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CARDIOPULMONARY RESUSCITATION (CPR) has been
the subject of both anecdotes and descriptive research
studies, which have resulted in an important step forward
in medicine. Unfortunately, few attempts have been made
to dispute the dogma surrounding aspects of the physi-
ology and drug management of CPR. Indeed, since the
advent of CPR in 1960 when external chest compressions
were described by Kouwenhoven and Jude at The johns
Hopkins Hospital until very recently,’ the techniques and
theories behind its use went unquestioned.

A number of questions and controversies about the
physiology and pharmacology of CPR have arisen in the
last few years (table 1). For example, it is still not well
understood why blood flows during CPR. As new infor-
mation appears regarding mechanisms of blood flow,
there is hot debate over how clinical guidelines for chest
compressions should be altered. Anatomic differences be-
tween infants, older children, and adults that affect their
responses to CPR have just begun to be addressed. Again,
the effect of these findings on clinical practice is yet to be
determined. In addition, many researchers are investi-
gating the effects of drugs such as calcium blockers on
vital organ blood flow during ischemia, and the results of
these studies may affect our practice of advanced CPR.
New information regarding glucose metabolism and acid-
base factors during ischemia may also alter the clinical
practice of CPR.

In fact, a number of changes were made in the Amer-
ican Heart Association’s recommendations for CPR in
1986.2 These changes addressed both mechanical and
pharmacological aspects of CPR. For example, the num-
ber of chest compressions per minute have been increased
for adults from 60 to a minimum of 80 and preferably
100 per minute. This change is consistent with both the
cardiac pump and thoracic pump theories of blood flow
during CPR. Changes have been made also in recom-
mendations covering the indiscriminate use of sodium bi-
carbonate and calcium chloride. For CPR in children,
hand position for chest compressions has been altered to

Key words: Brain: blood-brain barrier; blood flow. Cardiopulmonary
resuscitation: abdominal counterpulsation; chest compliance. Heart:
coronary blood flow. lons: calcium. Metabolism: glucose. Pharmacol-
ogy: calcium channel blocking drugs. Sympathetic nervous system: epi-
nephrine; phenylephrine.
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TABLE 1. Controversial Issues in CPR

SCHLEIEN ET AL.

Mechanics
Mechanisms of Blood Flow
direct cardiac compression
intrathoracic pump mechanism
age differences
Use of Newer Techniques
SCV CPR
Vest CPR
Abdominal Compressions
Drugs
Adrenergic Drugs
Epinephrine versus alpha-adrenergic agonists
Bicarbonate—use or overuse?
Glucose
Calcium or calcium-channel blockers

conform with the true anatomy of the child. All of these
changes are discussed below in greater detail. We have
not attempted to write an exhaustive repetition of the
Standards and Guidelines of Cardiopulmonary Resusci-
tation and Emergency Cardiac Care,? but to critically re-
view the literature in order to elucidate some of the con-
troversial issues of clinical CPR.

Animal and Human Physiology

Differences between human physiology and that of
other species need to be closely addressed if animal studies
of CPR are to be interpreted correctly. The compliance
and geometry of the chests of various species differ greatly
from those of the human chest, and these differences affect
mechanical maneuvers needed to generate blood pressure
during CPR. For example, the chest of many breeds of
dogs is keel-shaped, so that chest compression in the an-
terior-posterior axis may not result in adequate blood
pressure until a threshold of compression is reached (see
below). The use of infant piglets is favored over young
dogs in CPR studies because of their broader chest shape,
similar to that of humans. On the other hand, large pigs
are less useful because their chest compliance is low, mak-
ing chest compressions very difficult.

The pharmacokinetics of various anesthetic drugs also
differs from species to species. Narcotics, for example,
affect many animal species differently than they affect hu-
mans. In addition, some animals have higher baseline ce-
rebral blood flow values than humans, and absolute values
must be interpreted in that light. On the other hand, the
physiology of the myocardial and cerebral vasculature are
similar in all vertebrates, so that physiological effects, such
as response to adrenergic drugs and endogenous sym-
pathetic stimulation, are comparable. All of these concerns
about the comparability of animals and humans apply to
the animal studies presented below.
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Mechanisms of Blood Flow during CPR

HISTORY

For several decades after Kouwenhoven's original de-
scription of closed-chest CPR,' it generally was assumed
that antegrade blood flow during external chest compres-
sion resulted from the direct squeezing of the heart be-
tween the sternum and spine. If a *‘cardiac pump’’ mech-
anism generates blood flow during external chest
compression or “systole,” then the ventricles are com-
pressed to a greater extent than the atria in order to gen-
erate a ventricular-atrial pressure gradient that will close
the atrioventricular valves. Ventricular ejection is accom-
panied by a reduction in ventricular volume. During chest
relaxation or “‘diastole,” ventricular pressure decreases
below atrial pressure, leading to opening of the atrioven-
tricular valves and ventricular filling. These cardiac dy-
namics and flow events mimic a normal cardiac cycle and
are operative in open-chest cardiac resuscitation (fig. 1).
Several observations of CPR in the 1960s and 1970s were,
however, inconsistent with this *“cardiac pump”’ mecha-
nism. Weale and Rothwell-Jackson noted that external
chest compression produced equivalent increases in ar-
terial and right atrial pressure.® Other clinical observations
also raised questions about direct cardiac compression as
a sole mechanism of generating blood flow. Rudikoff et
al. noted that closed-chest CPR failed to generate a mea-
surable blood pressure in some patients with flail sternal
segments, a circumstance that should permit direct cardiac
compression more readily.* Only when the chest was sta-
bilized by external binding could blood pressure be gen-
erated. Despite these observations, it was not until the
dramatic observation of Criley in 1976° that the direct
cardiac compression hypothesis was questioned seriously.
He reported that several patients who developed ventric-
ular fibrillation during cardiac catheterization could pre-
serve