” is

1) independent of treatment assignment and outcome
then efficacy analysis is valid and unbiased

2) independent of treatment assignment but not outcome
then efficacy analysis is valid but biased

(b) Verifiable necessary, but not sufficient, conditions for an efficacy
analysis to be valid are that both study arms must have the same

1) “off treatment” rates (overall and over time)
2) outcome rates in “off treatment” groups
3) baseline characteristics in “off treatment” groups
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There are no good surrogates for the endpoint of death in the emergency setting because
the primary endpoint occurs almost immediately. Return of spontaneous circulation or
hospital admission occur in essentially the same time frame as death so that they cannot
actually be cost-saving surrogates. In some settings, composite endpoints may be both
appropriate and reduce sample size. For example, a composite of death and infarct size,
for those who did not die, may be useful for evaluating treatment of acute myocardial
infarction (MI). The choice of such endpoints must however, be made with extreme
caution. How, for example, would one interpret the results if the composite endpoint
indicated therapy A was superior but there were actually more deaths on therapy A?

SECONDARY ENDPOINTS

Every secondary endpoint adds to the expense of the trial. Two endpoints that are
particularly expensive to collect are cost and quality of life. Cost data requires, first of all,
knowledge that a health care utilization has occurred and then access to the billing
information for that utilization, neither of which is readily available except in certain
closed health care systems such as the Veterans Administration. Quality of life, if not self-
administered, is time-consuming and expensive although if self-administered, is often
missing. Consideration should be given to restricting ascertainment of secondary end-
points to a (random) subsample.

BASIC DESIGN

Designers of a trial conducted in an emergency setting should give careful consider-
ation to whether individuals can be randomized or whether groups should be randomized
(21,22). Because of the emergency setting, randomization of individuals will not allow
efficient designs such as crossover or matched pairs to be employed. Randomization of
groups, for example, communities, shifts, ambulances, could utilize crossover and
matched pair designs. The choice of individual vs group randomization will have many
ramifications including defining the outcome measure and can have a decided impact on
the cost of the trial. However, if individual randomization is possible, randomizing indi-
viduals is preferable unless there are compelling cost savings.

COVARIATE ASCERTAINMENT

Ascertainment of baseline covariates is important for defining subgroups and ascer-
tainment of covariates during follow-up may be important for eliciting mechanisms.
However, coordinator time spent both in baseline and follow-up is directly related to the
number of data items collected. Cost can be substantially curtailed if subgroup and
mechanistic analyses are carefully thought through and only those considered of funda-
mental importance pursued. Some “attractive” data items (e.g., time from collapse to 911
call), may not be cost-effective generally (23).

CASE EXAMPLES OF RECENT CLINICAL TRIALS
CONDUCTED IN AN EMERGENCY SETTING

This section reviews four clinical trials that were conducted in the emergency setting
and some of the design issues that were encountered.

Myocardial Infarction Triage Intervention Trial (24)
The Myocardial Infarction Triage Intervention (MITI) trial was initiated shortly after

use of fibrinolytics in the hospital had demonstrated benefit in the setting of acute ST-
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segment elevation myocardial infarction (STEMI). The hypothesis was that providing
fibrinolytics in the field would shorten the time to fibrinolytic therapy and result in less
insult to the myocardium. Inclusion criteria included a finding on emergency medical
services (EMS) arrival of chest pain consistent with acute MI, patient consent, and after
consent, a 12-lead electrocardiogram (EKG) transmitted to a baseline hospital showing
ST elevation or depression. The primary exclusion was contraindication to fibrinolytic
therapy. A patient was randomized if the fibrinolytic kit was opened. The kit contained
either fibrinolytics and an infusion pump or dummy materials of size and weight to make
the control kit indistinguishable without being opened.

This trial was conducted before the current regulations concerning investigations in
emergency settings were formulated. Initially, investigators felt that informed consent
was not feasible. However, the institutional review board insisted on consent and ulti-
mately agreed on a one-paragraph verbal consent being read by the paramedics to the
patient. It is unclear whether this provided informed consent. Very few persons refused
consent. It is also unclear whether such a trial would require individual consent today or
whether exemption from consent would apply.

In the initial design that was considered, fibrinolytic therapy was to be offered every
other day (i.e., the unit of randomization was the day). A fundamental argument against
this was the question of whether the paramedics would screen for chest pain consistent
with acute MI with the same level of intensity if they knew that fibrinolytic therapy was
not available. Of less concern was the question of how to compute sample size. How
would one treat a day in which no patients present with chest pain? How would one treat
the day in which several patients present with chest pain? The issue here is how to define
the outcome measure. If days are randomized, the outcome measure would have to be
some average measure of the endpoint across all of the eligible patients for that day.

Finally, the investigators faced the concern of whether it was ethical to obtain consent
and transmit a 12-lead EKG to the baseline hospital when the kit contained dummy
materials, possibly lengthening the time before transport for those patients who ended up
in the control arm. The solution employed was to provide the potential for better care of
the control patient because the hospital could anticipate arrival of a patient having an
acute MI and included having a fibrinolytic kit available in the emergency room. How-
ever, this solution resulted in serious problems with interpretation of the trial result,
which was that there was no significant difference in the primary endpoint for those
treated in the field vs those treated in the hospital. Unfortunately, the time to treatment
in the hospital fell from more than 1 hour prior to study implementation to a fraction of
an hour during study implementation, presumably because the hospital was tipped off to
the imminent arrival of a patient with acute MI and because of the availability of the
fibrinolytic kit in the emergency department. The magnitude of the Hawthorne (study)
effect in the control arm was so great as to make it impossible to interpret failure to reject
the null hypothesis (i.e., no difference in outcome) as rejection of the alternative (i.e.,
fibrinolytics in the field resulting in better outcome).

TeleCPR

The dispatcher-assisted cardiopulmonary resuscitation (TeleCPR) trial randomized
episodes of presumed out-of-hospital cardiac arrest (CA) to dispatcher instruction in
CPR with the randomization being between the type of instructions that the dispatcher
provided, standard American Heart Association (AHA) airway breathing and compres-
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sion instructions vs instructions just involving chest compressions (25). Inclusion criteria
for this trial were the absence of a positive response to the following questions:

• Is the patient awake or conscious?
• Is the patient breathing normally?
• Is the patient an infant or child?
• Is anyone there doing or intending to do CPR?

And a positive response to the question
• Would you like me to give you CPR instructions?

Exclusion criteria included such things as relayed calls, patients in inaccessible loca-
tions, patients beyond the possibility of treatment (dead on arrival), and arrests as a result
of overdoses or other noncardiac causes such as trauma.

This study was begun before the current consent procedures were formulated. Who
exactly was consenting? It was agreed that the patient could not possibly give consent.
It was felt that time could not be spent explaining the study to the caller. Consent for the
caller consisted essentially of asking the question for those eligible patients of whether
the caller would be willing to do CPR following dispatcher instructions (follow-up data
for the patient if they were admitted to the hospital and follow-up telephone interviews
with callers did require formal consent).

A major difficulty with the teleCPR trial had to do with the issue of intention-to-treat
analysis. Because of the emergency setting, it was not ethical for the dispatcher to pursue
each of the exclusionary criteria exhaustively. In fact, unless they were mentioned inci-
dentally during the interrogation protocol, they were not explicitly determined. Conse-
quently, many excluded episodes were randomized, including a substantial number in
which no out-of-hospital CA occurred, a substantial number whose arrest was as a result
of overdose, and a substantial number who were beyond the potential for treatment.
Because the nonarrest cases would all survive and most of the overdose patients would
survive, including these survivors in the intention-to-treat analysis would overwhelm the
numerators in comparison to the number of eligible episode survivors. It is possible to
exclude randomized patients from the analysis without destroying the basis (i.e., the
randomized basis) for inference. The exclusions must be based on the following: (a) data
available at the time of randomization, (b) absence of any knowledge of what the random-
ization was, and (c) verifiable by an independent party. Importantly, if such an exclusion
process is to take place, all randomized cases must be subjected to the same rigorous
review, not just those that are “convenient” or “come to light.”

The telephone CPR study was a single-center study and took 10 years to accumulate
sufficient episodes. Additionally, prior to the randomized trial, a quasi-experimental
design had been conducted for 3 years in which no dispatcher instruction, chest compres-
sion-only instruction, or the AHA ABC instruction had been given in consecutive 3-
month periods. This quasi-experimental phase pointed out the inherent biases of the
dispatchers in that compliance to the interrogation protocol was lowest in the control
phase and highest in the ABC phase. Even in the randomized phase, dispatcher bias
reduced power somewhat because they administered ABC instructions 2% of the time
when the randomized assignment was chest compressions and administered chest com-
pression instructions only 1% of the time when ABC was assigned. Could the study have
been completed in a shorter length of time if multiple centers participated? In theory, the
answer is yes. However, when a second “experienced” center was considered, it had to
be abandoned because dispatcher compliance was close to 0. The point is that in the
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emergency setting, compliance is extremely difficult to enforce. It cannot be done at the
time of therapy administration. It must be accomplished through extensive pretraining
and education and through ongoing extensive quality control and corrective action.
Compliance is inherently much more difficult in multicenter than in single-center trials.

Finally, because of the difficulty in determining inclusion and exclusion criteria, could
a design in which dispatch centers, rather than individual episodes, were randomized
have been possible? Again theoretically, the answer is yes, but such a design would create
issues regarding the outcome measure. Only a minority of episodes would be expected
to benefit (knowledgeable bystanders would be available in perhaps 50% of episodes)
and because the impact of this differential CPR instruction could not be expected to be
huge, the contribution to the numerator (survivors of out-of-hospital CA) could not be
large, although the denominator (all out-of-hospital CAs) might be difficult to standard-
ize across centers. Thus, a large number of centers would probably be necessary to
achieve reasonable power, leading to an extremely costly study.

Amiodarone for Resuscitation After Out-of-Hospital CA
as a Result of Ventricular Fibrillation (ARREST) Trial

The ARREST trial sought to determine whether intravenous amiodarone would
improve the rate of successful resuscitation in patients who remained in ventricular
fibrillation (VF) after receiving three or more precordial shocks (26). Prepackaged
identical kits were used, one containing amiodarone, the other containing a placebo
solution. This study was conducted under current regulations with an exception from
informed consent. The study endpoint was admission to the hospital with a spontane-
ously perfusing rhythm. The study demonstrated a significant increase in the propor-
tion of patients admitted to the hospital. One issue that this study faced was inclusion
criteria, which were so stringent to include only patients with a very low likelihood of
survival to hospital admission. This was driven by the ethical concern that devoting
resources and time to an untested therapy (or placebo) potentially delayed the advent
of more useful therapies, including transport to the hospital. The placebo was deemed
necessary to blind the paramedics and avoid the potential of substantial imbalance in
concomitant medications because of knowledge of the study therapy (in particular, the
use of nonstudy amiodarone or other anti-arrhythmics). The other issue that this study
faced was that it used an endpoint, which, at best, might be a surrogate for survival.
Unfortunately, although the study found an increase in the rates of admission to the
hospital, no effect on survival-to-hospital discharge was observed. At face value, this
study is a negative study in that it adds cost to the resuscitation effort without any
benefit. The study had such low power for the secondary endpoint of survival that
failure to reject the null did not result in rejection of the alternative. The study needs
to be repeated with at least two substantive changes. It should include patients with a
higher likelihood of survival (e.g., perhaps including patients who have failed only one
precordial shock) and the sample size must be increased so that the important endpoint,
survival, can be evaluated adequately.

Public Access Defibrillation (PAD) Trial

The PAD trial seeks to determine whether survival rates will improve if automated
external defibrillators are made available for use by trained laypersons in public settings
(27). The general concept in PAD is to identify community units such as office buildings,
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high-rise apartment buildings, and so on in which there is a sufficient density of at-risk
persons to provide a reasonable likelihood of a CA occurring over a period of several
years. The unit should not have persons already responsible for responding to medical
emergencies. Thus, nursing homes for example are excluded. After a unit is identified,
individuals within the unit who are willing (consent is required) are provided with
standard CPR training. Some, or perhaps all, could then be trained to use automatic
external defibrillators (AEDs) and AEDs would be installed in appropriate locations.
Suggestions for how individual episodes could be randomized included that the AEDs
would be enclosed in a box and when that box was opened, the layperson would find
either an AED or CPR-assist devices such as a face mask and pictorial reminder of how
to do CPR. The reason for wanting all units to be treated the same regarding training and
installation of devices was because of concern about an Hawthorne effect. It was thought
that the presence of the AED might act as a widget stimulating more rapid and aggressive
response and hence, without a “placebo” to blind the lay responder, any difference in
outcome might not be able to be attributed to the actual action of the AED.

It was agreed ultimately that it would be impossible to randomize individual episodes
and that if the device worked because it was a “widget,” that was still an appropriate,
although ostensibly expensive, objective. Accordingly, the PAD design involved ran-
domization of community units. After units were identified and certified as eligible
(sufficient risk of a CA occurring and no traditional responders) the unit was randomized
to control arm (lay persons were taught traditional CPR) or treatment arm (lay persons
were taught traditional CPR and use of an AED and AEDs were installed). The endpoint
of interest in PAD is survival from an out-of-hospital CA. The problem facing PAD was
defining an outcome measure. The numerator would be the “saves.” The denominator
ideally would be all of the out-of-hospital CAs that occurred in the unit.

The concern was whether out-of-hospital CAs could be enumerated in each unit with-
out bias created by the differential treatments in the control and treatment arms. For
example, where does a person discovered dead fit in? Where does a “do not resuscitate”
patient fit in? Where does a person with chest pain who goes into CA seconds after being
loaded into an ambulance and subsequently dies or survives fit in? Would more out-of-
hospital CA be identified properly in the AED arms because the presence of an AED
could provide a recording demonstrating VF?

Other denominators were found to be equally problematic. One conceivable denomi-
nator is the sum of all successes and all deaths that occur in the community unit, irrespec-
tive of cause. However, the EMS system has no natural link with deaths that are not
associated with a call to 911. Depending on the nature of the community unit, capturing
all deaths that occur in the unit might be extremely difficult and time consuming.

Another potential denominator is the population size of the unit. However, such popu-
lations are highly variable, particularly in public units, as a result of fluctuations related
to time of day, day of the week, month, season, and so on. Randomizing communities
instead of individuals makes the definition of the outcome measure an extremely difficult
and critical part of the design.

The principal problem is that unbiased ascertainment of the components of the
outcome measure may be very difficult. The second issue, which is touched on a bit
later under sample size, is that variability between communities must be included in
sample size calculations in addition to variability in individual response to treatment.
The PAD design team ultimately chose to ignore a denominator and simply used the
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count of saves as the outcome measure. Simulations showed that there would be vir-
tually no loss of power using this outcome measure and a substantial protection against
biased ascertainment. Although initially surprising that there was no loss of power by
ignoring the denominator, the fact that a substantial number of units (1000) were
randomized essentially assured that whatever denominator could have been used would
be equally distributed between the two treatment arms. If, as is more common in
community-based randomized trials, only 20 to 40 communities had been randomized,
there would undoubtedly have been a substantial loss of power.

Because PAD randomized community units, design considerations such as matched
pairs and crossover designs were available. The initial PAD design required field centers
to identify matched pairs of community units and also contemplated a crossover midway
through follow-up between the matched pairs. The matched pair design would provide
greater efficiency and the crossover design would help eliminate any widget effect.
However, the PAD investigators were very concerned about compliance to study therapy,
particularly in the control arm, because AEDs were readily available and there was
substantial advocacy on the part of the AHA as well as on the part of manufacturers to
install AEDs. It was felt that to control the crossover rate, the duration of the trial needed
to be reduced from 2.5 years to 1.25 years (which would not allow sufficient time for
crossover). It was also thought that it would be easier to recruit a sufficient number of
unmatched units to achieve the same power as would be provided by a design involving
matched units.

SAMPLE SIZE

Sample size is a critical component in trial design. To determine sample size, two
quantitative estimates must be obtained and the importance of these to pursuing the trial
cannot be overstated: (a) how variable, , is the endpoint in the population of interest?;
and (b) how much better, , than therapy B can therapy A reasonably be expected to be,
i.e., μA = μB + ? Here, μ is the outcome measure (e.g., mean or proportion). These two
quantities determine the so-called “effect size,” e = / . These estimates must come from
an extensive review of relevant literature and/or from pilot studies. Some typical effect
sizes are given in Table 4. A rough but useful estimate of total sample size (assuming one-
to-one allocation) is then given by (see also Fig. 2)

N = 2n = 4 (Z  + Z )2 / e2

in which Z  = 1.96 if  = 0.05 and the test is two-sided, Z  = 1.96 if  = 0.025 and the
test is one-sided, Z  = 0.84 if  = 0.2, Z  = 1.28 if  = 0.1

At this point, careful thought must go into formulating the appropriate null, H0, and
alternative, Ha, hypotheses and whether the test should be one- or two-sided. There is not
uniform agreement on the latter (28–33). I believe that the appropriate decision follows
from the answer to: What will be the consequences on use of therapies A and B depending
on the outcome of the trial? The most likely scenarios are tabulated in Table 5. The major
dilemma with a one-sided test is that if the data support the opposite effect (say p < 0.05),
the correct conclusion, and the conclusion that should be published, is simply that the null
cannot be rejected. This may be difficult to accept. If sequential monitoring is to be
employed, there is a simple solution to this conundrum; namely, if, based on the conse-
quences criteria, a one-sided test seems appropriate, it should be not only appropriate, but
desirable to have a futility boundary, as well as the efficacy boundary, for the alternative
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of interest. Then, if the data are trending toward the “wrong” side, the trial will be stopped
by the futility boundary long before the trend in the data can reach nominal significance.
If that occurs, and if there are good reasons to do so, a new trial with a one-sided test of
the other side can be quickly mounted with the unspent resources and the trial mechanism
that is in place.

An example of what monitoring boundaries might look like for monitoring efficacy in
a two-sided (0.05) level trial and for monitoring efficacy and futility in a one-sided (0.05)
level trial is shown in Fig. 3. Note the smaller sample size required for the one-sided test.
If the “wrong” side actually represented the particular true effect, the expected “time” this
particular trial would be stopped by the futility boundary is at 205 patients enrolled.

When groups are randomized, the outcome measure must be defined at the group level.
For example, if the endpoint is death, the outcome measure might be the number of deaths
in the group during the course of the study divided by the number of persons in the group.
To determine an effect size in this setting, one must estimate the variance, 2, of this
outcome measure. That variance will have two components: B

2, the variance between
groups, and the chance variation within each group, w

2 (21). The latter is the ratio of the
intrinsic variation in the endpoint, 2, [e.g., if  = probability of death, 2 = (1 )]

2 = B
2 + w

2 = B
2 +

2

n

Fig. 2. The formula is technically correct only in the case when the underlying distributions are
normal with the same variance. However, other distributional assumptions will have little impact,
particularly for effect sizes less than 0.5.
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Thus, large groups will reduce the within-group contribution, but only increasing the
number of groups can offset a large between-group variance. Once the effect size is
determined, the sample size obtained from Fig. 2 represents the number of groups
needed, not the total number of individuals.
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INTRODUCTION

Seriously ill patients often face tragically difficult choices. Commonly, an advanced
resuscitative intervention offers a chance of longer life, with a chance, too, of profound
suffering. In a given day, all over the world, thousands undergo the procedure of cardiop-
ulmonary resuscitation (CPR), whereas others are placed on a “do not attempt resusci-
tation” (DNAR) status. In the United States, it has been estimated that approx 100,000
lives may be saved with advanced resuscitation (1). The performance of CPR, however,
may conflict with the patient’s own desires and may not be in his or her best interest,
especially if suffering from a terminally ill condition. It has also been shown that up to
20% of individuals do not wish to be resuscitated (2,3). Decisions concerning CPR are
complicated by the fact that often the decision to initiate CPR must be made within
seconds by health care providers who generally have very little knowledge about the
patient’s illness or of any existing advance directives.

The indications for CPR, as for any medical therapy, depend on its efficacy. There is
a general presumption by many laypersons that health care professionals will make all
reasonable endeavors to resuscitate any patient who suffers a cardiac arrest (CA). When
introduced approx 40 years ago, CPR was meant to avert premature death in a previously
healthy individual, who sustained a sudden respiratory or CA. The primary intention of
CPR was to provide artificial respiration and circulation with the hope of attaining spon-
taneous ventilation and heart function. Over the last 40 years, attempts at resuscitation
began to occur after any person suffered a CA, regardless of the associated comorbidities,
illness severity, or etiology for the CA. CPR was not intended to be a procedure per-
formed in every potential death encounter, and yet it has been initiated in many irrevers-
ible illnesses in which, not surprisingly, it has been shown to be of little benefit (4).
Additionally, CPR is considered futile if restoration of breathing and heart rate is achieved
without satisfactory quality of life. Therefore, the ultimate goal of resuscitation must be
to restore patients to their pre-arrest function.
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Patients participate in decisions about their medical care today as never before. As the
physician–patient relationship has evolved into a collaborative one, patients are expected
to understand and evaluate complex information, often at a time of great emotional
hardship. This is especially true when it comes to decisions about resuscitation. In gen-
eral, the patient as a person should decide the course taken at the end of his or her own
life. But, even more importantly, sometimes what a patient really wants is to be kept
comfortable and not to be resuscitated.

In general, advanced resuscitation techniques may be lifesaving in patients with a
previously good performance status who suffer a sudden, unexpected event. It will almost
certainly not work and should not be attempted in patients with advanced terminal ill-
nesses and those with extensive and irreversible underlying disease whose general con-
dition is deteriorating. Stated another way, resuscitation attempts to counter sudden,
unexpected CA in an otherwise reasonably healthy individual rather than to prolong the
dying process in those who are terminally ill or injured.

ETHICAL PRINCIPLES
Ethical issues are an integral part of any medical decision-making process, especially

those associated with resuscitation because of the close relationship between CA and
death. The decision to issue an order not to initiate resuscitation in an individual patient
has profound ethical implications. However, this is not the only ethical issue involved in
resuscitation (5,6). Initiation and termination of resuscitation are guided by complex
ethical, sociologic, religious, and cultural norms, which can be profoundly dissimilar in
different societies.

There are four broad ethical principals that apply to health care provider responsibili-
ties to others and are generally accepted as guiding principles of ethical conduct. These
include beneficence, nonmaleficence, justice, and autonomy. Although these ethical
principles may be accepted across different cultures, the priority of these principles, once
again may vary greatly among cultures. For example, in the United States, the greatest
emphasis is placed on the autonomy of the patient although in other countries (in which
financial resources may be scarce) the benefit to society at large outweigh the patient’s
autonomy .

CPR is no different from any other medical or surgical procedure, and the basic ethical
considerations are the same for all procedures. Applying these principles to resuscita-
tion, the principle of beneficence dictates that we have a moral responsibility to “do
good” to others. This implies that health care providers should act in the best interest of
their patients. Doing what is right for the patient, however, often involves serious risks.
Resuscitation should, therefore, be initiated only when likely to be effective.

The principle of nonmaleficence dictates that health care professionals have a moral
responsibility to avoid harming others. Resuscitation should not be attempted when it is
neither indicated clinically, nor wished by the patient and is more likely to be of harm than
benefit. Inappropriate CPR is considered maleficent. Ethical dilemmas may arise between
nonmaleficence and autonomy when patients request interventions, which are without
benefit and are harmful or dangerous. A physician is required to only provide medical
therapy that has benefit to patients. No ethical principle ever requires doctors to do what
is of no net medical benefit to the patient. Thus, withholding an ineffective intervention
is sound ethically. Justice demands that effective medical intervention should be available
universally to those who require it. Resources should be allocated fairly to ensure that
resuscitation is available to all persons. Ineffective CPR fails justice criteria.
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Prior to 1970, patients as well as physicians, believed that medical decisions should
be made by the physician without input from the patient. Physicians attempted to make
the best medical decisions possible, sparing the patient and family from the burdens
associated with difficult choices. This paternalism emphasized beneficence to the exclu-
sion of other ethical principles, especially patient autonomy. Unfortunately, physicians
are not always able to determine or actually know what is in their patients’ best interests,
and personal biases are unavoidable (7).

By the mid-1980s, the concept of paternalistic physician beneficence was replaced by
an overwhelming emphasis on patient autonomy. Respect for patient autonomy is the
driving fundamental ethical principle involved in the current medical decision-making
process of medicine in most countries and in some countries has legal implications (8,9).
Physicians have recognized the right of the patient to participate in medical decision
making for the last 20 years. The responsibilities of physicians and other health care
professional have changed, and now include facilitating informed medical decisions
(10). Essential to this decision-making process is an understanding of the patients’ pref-
erences for medical care, and factors that affect these preferences. Patients have the right
to choose actions consistent with their values, goals, and life plan, even if their decisions
are not in concordance with the wishes of family members or the recommendations of
their physician. Patients who might benefit from resuscitation have the right to state in
advance that they do not wish it, even if it is appropriate medically. Choices should be
free from interference and control by others. The right to refuse medical treatment does
not depend on the presence or absence of terminal illness, the agreement of family
members, or the approval of physicians. This, however, requires that a patient is compe-
tent and able to communicate and can consent to or refuse an intervention. In many
countries, adult patients are presumed to have the right for decision-making capacity
unless a court of law has declared that individual incompetent to make such decisions.

Because preservation of life is generally assumed to be a legitimate interest to the
patient, the refusal of lifesaving procedures creates the potential for ethical conflict. This
conflict between autonomy and beneficence forms the basis of most ethical dilemmas
involving resuscitation. Allowing the patient to die may be viewed by some as a violation
of beneficence, although forcing the patient to undergo resuscitation is a violation of his
or her autonomy.

On the other hand, an overemphasis on patient’s autonomy can also be dangerous. As
the physician–patient relationship has evolved into a collaborative one, patients are
expected to understand and evaluate complex medical information, often at a time of
great emotional stress. Patients and family members are often made to feel that they have
to “make the decision” regarding whether to perform any resuscitation. Patients, families,
and surrogates should not be in a position to determine whether an intervention is appro-
priate medically. It is more opportune that patients decide whether an offered procedure
from their physician is acceptable to them. Far too often, physicians blur this distinction
and mistakenly ask patients and families to make medical decisions. Physicians, addi-
tionally, may not give advice so as not to seem paternalistic, although patients or family
members are often confronted with an open-ended request to inform the medical team
what “they want to have done.” Often their response is to “have everything done” and
amazingly, this is accepted by the patient’s physician as a request for advanced resusci-
tation when the physician, in fact, believes that this would be a great mistake. In this
scenario, the physician abandons his or her traditional responsibility to protect the patient
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against inappropriate procedures, rejecting beneficience in favor of preserving complete
autonomy. In reality, this approach diminishes autonomy by depriving patients of expert
advice. Often, patients chose medical procedures based on unrealistic beliefs and inter-
preted silence by the physicians as tacit approval for these decisions.

The better thing for the physician to do is to decide whether the medical intervention
can be successful in prolonging quality of life and then, inform the patient and families
of this determination and the rationale. If CPR is considered futile, it should not be offered
as an option. If CPR is appropriate, patients and families should be given the option to
accept or refuse it. What constitutes a successful resuscitation depends on the goal of
therapy, which must confirm to the patient’s best wishes.

In recent years, the pendulum has begun to swing back from an absolute autonomy
paradigm toward a more balanced approach. These models have been termed enhanced
autonomy or the fiduciary role, but in reality they are a realization that a model based
solely on one ethical principle, such as autonomy, is no better than one based solely on
another, such as beneficence (11,12). There are certain situations in which advanced
resuscitation, including CPR should not be offered, and the physician should bestow his
or her medical judgment and experience regarding the appropriateness of these therapies
in the same regard as any other medical procedure.

The basis for deciding to forego resuscitation is generally that the burdens of the
resuscitation outweigh the potential benefits (9). Burdens can include suffering and pain
from the treatment itself or impaired cognitive functioning after the resuscitation is
completed. Benefits may include life propagation. Balancing the burdens and benefits
depends on both a statistical assessment of their likelihood and a weighing of their
importance by the patient.

Before patient preferences can be accepted to direct future medical care, physicians
have an obligation to determine whether these preferences are based on a good under-
standing of resuscitation and its outcomes. Appropriate decision making rests on a good
understanding of the real outcomes from resuscitation. This goal, however, can be com-
plicated by physician misconceptions. Many physicians cannot predict accurately the
chances of survival from a cardiac arrest and quality of life. Additionally, many layper-
sons have only a vague understanding of resuscitation and its consequences. The public
and some health care professionals have an unrealistic expectation of the benefit of CPR
and these beliefs have been reinforced by television (13). Many television shows portray
a much better positive outcome after resuscitation and generally ignore the real risk of
permanent neurological disabilities. Thus, giving truly informed consent for resuscita-
tion continues to be a challenge for most health care professionals.

For a patient to make a medical decision he or she must also receive and comprehend
accurately the nature of the illness and prognosis, the nature of the proposed interven-
tions, the alternatives for therapy, the implications of these options, and ultimately
understand the consequences of their decisions. It is up to the physician to determine the
patient’s decision-making capacity before concluding that a patient cannot represent
him or herself. The physician has a legal responsibility to provide all necessary informa-
tion in a manner that is understandable, provide professional advice, and finally admin-
ister or withhold therapy based on the patient’s decision. A useful technique to assess
understanding is to ask the patient to summarize what has just been discussed and to
correct any incongruencies. When the patient understands all of these facets, then a
sound decision can be made.
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Unfortunately, almost 50% of individuals older than 85 years have dementia, which
usually precludes their awareness of many complex issues involved in choosing among
treatment options for end-of-life preferences (14). There are other situations when deci-
sion-making capacity is also impaired, such as with concurrent illness, pain, medications
or psychiatric diseases. Some cognitively intact patients are delirious during an acute
illness and are incapable of complex discussions about their care at just the time that
important decisions must be performed. Patients who are depressed may represent a
unique situation. Depressed patients can meet the criteria for decision capacity, but their
choices are clouded by their mood disorder (15). In these cases, the decision for resus-
citation must be made very carefully (16). The incompetent patient’s participation in
decision making is, by definition, inappropriate. Thus, establishing competency is of
paramount importance. This determination can usually be made by the patient’s physi-
cian, although the physician may occasionally petition assistance by psychiatric consul-
tation. In rare cases, the estimation of competence becomes a legal matter, as when there
is lack of agreement between physicians and patient, or amongst family members, or
when the life of a child is considered.

In most cases, determining the patient’s decision capacity for a specific medical pro-
cedure requires neither legal intervention nor psychiatric expertise. There is, however, no
known accurate medical testing that will determine effectively the medical decision
capacity of a person. The mini-mental status examination does not predict the capacity
of an individual to make medical decisions, except in cases in which there is extreme
mental impairment (17). A physician can be satisfied that a patient is capable of making
decisions if he or she has the ability to communicate, can comprehend the proposed
therapy and alternative interventions, is able to to grasp the consequences of accepting
or rejecting the treatment plans, and has the ability to reason (18).

If the patient is felt to be mentally incompetent, it is necessary to designate an indi-
vidual who will represent the patient, and therefore become involved in all aspects of the
decision-making process (19). Patients do not lose their autonomy once declared incom-
petent. Physicians have traditionally acted paternalistically on behalf of their patients.
However, contemporary biomedical ethics suggest that physicians should not take on this
function because they usually do not know what their patients want done in the event of
serious illness (20). Additionally, physicians systematically underestimate the quality of
life of their patients and are thereby less likely than their patients to favor life-sustaining
treatments (93).

The appointment of a patient surrogate is customarily the responsibility of the physi-
cian who usually relies on the spouse or another immediate relative for this role. Ideally,
the surrogate should be chosen by the patient when he or she is able to make such a
decision. Competent patients in anticipation of incapacity to render decisions later can
designate a surrogate decision maker or grant a durable power of attorney for health care
(22). Durable power of attorney for health care allows an individual to make medical
decisions for the patient when his or her decision-making capacity is not available.

The surrogate is the patient’s legal representative and is entitled to the same knowledge
that the patient would receive concerning the diagnosis, treatment modalities, risks, and
prognosis. In the best of circumstances, the surrogate has access to the patient’s advance
directives or living will, and is guided by the patient’s own wishes. Surrogates should
base their decision on the patient’s previously expressed choices, or should make deci-
sions based on the patient’s best interests. The accuracy of substituted opinion is corre-
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lated directly with prior patients and proxies communications (23). There is some evi-
dence, however, that even surrogates do not consistently reflect the patients’ preferences
(23). This may be based on the fact that patients and surrogate decision makers often do
not discuss medical care preferences. This issue is even further confused by the finding
that up to 31% of patients report that they would prefer to have their physicians follow
the decision of their surrogate even if the surrogate’s decision conflicts with their own
expressed preferences (24). When there is (a) an emergency, (b) no competent family
member present, and (c) the preferences of the patient are unknown, it would be prudent
to provide standard medical care. If the surrogate cannot ascertain what the patient would
choose, then the decision should be based on the best interests of the patient, which is
defined as what most people in that situation would want (25). In the event that there is
dissension among family members, if it is unclear who should represent the patient, or
if there are no immediate family members available, a court appointment of a surrogate
may become necessary (26).

Ethical issues near the end of life arise almost exclusively because of concerns about
how much care and how aggressive that care should be. There is often conflict between
physicians, other health care providers, or family members about what comprises appro-
priate care. Many of these controversies can be avoided by clarifying who makes the
difficult decisions for resuscitation or to limit care. Health care workers should be sen-
sitive to such family concerns, but in the end, it is the patient’s wishes that must prevail.
Even with this in mind, there are occasions when the decision to render CPR is contro-
versial. A frank and open discussion of the ostensible burdens and benefits associated
with CPR is the cornerstone of conflict resolution in these situations. If the conflict cannot
be resolved, the physician has other alternatives such as consultation with another col-
league or an ethics committee. Consultation helps to ensure that all viewpoints and
alternatives are considered carefully and in this situation can be instrumental in achieving
conflict resolution.

ADVANCE DIRECTIVES

Advance directives is a term applied to preferences of a person’s end-of-life care (27).
They help patients control health care decisions when they may be unable to direct their
medical care. Such directives provide careful instructions on limitations of care, includ-
ing resuscitation from CA. Advance directives can include dialogue, written directives,
living wills, or durable powers of attorney for health care. Conversations the patient had
with family members, friends, or physicians, while considered competent, are generally
the most common form of directives employed today. In many countries, the courts
consider written advance directives to be more reliable than individuals recollections of
preceding conversations. Abiding by the advance directives of patients when the deci-
sion-making capacity are lost respects their autonomy, as well as in many countries, the
law (9,28). They have also been sanctioned as a way to lessen the high cost of end-of-life
health care (29).

The living will is the most widely employed written advance directive (22). Living
wills constitute clear and convincing evidence of patient’s wishes. Living wills are legal
in most states. In living wills, patients direct their physicians in the provision of medical
care, especially in circumstances in which they become terminally ill with no chance of
recovery and are incompetent to make their own decisions. Living wills can be modified
to include provisions for specific procedures, such as CPR, ventilators, fluid and antibi-
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otic administration, or enteral feedings. Nonetheless, living wills have significant draw-
backs. First, a will drafted in specific language cannot give guidance for occurrences that
were not anticipated when the will was written. If, on the other hand, the will was written
in general language to cover a broad range of possible events, then its terms may be
ambiguous in specific situations. They usually do not specify what interventions are to
be avoided and are generally applicable only to a “terminal condition,” which is generally
defined as an irreversible condition that makes death inevitable. Again, many statutes
limit the kinds of provisions that can be included in a living will.

The durable power of attorney for health care or a health care proxy allows competent
patients to designate a surrogate, typically a family member or friend, to make the medical
decisions if the patient once again becomes incompetent. This can be accomplished by
completing a simple form and does not require involvement of an attorney. Durable
powers of attorney for health care have important advantages over living wills. Although
living wills are often limited to treatments in the setting of a terminal illness in which
death is inevitable, durable power of attorney for health care can predominantly be used
to delegate health care decisions in all cases of patient incompetence.

There is no legal requirement that an individual choose a proxy. The next of kin can
function in that role even without a formal designation from the patient (30). Neverthe-
less, choosing a surrogate helps clarify the identity of the patient’s representative when
there is a significant difference of opinion amongst different family members regarding
consent for treatment (31).

Both patients and physicians deem that advance directives are important and should
be discussed (32). Yet, in modern society, most adults do not prepare advance directives
or discuss resuscitation with their physicians (33,34). Physicians frequently attend to
their patients without knowledge of their preferences with regards to end-of-life issues
(35). Patients often believe it is their physician’s responsibility to initiate an advance care
dialogue, although physicians believe the subject should be raised by their patient (36).
Sadly, most patients, even those who are terminally ill, are never asked by a physician if
they desire to be resuscitated (37). Although several surveys illustrate that most physi-
cians desire patient participation in the decision-making process, many physicians feel
uncomfortable discussing the possibility of resuscitation with patients except in special
circumstances, such as when the patient is terminally ill (38–40). Some physicians are
reluctant to discuss these issues with patients for a variety of reasons, including time
constraints, communications issues, and the possibility that patients may have distress
and react negatively to the discussion. Although some physicians may perceive death as
medical failure others do not want to ruin patients’ hopes, need time to develop a rela-
tionship with their patients, and feel discussions about advance directives should occur
late in the course of a patient’s illness (41,42). Physicians may be uncomfortable with
managing the dying patient and may lack the appropriate communication skills to suffi-
ciently discuss death with the patient as well as their family. This may originate from the
fact that most medical training programs provide limited or no formal training in dealing
with the dying patient (43,44).

Elderly patients who have chronic medical illnesses are more content with their phy-
sicians when advance directives are discussed (45). Patients desire to be more involved
in the decision-making process regarding their end-of-life care choices (46–48). Physi-
cians and patients may not have the same ideal goals or perception of quality of life after
resuscitation when dealing with end-of-life care decisions (49). A survey of physicians
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demonstrated that they would not want resuscitation to be performed on themselves and
would want life-sustaining therapy withdrawn should the prognosis for meaningful sur-
vival be poor (50). In stark contrast to most physicians’ beliefs, most elderly patients want
to be resuscitated in the case of a CA (51,52). In fact, data from the SUPPORT (Study to
Understand Prognoses and Preferences for Outcomes and Risks of Treatment) project
show that two-thirds of those older than 70 years opted for resuscitation (53).

Advance directives must also be re-evaluated periodically. Patients inevitably change
their perceptions about the quality of their life in about living longer as they get older or
have a significant alteration in their health status. In the SUPPORT project, patients who
chose a DNAR order initially changed their decision more often than those who wanted
resuscitation in case of a CA (35,54,55). Most patients have a deep desire to live, and
health care providers tend to underestimate that desire (56). Every patient should have the
right to decree their end-of-life care, but this decision must be reevaluated at regular
intervals.

As of 1991, the Patient Self-Determination Act requires health care institutions in the
United States to inquire whether patients have advance directives at the time of admis-
sion (48). They must inform the patient that they have the right to accept or refuse any
kind of medical intervention, including CPR (29). In 1990, the US Supreme Court ruled
that patients have the right to determine what is done with their bodies and therefore have
the right to refuse treatment of whatever kind (57). Additionally, institutions must assist
patients in completing their advance directives if they desire them. This act applies to
hospitals, home health agencies, skilled nursing facilities, hospices, and health mainte-
nance organizations that participate in Medicare and Medicaid. Despite this law and
numerous public education efforts, advance directives have had minimal impact on
actual resuscitation decisions in patients. Once again, in the SUPPORT project only 20%
of the seriously ill patients had prepared advance directives (35).

In the United States, an advance directive cannot be used to withhold life-sustaining
treatment unless certain criteria are fulfilled. These include permission to withhold treat-
ment by a surrogate authorized in name by the directive, and a terminal condition that is
confirmed by two physicians, including the attending physician or a physician with
expertise in evaluating cognitive function, who certifies that the patient is in persistent
vegetative state.

Children
Respect for autonomy and self-determination requires involvement of children in

decision making. However, such involvement should be consistent with their level of
maturity. They should be asked to consent to procedures when able. Conflicts of interest
may lead parents to make choices that are not in the best interests of their children.
Outside consultation should be obtained if patients, surrogates, or parents cannot agree
with physicians on the care of children. In these cases, consultation with another physi-
cian, ethics committee, or governmental child protection agency may be required. Con-
sultation, once again, ensures that all viewpoints and alternatives are attentively
considered.

Do Not Attempt Resuscitation
The discussion to limit life support is a difficult task for physicians who have been

taught that preservation of life is the ultimate goal, but it is a significant responsibility that
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cannot be disregarded. There may be occasions when the physician’s own values differ
drastically from the patient’s, particularly when a terminally ill patient wants no further
aggressive treatment. The physician has an ethical responsibility to honor the resuscita-
tion preferences expressed by the patient. In this situation, physicians should not permit
their personal value judgments about quality of life to hinder the implementation of a
patient’s preferences regarding the use of resuscitation. Before a DNAR order is evoked,
the physician has some very important responsibilities to fulfill. First, it is fundamental
for the diagnosis to be firmly established. If there is any uncertainly, the physician should
be aggressive with life-support therapies until a potentially reversible illness is excluded.
Secondly, the physician must have a thorough understanding of the pathophysiology and
prognosis so this information can be used in determining available treatment choices.

Before instituting DNAR orders, it is prudent to consider whether any of these two
conditions exist: (a) resuscitation is proven to be of no benefit and will not prolong life;
(b) the individual will suffer poor quality of life after resuscitation (58). In the first
instance, in which there is no proof of benefit, the goal of communication with the patient
should be to create an awareness that resuscitation is not a treatment option. Herein lies
one of the most difficult burdens a physician must master: the task of compassionately
informing a patient that he or she has an irreversible illness, for which there is no reason-
able opportunity of quality survival. There is a precarious balance between leaving the
patient with no hope, and giving false hope. By raising the option of resuscitation, the
physician implies that it may be of benefit, when in fact it will never be. In the second
instance, when the quality of life is the impetus for foregoing resuscitation, the choice
must rest with the patient. The physician cannot depend on his or her own personal values
in an attempt to persuade the patient. Under ideal situations, the patient–physician rela-
tionship should be amply established. Years of caring for a patient may provide some
insight into the patient’s own system of beliefs.

The decision to limit life-sustaining support should probably occur as early in the
course of the illness as possible. Clearly, it is a responsibility that physicians tend to
ignore, as only 19% of patients in one study had these issues discussed prior to a CA (42).
However, the appropriate time for this discussion is yet to be defined. Whether it should
be done on admission or when the patient deteriorates is a matter of controversy (59). A
discussion of code status at the time of deterioration is the most common time that this
is performed. Targeting sicker patients reinforces the belief that discussion of a DNAR
order equates with a poor outcome. One major drawback, however, is that waiting until
there is deterioration may render that patient incompetent and unable to partake in the
decision-making process.

Prior to the development of modern medical therapy, medicine had four primary goals:
to do no harm, to relieve suffering, to attenuate disease, and to refrain from treating those
who are hopelessly ill. Patients with a terminal illness were assured a rapid demise. In this
situation, the physician served as a source of comfort and compassion, and to allay pain
and suffering. However, advances in resuscitation techniques within the last 40 years
have drastically reduced the mortality of life-threatening illnesses previously considered
hopeless. Unfortunately, there also exists the potential to abuse medical advancements
and prolong the process of dying without having much effect on actual patient outcome.
Perhaps this occurs because the physician takes a professional oath to sustain life, or the
physician has strong personal beliefs on the value of life, or fears possible litigation.
Regardless, it is clear that, although the terminally ill patient always deserves close
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medical attention to relieve pain and suffering, the use of aggressive therapies, such as
resuscitation, may not always be required in all situations and may not be what the patient
desires.

Failure to understand and communicate the potential for harm and absence of benefit
associated with some “life-sustaining” therapies in certain circumstances has produced
a climate of misunderstanding among physicians and patients. In the United States,
families often equate limiting care as “not caring” for their loved ones. Others believe that
not providing resuscitation may stem from limited financial resources. Additionally, a
DNAR order is not the same as withholding medical treatment. It does not preclude
therapies such as administration of parenteral fluids, oxygen, analgesics, sedation, anti-
biotics, antiarrhythmics or vasopressors, unless specifically stated. Some patients may
want defibrillation and chest compression but not endotracheal intubation and mechani-
cal ventilation. An informed patient, family member, or surrogate may choose only
limited resuscitative efforts, but must have the understanding that the chances of success-
ful resuscitation are markedly decreased.

Orders to not attempt resuscitation should not lead to abandonment of patients or
denial of appropriate and indicated medical and nursing interventions. DNAR orders
should never convey a sense of giving up to the patient, family members, or surrogate and
most importantly to the rest of the health care staff. One of the greatest fears that patients
and family have is that this order will somehow influence the attention, care, support, and
comfort they need. The patient should know that he or she will receive care that ensures
comfort and dignity. Many patients fear pain and abandonment more than death. Effec-
tive management of physical symptoms can allay patients’ fears and enable them to
address the psychosocial and spiritual tasks that they face as they prepare for death
(60,61). However, in one study, a discordance between patient and physician rating of
pain predicted insufficient pain control (62). The realization that terminally ill patients
deserve a unique management approach prompted several major hospitals to develop
protocols for the care of these patients (63). There are several different levels of support
that must be considered whenever there is a decision to limit advanced resuscitation
therapies. Some patients receive comfort measures only, whereas others receive general
medical therapies such as intravenous fluids, antibiotics, or oxygen. Comfort care is
provided to minimize pain, dyspnea, delirium, convulsions, or other terminal complica-
tions. Additionally a patient requiring intensive care treatment should be allowed these
therapies regardless if they have DNAR order.

In the United States, the Joint Commission on the Accreditation of Health care Orga-
nizations (JCAHO) requires hospitals to have written policies for limitation-of-treatment
orders (such as DNARs). Once the decision has been made, the DNAR order is placed
in the patient’s chart with a note explaining the rationale for the order and any specific
limitations of care. However, this order must be communicated and interpreted correctly
by everyone involved in the patient’s care. Such discussion ensures that the hospital staff
is informed about the wishes of the patient and gives time to resolve any conflicts that may
arise. Other countries require that these orders be signed by two attending physicians. As
with advance directives, the DNAR order should be reviewed and reevaluated at regular
intervals because changes are common, especially if the patient’s prognosis changes.

In situations were the medical staff believed that resuscitation would not be beneficial,
in the past it became a common practice to not call for a “code blue” or to perform a less
than full resuscitation. Knowingly providing ineffective resuscitation, such as what may
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be referred to as a “slow code” or “show codes,” is inappropriate to say the least. This
practice compromises the ethical integrity of health care professionals and undermines
the health care worker–patient relationship. This type of resuscitation should never be
considered or performed.

Principle of Medical Futility
Based on the ethical principles of beneficence and nonmaleficence that underlie the

practice of medicine and define its goals, the intention of a life-sustaining procedure
should be to restore or maintain a patient’s well-being and it should not have as its sole
goal the unqualified extension of a patient’s biological life. On this basis, a medical
treatment is considered futile when it cannot establish any meaningful survival, specifi-
cally length of life and quality of life, both of which would have value to that patient as
an individual. Survival in a state with permanent loss of consciousness and completely
lacking cognitive and sentient capacity, should be regarded as having no values for such
a patient. A careful estimation of the patient’s prognosis for both length and quality of life
will establish whether resuscitation is appropriate for that situation.

From a medical point of view, when survival is not anticipated or if the patient’s quality
of life is low, resuscitation is considered ineffective and health care providers have no
obligation to provide such intervention because there are no health benefits (64,65).
Likewise, this is true if the family or surrogate wishes for the intervention to be per-
formed. A patient does not have an unqualified right to demand medical treatment that
offers no benefit. Physicians also are not mandated to provide care that violates their own
ethical principles. In these cases, care may need to be transferred to another physician.
There is no medical or ethical justification for treatment that is clearly futile, offering no
hope of any medical benefit.

The moral foundation of the physician–patient relationship is the commitment of the
physician for beneficence. Actions that do not subscribe to this end are not morally
mandated (66). To coerce physicians to provide medical interventions that are incisively
futile would undermine the ethical integrity of the medical profession. If a physician
resolves to withhold such an intervention, he or she has a responsibility to inform the
patient, family, or surrogate decision maker of that decision and to explain the decision’s
rationale and the medical facts that support the decision (58). Additionally, the patient
should be reassured that he or she will continue to receive all other care that is medically
indicated within the context of the overall medical treatment plan. If there is disagreement
over restricting interventions under these circumstances, the family should be allowed to
relocate the patient’s care to another physician or institution; if this is not possible, then
the patient’s health care providers with their institution’s support should consider peti-
tioning judicial review to resolve the differences.

The major predicament in making choices about the futility of resuscitation centers on
the patient’s estimation of meaningful survival. To judge that a life-sustaining interven-
tion would lack medical efficacy requires the capacity to estimate the outcome of that
intervention with a high degree of confidence. Although a growing body of scientific
knowledge is available to guide physicians in estimating the outcome of some life-
threatening conditions, meaningful prognosis remains an inexact science when applied
to an individual patient (67). Even for patients who have conditions for which survival
with resuscitation is unprecedented, the prediction that the next patient also will not
survive is only the assertion of a high probability, not a logical certainty. Physicians can
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consult other physicians to try to lessen the likelihood of error in choices based on
prognosis. However, most physicians are poor at estimating survival from resuscitation
(68). One study demonstrated patients with cancer had similar outcomes of survival from
resuscitation when compared to the rest of the hospital population (69). Consequently,
it is impossible to know beforehand the outcome of a given resuscitation intervention.
Physicians can only provide probabilities for a given outcome. This uncertainty is greatly
augmented when the available information about the patient is incomplete. Such is usu-
ally the case when resuscitating a patient in the emergency department (ED) or when a
cardiac arrest occurs in a hospital during the night.

It is reasonable that health care providers most often choose to err on the side of
overtreatment and preservation of life because failure to provide resuscitation in this
circumstance is an irreversible decision. However, this bias toward resuscitation should
not extend to situations in which clear judgment to withhold resuscitation has already
been established. When the effectiveness of an intervention is still questionable, a time-
limited trial of the intervention may increase the certainly of the prognosis.

Oppositionists to medical futility argue that a robust role of futility judgments in
medical decision making would undermine patient autonomy and lead to paternalistic
physician–patient relationships. The reverse, however, may be actually true. The reason
for physician authority over the use of futile treatment is actually the protection of patient
autonomy. If the patient takes the physician–patient relationship to be a fiduciary one, the
physician who offers a choice of futile resuscitation sends a misleading message that is
very difficult to untangle sufficiently to ensure an informed and autonomous decision by
the patient. In offering to perform a resuscitation, the physician implies that the procedure
offers a benefit reasonably worth pursuing. Otherwise, why would a conscientious phy-
sician acting on his or her fiduciary obligations feel a duty to make such an offer? When
resuscitation is clearly ineffective, physicians should not be required to discuss it as an
option. Respect for patient autonomy does not require that the physician initiate discus-
sion of medically senseless procedures. Moreover, most patients and families are not
accustomed to being offered a treatment with the suggestion that it be refused. Some will
assume that if medical care is offered it must have some benefit and will interpret refusal
as giving up or abandoning the patient.

To summarize, there is no duty to provide futile treatments, patients, or families have
no right to demand them, and physician integrity may forbid offering them; patient
autonomy does not mandate discussion of senseless procedures, and compassion for
struggling families may in some cases argue against it.

Noninitiation of CPR
No scientific data exists on which to base a clear-cut standard for estimating the

medical futility or outcome of resuscitation accurately (70,71). Even patients with meta-
static cancer may be in relatively good health when they have an incidental arrhythmic
CA and go on to survive the event. The prognosis in this situation is similar in patients
with or without metastatic disease, as shown in a recent study that reported a 10% survival
to hospital discharge rate for patients with metastatic disease (69). Of these survivors, 4%
lived for 1 year (33,34,49). There are no available scoring systems, severity of symptoms,
medical diseases, or initial rhythms that have an acceptable level of sensitivity for accu-
rately estimating a universally poor outcome. No one can predict when the rate of survival
is so low that resuscitation should not be offered to a patient who requires it. Also,
physician’s predictions of outcome after CPR tend to be inaccurate (70).
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With this in mind, some have suggested attempting resuscitation in all patients who
develop CA unexpectedly unless the patient has a valid DNAR order, or the patient has
signs of irreversible death, such as, rigor mortis, decapitation, or dependent lividity. If
there is no expected survival from maximal therapy for septic or cardiogenic shock, it is
prudent not to attempt resuscitation. In the newly born, attempts to resuscitate may be
withheld in cases in which resuscitation is known to be futile. These include known
gestational age of less than 23 weeks, weight less than 400 g, anencephaly, or confirmed
trisomy 13 or 18.

Termination of Resuscitation
Numerous determinants affect the decision to withdraw resuscitative efforts. These

may include but are not limited to time from CA to initiation of CPR, time to defibrilla-
tion, comorbid disease states, pre-arrest medical status, initial arrest rhythm, and time of
current resuscitation. None of these factors alone or in combination is exclusively pre-
dictive of outcome (71). Of these, the best predictor of poor outcome is the elapsed time
of the ongoing resuscitation (72–74). The possibility of hospital discharge with no neu-
rological disability decreases as the time for resuscitation increases (75–77). Resuscita-
tive efforts should be terminated when the chance for meaningful survival is unlikely. In
the absence of mitigating issues, prolonged resuscitation is unlikely to be successful if
there is no return of spontaneous circulation (ROSC) at any time after 30 minutes of
advanced cardiac life support (ACLS [78]). For the newborn, termination of resuscitative
efforts may be appropriate if ROSC has not occurred after 15 minutes or if asystole is
present for greater than 10 minutes (54,55,79). If ROSC of any duration occurs at any time
during the resuscitation, it may be worthwhile considering an extended period of resus-
citation. Additionally, there should be the absence of persistently recurring or refractory
ventricular fibrillation (VF) or ventricular tachycardia (VT). Other extenuating issues
that may play a role in deciding the duration of resuscitation may include pre-arrest
hypothermia or the presence of drug intoxications that may mask recovery from the
central nervous system (CNS).

Pre-Hospital Setting
Except in certain extenuating circumstances, pre-hospital responders are urged and

expected to attempt resuscitation. Exceptions to this rule include the patient who has
signs of irreversible death (e.g., rigor mortis, decapitation, or dependent lividity); cases
in which attempts at resuscitation would place the rescuer at risk of significant harm, or
cases in which a valid DNAR order exists. Most emergency medical services (EMS)
protocols have provisions to identify adult or children with DNAR orders (80,81). This
could be through an order form, identification card, or bracelets.

In certain circumstances, it may be difficult to establish whether resuscitation should
be initiated. Another awkward situation for prehospital personnel may include when
family members, surrogates, or the patient’s physician request resuscitation despite the
presence of a valid DNAR order. In the case of an out-of-hospital resuscitation in which
there is no definite DNAR order, living will, or advance directive, EMS personnel should
initiate resuscitation. It is ethical for the ED health care providers to terminate resusci-
tative efforts initiated by EMS personnel if a valid DNAR is found later. This includes
removal of the endotracheal tube and intravenous catheters and halting the infusion of
medications and solutions, provided such actions are not prohibited by a medical
examiner’s investigation.
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Rescuers who initiate resuscitation should continue until one of the following occurs:
(a) effective spontaneous ventilation and circulation have been reestablished; (b) care is
transferred to another trained person who continues resuscitation; (c) care is transferred
more advanced trained health care providers; (d) a physician terminates the resuscitation
efforts; (e) reliable evidence of irreversible death are recognized; (f) the rescuer is too
exhausted to continue resuscitation; (g) environmental hazards endanger the scene, or
continued resuscitation would endanger the lives of others; or (h) a valid DNAR order is
presented to the rescuers.

Out-of-hospital emergency resuscitation affects not only the patient but may have
strong impact on family members present at the scene. Emergency personnel are entrusted
with the responsibility of managing not the patient and the surviving family members
(82). Prolonged resuscitative efforts are unlikely to be successful if there is no ROSC at
any time after 30 minutes of ACLS (78). There should also be the absence of persistently
recurring or refractory VF or VT or any continued neurological activity, such as sponta-
neous respiration, eye opening, or motor response (70). There is a growing body of
evidence that ED resuscitation of patients who arrive pulseless, despite out-of-hospital
ACLS, is futile (83–85). Consequently, criteria for field termination of unsuccessful out-
of-hospital CA resuscitations have been widely developed (86). Some rescuers (espe-
cially in remote areas) have prolonged transport time intervals before reaching a definitive
care facility. The risk of vehicular accidents during high-speed emergency transport must
be weighed against the likelihood of successful resuscitation (83,87,88). A study showed
that 96% of family members were satisfied with terminating resuscitative efforts in the
field (89). Furthermore, family members of patients for whom resuscitation efforts are
terminated in the field, compared with those of patients who were first transported to an
ED, showed similar satisfaction regarding the manner in which they were informed about
the death and the overall care provided by the EMS system.

State and local EMS authorities should be encouraged to develop protocols for the
initiation and withdrawal of resuscitation in the prehospital setting. Physicians, EMS, and
medical directors remain ultimately responsible for determination of death, and pro-
nouncement of death in the prehospital setting and should have the concurrence of on-
line medical control (90). ROSC for even a brief period of time is a positive prognostic
signs and warrants consideration of transport to a hospital. Other patients who may
benefit from a transport to the hospital include those with pre-arrest hypothermia or the
presence of drug intoxications that may mask recovery from the CNS.

Withdrawal of Life Support

Withdrawal of life support in any patient is an emotionally complex decision for a
family and medical staff. Because preservation of life is a legitimate interest of the
patient, the refusal of life-prolonging treatments creates the potential for conflict. The
conflict between beneficence and autonomy constitutes the basis of most ethical dilem-
mas involving life-sustaining treatment. Allowing the patient to die can be viewed as a
violation of beneficence, although pressuring the patient to undergo heroic supportive
measures is a potential violation of his or her autonomy.

Physicians and other health care providers have a responsibility to respect autonomy
by withholding or withdrawing any life-sustaining treatments as requested by an informed
and capable patient, family member, or surrogate. In this regard, withholding and with-
drawing life support are considered ethically equivalent. Helping a patient to forgo life
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support under these situations is regarded as distinct from participating in assisted suicide
or active euthanasia. Patients, families, and physicians often struggle with the question of
whether withdrawing treatment is the same as “killing” the patient. A decision to with-
draw life support is justifiable if the physician and the patient or surrogate agree that
additional treatment would not be beneficial to the patient. The stimulus for withdrawal
of therapy should be eliminating a burdensome intervention, not causing the patient’s
death.

The patient’s physician and other health care providers also have a responsibility for
carrying out the patient’s wishes in a humane and compassionate manner. To this end, the
patient’s pain and other suffering, including dyspnea, should be relieved by administra-
tion of sedatives and analgesics.

Brain death criteria cannot be established during an emergency resuscitation attempt.
Determination of brain death criteria must conform to nationally accepted guidelines. In
the case of a patient who meets brain death criteria, life-sustaining medical treatment is
withdrawn unless consent for organ donation has been given. If such consent has been
given, previous DNAR orders are replaced with standard cadaver-care transplant proto-
cols until the organs have been procured.

Family Presence During Resuscitation

The presence of family members during resuscitations or other advanced medical
procedures has usually not been accepted by the health care community because of the
assumption that this experience would have an undesirable effect. This premise is more
common as the invasiveness of the procedure increases and is especially true for resus-
citations. Other explanations for excluding family members may be based on the fear that
family members will interfere with the resuscitation or that their observations may reveal
weaknesses and failures of medical care. There are, however, no data to support any of
these contentions. In fact, studies have shown that there is a growing interest in family
members being present during the resuscitation or during procedures being performed on
their loved ones (91–97). Such participation has been demonstrated to ease the family
members’ own grieving process and some have felt a sense of helping (91). A large
proportion of parents indicated that they would want to be present during procedures
performed on their children (94,98). This is especially true with parents of chronically ill
children. These mothers are often more knowledgeable about their child’s condition and
are comfortable around medical equipment and emergencies. Of family members who
were present during attempted resuscitation of an adult relative in CA, 97% said they
would want to be present again and 76% felt it helped them to grieve their relative’s death.
Others have shown that family presence during procedures was beneficial for both the
family and the ED personnel (99).

Certainly, the decision for parents or family members to be present during a procedure
or resuscitation needs to be individualized. The relationship between the family member
and the patient, the desire of the family to stay or leave, and the need for the physician
to maintain control in difficult situations must all be considered when determining family
presence during procedures or resuscitations.

Parents or family members seldom ask if they can be present unless they have been
encouraged to do so (94–97). In one study, only 11% of family members were asked if
they could go into the resuscitation room and the majority of those interviewed wished
that they had been offered the opportunity (93). Families want to be given the option to
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remain during procedures, and when given the option, often choose to remain (100).
Health care providers should offer the opportunity for family members to be present
whenever possible (92,101). Resuscitation team members should be sensitive to the
presence of family members during resuscitative efforts. Furthermore, during any major
resuscitation, special preparation of family members and a dedicated staff member to
accompany them may be necessary to minimize confusion and fear in this emotionally
difficult situation. This team member can be a chaplain, social worker, patient advocate
or nurse and should be able to answer questions, clarify information, and be willing to
perform other comfort measures (101).

Notification of Death

Despite all the medical treatments currently available, the majority of patients under-
going resuscitation will die. Notifying family members of the death of their loved one is
an important aspect of the resuscitation continuum and is one of the most difficult tasks
that a physician or health care provider must fulfill.

Health care providers are frequently unaware of the enormous impact that they have
on the family and the unique position that the they are in to affect the families’ grief
reaction. Health care providers must be honest and sensitive to the needs of the families
by using appropriate words and body language, displaying professional and caring atti-
tudes, being knowledgeable, responding to questions about the care that was provided,
and explaining what procedures will be followed after the patient’s death. Additionally,
there must be a mechanism provided for future questions to be answered and arrange-
ments for a follow-up for the surviving family (102,103).

If the death occurs in the ED, it usually involves a sudden medical event or traumatic
injury, and is, consequently unexpected. The family has not had time to evolve through
the stages of accepting death (104). The surviving family members are often thrown into
an acute grief reaction and are at increased risk for morbid, prolonged, or complicated
grief. Additionally, the physician is shouldered with the task of informing the family of
their relative’s death without the benefit of establishing any prior relationship with the
family.

After resuscitation is terminated, the physician must be able to shift quickly from the
intense attempts to preserve life to support the family members who must cope with the
death of relative. Emotions must be suppressed during resuscitation to avoid distraction.
In contrast, communication with family members requires resounding sensitivity and is
often charged emotionally. Some physicians develop a defensive measure to protect
themselves from the stress of this situation. At times, physicians may attempt to decrease
their own stress by delaying the notification process, which in turn raises the family’s
anxiety; or by rushing in unprepared and delivering the news in a disorganized manner.
Although there is no painless way of informing family members of their relative’s death,
certain key elements in the delivery that may help prevent undue emotional distress to
both the family and physician.

Contacting the Family

If family members were not present when the patient died, they must be located and
notified. Family members are often notified by an unknown person and, additionally,
may be unfamiliar with the hospital. Therefore, the caller should identify himself or
herself and establish their relationship to the deceased. In most cases, it is preferable not
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to communicate the death over the telephone. Alternatively, they can be told that their
relative is seriously ill or injured and that they should come directly to hospital (105). The
caller should encourage the relative to travel to the hospital with a close friend or relative,
and to let that person drive the car (105). It must be emphasized that rushing to the hospital
will not change the patient’s condition. In certain situations, however, such as a long
travel time or inability to arrive at the hospital, it may be essential to notify them of the
patient’s death over the telephone.

Arrival of Family Members

Family members should be greeted immediately by a knowledgeable member of the
hospital staff, preferably a chaplain, patient advocate or social worker. Even a short
delay can be perceived as disturbingly long for the family waiting impatiently (82). The
family should be taken into a quiet room in which they can have privacy without inter-
ruption. In a private place the family will be free to express their grief. The room should
be near a bathroom and contain facial tissue, drinking water, and a telephone. If the
patient is still alive, a staff member should provide periodic updates. It should ideally be
the same staff member so that the family does not have deal with a large number of
strangers. The family’s need to be informed must not be taken as an aggravation, but
should be respected (95).

Preparation Prior to the Notification of Death

The physician taking care of the patient should be the one who informs the family.
Informing a family of the loss of a loved one is a difficult task and is more difficult in the
ED because the physician usually has no relationship with the relatives prior to the death
of the patient. Prior to talking with the family, the physician should take a moment in time
and concede to any strong personal feelings surrounding the case. A sudden unexpected
death may produce a state of mind of disappointment and animosity. The health care
provider can sometimes perceive a “failed” resuscitation attempt as a personal and pro-
fessional failure. Such perceptions lead to feelings of guilt and remorse even if the
medical treatment was quite within acceptable standards of care. Events surrounding the
resuscitation, especially if it was difficult, can impart emotions that can misunderstood
by family members as not caring. Some health care providers may look for acceptance
and support from family members instead of providing support to the family. Such
emotions should be set aside for later resolution rather than carried into the room in which
the family is situated.

Before meeting the relatives it may be useful to review the medical treatment and
responses that occurred during the resuscitation. This will allow the physician to order
their thoughts and help identify or foresee areas that might be difficult to elucidate. This
preparation can prevent unexpected verbal stumbling blocks during an inevitable stress-
ful situation.

It is valuable to enlist the assistance of a nurse, chaplain, patient advocate, or social
worker who is willing and able to provide added support to the family, particularly if the
physician is not comfortable with this task (106). It is always helpful to share the emo-
tional demands of the encounter with someone. Additionally, find out as much as possible
about the relatives. Obtain knowledge about the family member present, what there
relationship is, was the death unexpected, what they have been told about the patient’s
condition thus far, and how they have reacted to this information. Obtaining this infor-
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mation attenuates the surprise potential and can better enable you to prepare for special
problems. Find out if any of the relatives may be at high risk for pathological grief.
Finally, ask that close friends wait outside until the news is communicated; the family
then may resolve how to notify these people (107).

Notification of Death

When entering the room, introduce yourself as the patient’s physician and establish the
identity of the family members present. Assume the same posture as the family, recog-
nizing that sitting is better than standing. The physician often is tempted to remain
standing, however, this may lead to the impression that he or she cannot stay long or
cannot join the family in this moment of grief. Unless the situation is hostile, move away
from the door and physically join the group (108).

Give a chronological history of the events leading up to the patient’s death using
common sense and terminology the family can understand and avoiding medical jargon
or vague descriptions. Inform them of the events prior to arriving and during the resus-
citation and the results to such interventions. Presenting the actual facts of the event will
help the family acknowledge death intellectually and reassure them that everything
possible was done. When given the full account of what happened, many family mem-
bers are surprised at the actual labor involved, much more than after hearing the more
common and vague cliché “we did all that we could.” Additionally, it allows the family
to have a more firm cognitive basis from which to react with normal grief. Allow time
for reactions and questions of the family members. Communication is only as good as
what is heard and understood by the listener. Then, most significantly, state clearly that
the patient “died” or “was pronounced dead.” Everyone understands this word and it is
exact. Avoid euphemistic language, such as “passed on,” “did not make it,” “succumbed,”
“taken a turn for the worst,” “expired,” or “given up.” Because an announcement of death
causes some degree of shock, it may be wise to say “died” at least twice during the
announcement.

An expression of compassion is important, but there is no need to sound apologetic,
such as “I’m sorry,” when informing the family. These statements, in an attempt to sound
sympathetic may be understood by the angry family as an effort to conceal something.
Sympathy can be clearly expressed by stating, “you certainly have my sympathy.” Rela-
tives need only to be acknowledged for their loss with sympathy.

Allow Grief Response

With any death, particularly if unexpected, the family is unprepared and the initial
grief response may be exaggerated. It is important that the family begin to grapple with
the reality of death and be encouraged to release their initial emotional response. Allow
a short period of time for the immediate grief response. If comfortable doing so, give
support to the family members. Touching or holding the survivor when appropriate will
be appreciated. The expression of grief is determined by many issues including cul-
tural, social and religious beliefs. Family members may cope with crisis by being
histrionic, with loud crying and sobbing; others will be stoic, with little visible signs
of emotion. Do not move away from them, unless there is a real threat to be harmed
(109). Family members will be in severe emotional shock. Be prepared to weather their
initial unrest of anger or denial without inhibiting their expression of grief or respond-
ing to accusations.
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Facilitate Grief Effectively

After their immediate grief response has subsided, talk with the family members about
their perceptions of the event and try to establish how they feel. If they are upset with the
health care providers, their anger should be understood as displaced emotion covering up
unresolved internal conflicts. Do not answer to accusations but instead bring out their
feelings on the senselessness and unfairness of their relative’s demise (108). Reassure
them that the patient had no pain, unless this was not a fact (109). Endorse the actions of
the prehospital workers and the health care providers involved in the resuscitation. Do not
address any issues that occurred during the resuscitation at this point (109). Alleviate any
feelings of guilt by reassuring that they did everything possible, that their actions were
appropriate, and that the actions they omitted would have not changed the result. In nearly
all cases, the use of sedation is discouraged because they tend to extend the grieving
process (105,108,110).

As the physician assesses the grief response, the predisposition to and symptoms of
pathological grief must be identified and therapy begun immediately. Examples of
pathological grief may include death of a spouse of many years in which thoughts of
suicide may arise. These patients should have arrangements made with a relative or
friend to remain with them over the next few days. Another is when a family member
threatens actual suicide or has active psychotic features in which psychiatric consul-
tation and small doses of sedation may be required. The death of one parent that leaves
the other parent with an enormous burden caring for their children may lead to grief
being postponed indefinitely. Finally, cases in which the survivor may have actually
caused the patient’s death may be a setup for pathological grief.

Seeing the Body

For most people, seeing the body seems to help in the grieving process, although this
may not always be the case (104,111). Viewing the body should be encouraged because
this act validates that the death has occurred and helps the family overcome denial.
Failure to see the body may prolong the grief process because the survivor cannot
acknowledge that the person is really dead. However, if a relative does not want to see
the body, by no means should they feel forced to do so or guilty for not choosing to see
the body. If at first they refuse to see the body, they should be offered another chance later
when they have had time to collect their thoughts. It is important to remember to refer
to the body by their name or “him” or “her” and not as “it” because this may make the
encounter more personal to family members.

Prior to viewing the body, it is wise to clean any blood or debris that may make the
viewing unpleasant to the family (provided this does not interfere with a medical
examiner’s forensic evaluation). The family should be warned of what to expect prior to
seeing the body. Prepare them for the presence of injuries, intravenous lines, and endot-
racheal tubes if present. If there are deformed or mutilated body parts, it preferable for
them to be covered with a sheet.

If possible the body should be moved to a quiet room, which allow grievers both
privacy and a more pleasant setting for this indelible event. The family should be accom-
panied by either a chaplain, social worker, or nurse although seeing the body to give
support, answer questions, or simply stand quietly nearby.
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Children
Family members always should be encouraged to talk to children about the death. An

honest discussion can be a positive emotional experience and may help diminish the
misconceptions that children may fantasize about death. No one should lie or alter of
the facts. Family members should be encouraged to discuss their feelings openly with
the child and not to change the child’s feelings about the death. Adults should be
encouraged to disclose their grief openly rather than privately. This establishes a model
that the child can learn that open expression of feelings is acceptable. This form of
expression will allow the child to accept death as reality.

When the deceased is a parent, young children often need constant reassurance that the
surviving parent will not vanish and will continue the same role as before and maintain
the family together. When adults avoid talking about death with children, they create an
atmosphere of fear and anxiety for children who are sensitive to evasion and family stress
levels.

Concluding Process
Once the body is viewed, the family’s visit to the ED or hospital should be formally

concluded in a manner that covers the remaining necessary details. The physician has the
responsibility to answer any final questions, to request an autopsy, or ask the family about
organ and tissue donation as indicated, and to provide follow-up. Asking for a postmor-
tem examination, especially if mandated by the coroner’s office, may be especially
anxiety provoking. It is helpful for the physician to communicate that this is an operative
procedure done by a skilled professional to determine possibly the cause of death. Trans-
fer of the body to the coroner’s office or mortuary should be addressed. A packet of
materials containing information on transportation of the body from the hospital, death
certification, autopsy and medical examiner requirements, and organ and tissue donation
is useful.

Relatives should be taught about the symptoms of grief and what to expect in the weeks
to come. Some of the common symptoms include depression, sleep disturbances, diffi-
culty concentrating, anorexia, and preoccupation with the deceased (112). They should
be reassured that all of these symptoms are normal and may have them for up to 1 or 2
months (105). Finally, family members should be told that there is nothing else to do and
they may leave the ED or the hospital. When possible, escorting the family and explaining
to them that there is nothing more that they can do helps bring their visit to a formal close.

Follow-Up
Relatives of patients requiring resuscitation should have a follow-up phone call or

letter. Especially in cases of sudden death, these relatives are commonly so stunned that
they forget to ask important questions. A follow-up not only eases grief by resolving these
important questions, but can alert the physician to possible pathologic grief and need for
psychiatric consultation and therapy.

Health Care Providers’ Emotional Needs
Unfortunately, health care providers, especially those involved in the resuscitation are

not expected to grieve when their patients die. Health care providers are considered
support figures who should be resistant to the emotional impact of death. Outwardly,
health care providers meet those expectations at work. They rarely display their feelings,
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continue to manage other patient problems in an objective fashion and do not discuss their
emotions, even with unexpected death.

Certainly the justification why health care providers seem less affected by death are
complex, but may include the need to satisfy assumed professional and personal expec-
tations. Still, there is every reason to expect that death adversely affects the health care
providers’ sense of accomplishment and satisfaction, and incites feelings of guilt and
failure. They often experience emotional reactions similar to those of family members.
To neglect these feelings or to allow them to go unaddressed is not acceptable. It is
important for health care providers to identify their feelings, whether they be relief,
sadness, guilt, or failure. Health care providers must understand and accept these emo-
tions as natural consequences of interacting with a patient who dies. Emotions concerning
a patient’s death are experienced by all individual involved in a resuscitation, and that
they are important for our personal and professional growth and maturity. Having health
care providers discuss their feelings openly with other coworkers or a chaplain eases the
bereavement process.

Organ and Tissue Donations
Recent advances in surgical techniques, organ preservation, immunosuppressive

therapy, and life-supporting technologies have allowed organ and tissue transplantation
to play a major role in the treatment of patients with end-organ failure. Consequently, the
demand for transplantable organs is increasing rapidly. The major obstacle to organ
procurement is the limited organ supply (94).

Health care providers should support efforts to procure organs and tissues for the
increasing number of patients who may benefit from these procedures. In the United
States, permission for organ and tissue donations must be obtained from the patient’s
relatives.

Research and Training on Newly Dead
Patients demand and count on safe and effective medical treatments when faced with

an acute illness. Also, the public expects the health care community to continually
improve the efficacy and safety of available medical technology. Public expectation for
advances in acute medical technologies necessitates research into the etiology and treat-
ments of acute illness. Research into emergency procedures is essential to society to
achieve these stated goals. The current standards used in the resuscitation of patients
have been created from research performed in unconscious patients who were unable to
give informed consent.

An enormous amount of research is performed in the area of resuscitation. Research
topics have included techniques to maximize cardiac and cerebral perfusion and drug
therapy to prevent damage from resuscitation and reperfusion. However, virtually all this
research is occurring in animal models. There is a significant paucity of studies corrobo-
rating preliminary animal data in humans. Even though some researchers are performing
limited studies on humans, many questions cannot be conducted in humans because of
ethical reasons (113). Therefore advancement in resuscitation research is difficult as a
result of this obstacle.

The use of a newly dead patient for research or training has raised important ethical,
and at times, legal issues. The ethics of biomedical research involving human subjects are
based on well established principles. The principle of beneficence entails promoting the
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well-being of research subjects although protecting them from harm or nonmaleficence.
This has always been ensured by having independent committees review the research
protocols, although maintaining the subjects’ rights. The ethical principle of autonomy,
which allows individuals to control any procedures done on their bodies, and the legal
requirements set by the federal agencies that supervise human research dictate, that, in
general, a competent patient must give informed consent for any research (90). However,
prospective informed consent for resuscitation research in the emergency setting is nearly
impossible to obtain (114–116).

The consent from a family member is ideal and respects the autonomy of the newly
dead. However, this is often not possible in the case of a CA. Resuscitation for cardiop-
ulmonary events is usually unanticipated and requires immediate intervention. Because
of this, identifying populations prior to such occurrence is impractical, and obtaining
informed consent after such events is impractical at best, and often impossible. The
infeasibility of obtaining consent for resuscitation cannot be the absolute barrier in pre-
venting emergency research. Advocates of research on the newly dead maintain that a
greater good is accomplished, which benefits the living. Enrollment of a patient into an
emergency research protocol without consent has been shown to be not only acceptable
to but also appreciated by family members who, in most cases, consented to the research
protocol (115).

Some researches have attempted to overcome the problem with informed consent was
the use of deferred or presumed consent (117). The investigators deducted that partici-
pants would want to enter the trial because prognosis from resuscitation is poor and
experimental treatment may be better than the standard treatment. It was believed that
patients would want to enroll, or at least want to initially “preserve their option” to
participate. These patients received initial therapy provided that family or surrogate
could be contacted and informed consent obtained within a reasonable time. Patients
whose family or surrogates refused to give consent were withdrawn from the study at
that time. Objection to deferred consent is that no one can quantify the risk or benefit
from an experimental protocol accurately, and in this circumstance it is unreasonable to
assume that most patients would choose to participate. Additionally, this belief goes
against the principle of autonomy, because patients have a right to do what they want
to do with their bodies, which includes enrolling in a research study. Therefore, pre-
sumed consent, even if it saves the option to participate, still abrogates the principle of
autonomy and informed consent. It is interesting that deferred consent is an approved
standard for providing resuscitation but has been considered to be inappropriate in the
research of resuscitation.

The problem with presumed consent is the assumption that a reasonable person would
consent under the same circumstances. In many countries, deferred consent is the premise
for procurement of organs and tissues. Extrapolation of this philosophy to include medi-
cal training and research is unfounded. In a Norwegian study, 60% of parents who had
recently lost an infant were opposed to deferred consent for procedures (118). Deferred
consent for medical training and research with the newly dead should demands a well-
informed public with allowance for discussion so that individuals have the right to refuse
consent.

In the United States, unlike most other countries, the topic of informed consent for
resuscitation research has become one of the most vital impediments for future progress
in resuscitation. Research in victims of cardiac arrest has been restricted severely because
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prospective informed consent cannot usually be obtained. Research on such patients has
captivated much public attention because of the possibility of unethical research. How-
ever, most research done in this field has consisted of well-designed, carefully monitored
studies that have led to significant advances for society in general. After much public
debate with the Food and Drug Administration and the National Institutes of Health, a
new regulation that allows an initial exception of informed consent in certain very strict
circumstances has been adopted (119). Research can be performed in emergency situa-
tions if prospective subjects are in a life-threatening situation and prospective informed
consent is not practical. Additionally, present therapy is unproven or unsatisfactory,
research is required to determine what intervention is best, and the risk and benefits are
reasonable without undue risks from entering the protocol. Moreover, there are stringent
pretrial requirements for consultation with experts, as well as lay persons who might be
study patients, and full public disclosure of the details and results of the study are required
if this waiver is to be invoked.

The process of obtaining consent to perform procedures or research on the newly dead
places a considerable strain on both the family, who must consent in this stressful cir-
cumstance, and the health care provider, who must ask for it. In the same Norwegian
study, 8% of parents would have been angry if they were asked to use their newly dead
infant for practice of endotracheal tube intubation (118). However, 73 to 78% of parents
reported that they would have agreed if they had been asked (118,120).

Patients deserve and expect modern, safe, and effective medical therapies when they
are acutely ill. The public desires advances in acute resuscitation procedures in order to
improve outcomes. The benefits of emergency research include potential improvement
in survival and quality of life from CA, threatening condition that otherwise would have
a dismal outcome.

CONCLUSIONS

The therapeutic advancements in the last half of the century have allowed health care
providers to change the natural history of many diseases. For certain patients, the treat-
ments have been a remarkable achievement resulting in reversal of an acute illness, and
in some cases near certain death. Although for others, the effort of resuscitation has been
futile and resulted in a prolongation of an inevitable death. Physicians have the respon-
sibility to recognize their limitations. Patients should not bear the inappropriate use of
medical technology.

The principles of medical ethics are intimately involved when patients exercise
informed consent to have or to forgo a medical procedure. Neither autonomy or benefi-
cence are fostered when physicians do not provide reasonable estimations and progno-
sis with benefits and burdens that the patient will incur with any medical intervention,
especially with resuscitation. It is even worse if the physician offers treatments that are
known to be inappropriate or futile for that patient. The principle of patient autonomy
does not shift the responsibility for medical choices onto patients, families, or surro-
gates. Rather it demands that this information be provided as honestly as possible and,
if possible, recommend which treatment may be most beneficial to the patient. More-
over, the physician should explain why certain procedures, such as resuscitation may
not be offered.

Failure to convey and understand the potential for harm and absence of benefit from
resuscitation have produced a climate of mistrust among health care providers and
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patients. Families often wonder whether limiting care to a patient is the same as not
caring for that patient and are frequently unaware of any possible reason other than
financial why certain treatments are withheld from the patient. It must be explained
clearly that certain procedures may not only produce a worse outcome but may actually
prolong death. On the other hand, some physicians are not willing to discuss the with-
holding of resuscitation with patients and families. This may be explained by either the
physician thinking that he or she has given up for the patient or that they feel inadequate
that they cannot save the patient or are uncomfortable with medical uncertainty. Frank
discussions with patients and their families about the benefits and burdens of the medical
treatments are necessary to provide patients with the best opportunity to make informed
decisions.

Once a decision is made, respect should be given for that decision. Patients not wanting
resuscitation should be given all the comfort care and other necessary medical therapies
that are medically indicated and should never be abandoned.
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INTRODUCTION

The physiology of cardiopulmonary resuscitation (CPR) is complex and changes over
time. Becker and Weisfeldt defined three time-sensitive phases of resuscitation: electri-
cal, circulatory, and metabolic (1). Each of these phases is characterized by multiple
physiological abnormalities to become more profound and difficult to reverse over time.
Beyond the first phase, which can often be corrected by a single intervention (e.g., prompt
defibrillation for ventricular fibrillation [VF] or pulseless ventricular tachycardia, and
increasing host of challenges develop (e.g., maintaining coronary and cerebral blood flow
and pressure, counteracting vasodilatation, cerebral protection, minimize and postresus-
citation left ventricular dysfunction).

Attempts to improve resuscitation outcome have traditionally focused on improving
one intervention (or variable) at a time. Experimental models and clinical trials have, thus,
attempted to keep all variables constant (either by design or randomization) except for
one intervention that could be divided into a control and experimental group. Although
such a design is optimal from a scientific standpoint, it handicaps the process of finding
dramatic enhancements in clinical resuscitation practice because solitary interventions
can only address one of the many physiological derangements that are present at a time.
The situation is analogous to the search for cancer cures. Major breakthroughs, such as
have been seen in the treatment of childhood leukemia or certain forms of lymphoma,
have occurred because multiple intervention strategies were tested against conventional
therapy. Combination therapeutic techniques have been employed with equal success in
the management of patients with acquired immunodeficiency syndrome (AIDS).
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The purpose of this chapter is to review a few examples of the combination resusci-
tation strategies (both successful and unsuccessful) that have begun to appear in both the
experimental and clinical trial literature.

DRUG COMBINATIONS

Catecholamines and Buffer Therapy
There continues to be controversy regarding whether the use of buffer therapy during

CPR enhances the actions of catecholamines (2). Recent evidence suggests that routine
addition of buffer therapy to catecholamines early in resuscitation is not only unneces-
sary, but may actually be harmful (3,4). Sun et al. induced VF in Sprague-Dawley rats.
Precordial compression and mechanical ventilation were initiated after 8 minutes of
untreated VF. Animals were then randomized to receive either sodium bicarbonate,
tromethamine, or saline placebo. Two minutes later, epinephrine was injected intrave-
nously. In another subgroup, epinephrine was given first followed (2 minutes later) by
either buffer or placebo. Electrical defibrillation was attempted after 8 minutes of precor-
dial compression. Both bicarbonate and tromethamine significantly decreased coronary
perfusion pressure (CPP) can reduce the magnitude of the vasopressor effect of the
adrenergic agents. When the vasopressor preceded the buffer, the decline in CPP after
buffer administration was prevented. These results may help to explain why a random-
ized clinical trial involving 502 randomized, adult cardiac arrest (CA) victims had no
better outcome when they received buffer therapy as opposed to placebo (4).

In contrast, one recent experimental study in a canine VF model suggests that, in a
prolonged resuscitation, bicarbonate therapy and a period of perfusion prior to attempted
defibrillation may increase survival (5). The experiment was designed to determine
whether administration of sodium bicarbonate and/or epinephrine in combination with
a brief period of CPR prior to defibrillation would improve the outcome of prolonged CA
in dogs. After 10 minutes of VF, animals received either immediate defibrillation (fol-
lowed by treatment with bicarbonate or control) or immediate treatment with bicarbonate
or saline (followed by defibrillation). Treatment with bicarbonate was associated with
increased rates of restoration of spontaneous circulation. This was achieved with fewer
shocks and in a shorter time. CPP was significantly higher in bicarbonate-treated animals.
The best outcome in this study was achieved when defibrillation was delayed for approx
2 minutes, during which time sodium bicarbonate and epinephrine were administered
with ongoing CPR.

Catecholamines and -Blockers
Redding and Pearson were the first to show the importance of maintaining peripheral

vascular resistance to maximize coronary and cerebral blood flow during resuscitation
(6,7). Epinephrine has been the principal adrenergic agent used in resuscitation for more
than 30 years, primarily because of its -adrenergic action, which increases CPP and
favors an initial return of spontaneous circulation (ROSC). However, its -adrenergic
action may have detrimental effects on postresuscitation myocardial function by increas-
ing myocardial oxygen consumption during and, immediately following, ROSC.

In experimental rodent model optimized to study postresuscitation cardiovascular
events, epinephrine increased the severity of postresuscitation myocardial dysfunction
and decreased duration of survival significantly (8). The researchers concluded that more
selective -adrenergic agents or use of nonselective adrenergic agents (e.g., epinephrine)
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with -1 adrenergic blockade deserve further investigation. Even use of a relatively pure
-adrenergic vasoconstrictor such as phenylephrine in combination with a -blocker

(propanolol) appears to improve to balance between myocardial oxygen supply and
demand during ongoing resuscitation compared to that which is seen when epinephrine
is used (9).

Vasopressin and Epinephrine
Another approach to creating systemic vasoconstriction without -adrenergic stimu-

lation during resuscitation has been the use of arginine vasopressin (10–12). It was
relatively easy to show that administration of vasopressin in a VF pig model leads to a
significantly higher CPP and myocardial blood flow than epinephrine during closed-
chest CPR (10). However, in a large, well-controlled, Canadian randomized clinical trial,
survival-to-hospital discharge did not differ for patients receiving either epinephrine or
vasopressin during resuscitation in the emergency department, intensive care unit, or
hospital in-patient units (13).

This finding has been explained by some to possibly represent the lack of difference
between the two vasoconstrictors early in resuscitation. This leaves open the possibility
that vasopressin might be superior to epinephrine later in resuscitation when adrenergic
agents typically become less effective as a result of down-regulation of receptors. Further
study will be needed to determine whether vasopressin has advantages over epinephrine
late in resuscitation.

In the meantime, a number of recent studies have focused on whether the combination
of vasopressin and epinephrine offers advantages over the use of either agent alone (14–
18). The combination appears capable of maximizing both coronary and CPP. An even
more novel “cocktail” involves the combination of vasopressin, epinephrine, and nitro-
glycerin during resuscitation. Nitroglycerin is added to offset the coronary vasoconstric-
tion effects of vasopressin. This “cocktail” has been shown to improve survival in a rodent
asphyxial CA model (19) and improved vital organ perfusion in a porcine model (20).

DEVICE COMBINATIONS

A variety of new closed-chest compression techniques and devices have been devel-
oped and studied experimentally and clinically in the last two decades (21–44). Each of
these methods are designed to exploit either or both of the cardiac or thoracic pump
mechanisms of blood flow. Some of the new techniques and devices are being studied
with each other in various combinations, attempting to create a syngeristic physiological
effect.

Impedance Threshold Valve
One of the most promising techniques is the use of an impedance threshold valve

(ITV) to improve venous return in combination with other resuscitation techniques. For
example, Samniah et al. (45) tested the feasibility of transcutaneous phrenic nerve stimu-
lation used in conjunction with an inspiratory ITV on hemodynamic variables during
hemorrhagic shock. Anesthetized pigs were subjected to profound hemorrhagic shock
by withdrawal of 55% of estimated blood volume over 20 minutes. After a 10-minute
recovery period, the diaphragm was stimulated with a transcutaneous phrenic nerve
stimulator at 10 times per minute as the airway was occluded intermittently with the ITV
between positive pressure ventilations. Hemodynamic variables were monitored for 30
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minutes. Phrenic nerve stimulation in combination with the ITV (p < 0.001) improved
right and left ventricular diameter significantly compared with hypovolemic shock val-
ues by 34 ± 2.5% and 20 ± 2.5%, respectively. Phrenic nerve stimulation together with
the ITV also increased transaortic, transpulmonary, and transmitral valve blood flow by
48 ± 6.6%, 67 ± 13.3, and 43 ± 8.2%, respectively (p < 0.001 for comparisons within
group). Mean ± standard error of the mean (SEM) coronary perfusion and systolic aortic
blood pressures were also significantly (p < 0.001) higher compared with values before
stimulation (30 ± 2 vs 20 ± 2 mmHg, and 37 ± 2 vs 32 ± 3 mmHg, respectively). This
feasibility study suggests that phrenic nerve stimulation with an ITV can improve car-
diac preload and, subsequently, key hemodynamic variables in a porcine model of severe
hemorrhagic shock.

The ITV is also synergistic with closed-chest compression (both standard CPR and
several of the newer enhanced techniques. Voelckel et al. (44) evaluated the combination
of active compression–decompression (ACD) CPR and ITV in a young porcine model of
CA. After 10 minutes of VF, and 8 minutes of standard CPR, ACD + ITV CPR was
performed in seven 4- to 6-week old pigs (8–12 kg); defibrillation was attempted
8 minutes later. Within 2 minutes after initiation of ACD + ITV CPR, mean (± SEM) CPP
increased from 18 ± 2 to 24 ± 3 mmHg (p = 0.018). During standard vs ACD + ITV CPR,
mean left ventricular myocardial and total cerebral blood flow was 59 ± 21 vs 126 ± 32
mL per minute per 100 g, and 36 ± 7 vs 60 ± 15 mL per minute per 100 g, respectively
(p = 0.028). Six of seven animals were defibrillated successfully and survived longer than
15 minutes. Thus, the combination of ACD + ITV CPR increased both CPP and vital
organ blood flow significantly after prolonged standard CPR in a young porcine VF
model.

HYPOTHERMIA COMBINED
WITH OTHER RESUSCITATION TECHNIQUES

Dr. Peter Safar was the first to recognize the importance of cardiopulmonary cerebral
resuscitation in effecting meaningful survival from CA. Although promising when given
pre-arrest in animal models, a variety of single pharmaceutical agents have been admin-
istered postresuscitation in humans without benefit (46). The most promising techniques
appear to be the use of mild to moderate hypothermia begun early (within 3–4 hours) post-
ROSC. Two recent multicenter, randomized clinical trials showed a clear survival advan-
tage for comatose adult CA survivors whose core body temperature was maintained at
mild hypothermic levels for 24 to 48 hours postresuscitation.

The ultimate combination will likely involve adding novel resuscitation devices to
new pharmacological interventions. One such example is a recent report from Raedler et
al. (47) who documented hemodynamic and vital organ flow benefit from the use of
ACD-CPR, ITV, vasopressin, and hypothermia during resuscitation in a porcine CA
model. Pigs were surface-cooled until their body core temperature was 26°C. After 10
minutes of untreated VF, 14 animals were assigned randomly to either ACD CPR with
the ITV (N = 7) or to standard (STD) CPR (N = 7). After 8 minutes of CPR, all animals
received 0.4 U/kg vasopressin intravenously, and CPR was maintained for an additional
10 minutes in each group; defibrillation was attempted after 28 minutes of CA, including
18 minutes of CPR. Before the administration of vasopressin, mean ± SEM common
carotid blood flow was significantly higher in the ACD + ITV group compared with STD
CPR (67 ± 13 vs 26 ± 5 mL per minute, respectively; p < 0.025). After vasopressin was
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given at minute 8 during CPR, mean ± SEM CPP was significantly higher in the ACD +
ITV group, but did not increase in the STD group (29 ± 3 vs 15 ± 2 mmHg, and 25 ± 1
vs 14 ± 1 mmHg at minutes 12 and 18, respectively; p < 0.001); mean ± SEM common
carotid blood flow remained higher at respective time points (33 ± 8 vs 10 ± 3 mL per
minute, and 31 ± 7 vs 7 ± 3 mL per minute, respectively; p < 0.01). Without active
rewarming, spontaneous circulation was restored and maintained for 1 hour in three of
seven animals in the ACD + ITV group vs none of seven animals in the STD CPR group
(NS). During hypothermic CA, ACD-CPR with the ITV improved common carotid blood
flow compared with STD CPR alone. After the administration of vasopressin, CPP was
significantly higher during ACD + ITV CPR, but not during STD CPR. Thus, ACD-CPR
with the ITV can improve carotid blood flow (and CPP with vasopressin) compared with
STD CPR.

CONCLUSIONS

Resuscitation science is continuing to progress as new discoveries unlock the secrets
of the human body during catastrophic medical and traumatic events. Improvement in the
rate of neurologically intact survival following resuscitation will likely come from evo-
lutionary steps rather than a single, major breakthrough. At present, the most promising
hope seems to be a multifaceted approach targeting the many physiological derange-
ments that are present during CA.
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Choking, see Airway obstruction
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data, 701
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sampling, 697
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TeleCPR trial, 703–705
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Combitube, ventilation after cardiac arrest,
73–75, 107, 108
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prevention, 35
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cerebral dysfunction, 544

Compliance, definition, 57
Coronary artery disease (CAD), sudden

cardiac death prevention,
implantable cardioverter defibrillators,

24–30
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primary prevention, 22

Coronary perfusion pressure (CPP), cardio-
pulmonary resuscitation monitoring,
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Corticosteroids, drowning victim respiratory
support, 418
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CPP, see Coronary perfusion pressure
Cricothyroidotomy, emergency airway
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D

Damage control, trauma patients,
phase I, 460
phase II, 460, 461
phase III, 461
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automated external defibrillator, see

Automated external defibrillator
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early intervention,

importance, 353–354, 503
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efficacy factors,
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emergency medical services time-interval
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Digoxin,
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induction, 125
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order
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dysfunction management, 516, 518

Dofetilide, sudden cardiac death prevention
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Drowning,
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active vs passive drowning, 410
cardiovascular support, 418, 419

central nervous system support, 419
cerebral hypoxia tolerance, 408
definition, 407, 409
dry vs wet drowning, 410
early intervention importance, 412, 413
emergency department treatment, 414,
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glucose control, 419, 420
hypothermic protection, 408, 409
intensive care unit management, 415
liquid aspiration volume, 408, 410, 411
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renal support, 420
rescue, 412, 413
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antibiotic prophylaxis, 418
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415, 416
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prone positioning, 418
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secondary drowning, 410
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Drug delivery, see Pharmacology, drug de-
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E
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tation monitoring, 488, 489

ECMO, see Extracorporeal membrane oxy-
genation

EEG, see Electroencephalography
EKG, see Electrocardiography
Elam, James, resuscitation contributions, 2,
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ing, 477
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ST-T changes, 432, 433
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Emergency medical services (EMS),
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cardiac arrest management,
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predefibrillatory interventions, 658
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overview, 672, 673
quality assurance, 674, 675
supervisor system, 678, 679
team work and error reduction, 677, 678
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EMS, see Emergency medical services
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prevention, 555

Endotracheal intubation,
Combitube, 73–75, 107, 108
endotracheal drug delivery, 280, 283,

288, 289
Endotrol tube, 106
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laryngoscope blades, 103, 104
nasotracheal intubation, 67, 68
orotracheal intubation, 66, 67, 102–104
technique, 105
tube size selection, 68, 69, 104

Endotrol tube, ventilation after cardiac arrest, 106
Epinephrine,

adverse effects, 291, 292, 311, 312
bradyasystole management, 137
defibrillation efficacy effects, 310, 311
dosing in cardiac arrest, 291, 306, 312–

315, 321, 689
efficacy in cardiopulmonary resuscitation,

308–310
endotracheal drug delivery, 280
hemodynamic effects, 291
history of use, 306, 308
mechanism of action, 307, 308
neuroprotection studies, 311
pediatric use, 623
pharmacology in cardiac arrest, 310
postresuscitation cerebral dysfunction

prevention, 564, 565
postresuscitation myocardial dysfunction

effects, 512, 513
prospects for study, 327
pulseless electrical activity management, 153
receptor specificity, 290, 291, 309
regulation of release, 307
structure, 292
vasopressin combination therapy, 324–

327, 743
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emergency medical services decisions,
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families,
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child acceptance of death, 732
contact, 728, 729
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viewing of body, 731
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pediatric cardiopulmonary resuscitation,
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autonomy, 715–718
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children, 621, 622
postresuscitation cerebral dysfunction

prevention, 563
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Families of resuscitation patients,
arrival at hospital following death, 729
child acceptance of death, 732
contact, 728, 729

death notification, 728–730
follow-up, 732
grief response and facilitation, 730, 731
presence during resuscitation, 727, 728
viewing of body, 731
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Foreign body aspiration, see Airway ob-
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G
GCS, see Glasgow Coma Score
Glasgow Coma Score (GCS),

postresuscitation cerebral dysfunction
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Glucose control,
drowning victims, 419, 420
hypothermia victims, 450, 451
postresuscitation cerebral dysfunction

management, 571, 572
postresuscitation monitoring in children,
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GPI-3000, postresuscitation cerebral dys-

function prevention, 552

H
HBO, see Hyperbaric oxygen
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complications, 120
historical perspective, 114, 115
technique, 116, 117

Hemoglobin, gas transport, 43
High-impulse external chest compression,

applications, 182
blood flow physiology, 181, 182
historical perspective, 180

HTS, see Hypertonic saline
Hyperbaric oxygen (HBO), postresuscitation

cerebral dysfunction management,
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Hypercalcemia,
cardiopulmonary arrest relationship, 382
causes, 381, 382
treatment, 382

Hypercarbia,
cardiopulmonary resuscitation monitor-

ing, 483–486
lactate metabolism relationship in heart,

339
survival outcomes, 340

Hyperkalemia,
bradyasystole,

induction, 130
treatment, 136, 137
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causes, 386, 387
treatment, 388, 389
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cardiopulmonary arrest relationship, 384,

385
causes, 384
treatment, 385, 386
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cardiopulmonary arrest relationship, 380
causes, 380
treatment, 380
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diac death prevention, 32, 33

Hypocalcemia,
cardiopulmonary arrest relationship, 381
causes, 381
treatment, 381
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treatment, 388, 389
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causes, 384
treatment, 385, 386
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causes, 378, 379
treatment, 379, 380

Hypothermia,
anti-arrhythmic drug use, 370
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definition, 437
drowning victim protection, 408, 409
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glucose control, 450, 451
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pharmacological considerations, 444
rewarming therapy,
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controversies in cardiac arrest, 254, 255
depth, 258
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256, 257
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signaling pathways, 260
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management, 580–584
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IAC, see Interposed abdominal compression
ICD, see Implantable cardioverter defibrilla-
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Implantable cardioverter defibrillator (ICD),
anti-arrhythmic drug use, 369
sudden cardiac death prevention,
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overview, 24, 25
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tion prevention, 556, 557
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applications, 185
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prevention, 559
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dysfunction; Postresuscitation myocar-
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bradyasystole management, 134
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defibrillation efficacy effects, 221, 222
protection, see Hypothermia therapy
pulseless electrical activity, 149, 150

ITV, see Impedance threshold valve
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Lactic acidosis, cardiopulmonary resuscita-
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Laryngeal mask airway (LMA),
children, 618
ventilation after cardiac arrest, 72–76,
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adverse effects, 297, 355, 356
clinical trials in cardiac arrest, 359, 360,

364–366
dosing, 297, 355
endotracheal drug delivery, 280
indications, 297
mechanism of action, 296, 355
pediatric use, 626
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cardiac arrest causes, 430
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electrocardiogram changes,

QT prolongation, 432
ST-T changes, 432, 433
T-wave inversion, 432, 433

injury mechanisms,
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overview, 428
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431
long-term problems, 433
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prevention, 434
risks, 425, 426
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sudden cardiac death,
prevention, 34, 35
risks, 18
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LQTS, see Long QT syndrome
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Magnesium disturbances, see
Hypermagnesemia; Hypomagnesemia

Magnesium sulfate, cardiac arrest trials, 368
Medical futility, principles, 723, 724
Minimally invasive direct cardiac massage,
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postresuscitation cerebral dysfunction

prevention, 563
MITI, see Myocardial Infarction Triage

Intervention
MK-810, postresuscitation cerebral dysfunc-

tion prevention, 552
Mouth-to-mouth resuscitation, see Resusci-

tation; Ventilation
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Myocardial dysfunction, see
Postresuscitation myocardial dysfunc-
tion

Myocardial Infarction Triage Intervention
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N
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data set variables, 644
goals, 643, 644
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overview of findings, 644, 645

Near drowning, see Drowning
Near infrared absorption spectroscopy
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492, 493
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postresuscitation cerebral dysfunction
assessment, 549, 550
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NIRS, see Near infrared absorption spectros-
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drowning victim respiratory support,

417
postresuscitation cerebral dysfunction,

inhibitors in prevention, 558
role, 546, 547
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NO, see Nitric oxide
Norepinephrine,

dosing in cardiac arrest, 293
hemodynamic effects, 292
receptor specificity, 292
structure, 292
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tissue oxygen monitoring, 492, 493
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PBPK, see Physiologically based pharmaco-

kinetic modeling
PCBP, see Percutaneous cardiopulmonary
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defibrillation, 223
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vasopressin, 623, 624

early intervention importance, 615–617
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620
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postresuscitation management,
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development, 629, 630
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hyperthermia prevention, 579
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excitatory amino acid receptor

blockers, 552, 553
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clinical trials in cardiac arrest, 360
dosing, 298, 357
indications, 298, 357
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early intervention importance, 352
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ethics, see Ethics
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supervisor system, 678, 679
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postresuscitation monitoring, 494, 495
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SA node, see Sinoatrial node
SCD, see Sudden cardiac death
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Seizure, postresuscitation cerebral dysfunc-
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ment, 134
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(SCV),
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Hyponatremia
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definition, 12, 13
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defibrillators, 24–30
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defibrillators, 32
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long QT syndrome, 34, 35
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Tacrolimus, postresuscitation cerebral dys-
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TeleCPR, trial design, 703–705
Thoracotomy, emergency department, 456,

457
Tissue-type plasminogen activator (tPA),

postresuscitation cerebral dysfunction
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tPA, see Tissue-type plasminogen activator
Tracheostomy, emergency airway manage-

ment, 76, 77, 117
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barriers,
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basic life support initiation rate by by-
standers, 199, 200, 203
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teaching style, 200
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abdominal compartment syndrome, see
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cardiopulmonary support,
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damage control,
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open-chest compression, 456, 457
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Tribonate, see Buffer therapy
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treatment, 136
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Ultrasound, cardiopulmonary resuscitation
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Utstein guidelines, animal studies, 691
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Vasopressin,
analogs and pharmacological profiles,
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airway patency provision and mainte-
nance,

head tilt–chin lift maneuver, 62, 97
jaw-thrust maneuver, 62, 97
mandibular displacement, 63
patient positioning, 61, 62, 97
triple airway maneuver, 63

breathlessness determination, 63
cricothyroidotomy, 77
drowning victim respiratory support,

antibiotic prophylaxis, 418
bronchodilators, 418
continuous positive airway pressure,

415, 416
corticosteroids, 418
mechanical ventilation,

controlled mechanical ventilation,
417

intermittent mandatory ventilation,
417

pressure support ventilation, 417
nitric oxide, 417
positive end-expiratory pressure, 415,

416
prone positioning, 418
surfactant therapy, 418

effects during low blood flow conditions,
acid–base balance and oxygenation, 44
hemodynamics, 47–49
myocardial force and rate of contrac-

tion, 46
resuscitation outcomes, 49–52
vasopressor effect of catecholamines, 47
ventricular fibrillation and defibrillation,

44–46
endotracheal intubation,

Combitube, 73–75, 107, 108
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Endotrol tube, 106
orotracheal intubation, 66, 67, 102–104
laryngoscope blades, 103, 104
nasotracheal intubation, 67, 68
tube size selection, 68, 69, 104
technique, 105
inspiratory impedance valve, 77

equipment,
bag-valve devices, 70, 71, 100, 677
face masks, 70
laryngeal mask airway, 72–76, 108
nasopharyngeal airway, 102
oral and nasal airways, 71
oropharyngeal airway, 100, 101
oxygen-powered manually triggered

devices, 71, 72
oxygen sources, 69
pharyngotracheal lumen airway, 74, 75
suction devices, 72

frequency with chest compressions, 169–
172

importance following cardiac arrest, 39–41,
56, 96

indications, 96, 97
initiation of respiration, 63–66
monitoring during cardiopulmonary resus-

citation,
arterial and central venous blood gases,

80, 81
end-tidal carbon dioxide, 79, 80

postresuscitation cerebral dysfunction
management, 574

pulmonary physiology during low blood
flow,

gas exchange, 43
hypoxemia and hypercarbia effects, 41
hypoxic pulmonary vasoconstriction,

41, 42
ventilation/perfusion ratio, 42, 43

simultaneous compression and ventilation,
178–180

techniques,
chest compression, 59, 60, 82, 95, 96

manual ventilation, 52, 53
mouth-to-mask ventilation, 98
mouth-to-mouth ventilation, 53–56, 97,

98
mouth-to-nose ventilation, 98
positive pressure ventilation in unpro-

tected airway, 56–59
standards for cardiopulmonary resusci-

tation, 61
tidal volume recommendations, 98, 99
tracheostomy, 76, 77
transport ventilators, 77, 78

Ventricular fibrillation (VF),
causes, 353–355
children, 624–626
defibrillation, see Defibrillation
early animal studies, 4, 5
electrolyte disturbances in etiology, 378
hypothermia victims, 444, 445
incidence, 245, 351
mortality, 351
ventricular waveform analysis, 494

Ventricular tachycardia (VT),
anti-arrhythmic drugs, rationale for use,

353
catecholaminergic polymorphic ventricular

tachycardia, 369
causes, 353–355
early defibrillation importance, 353
electrolyte disturbances in etiology, 378

Vest cardiopulmonary resuscitation,
applications, 192
physiology, 190, 191
postresuscitation cerebral dysfunction

prevention, 560
principles, 190

VF, see Ventricular fibrillation
VO2, see Oxygen consumption
VT, see Ventricular tachycardia

Z

Zoll, Paul, defibrillation contributions, 6,
211
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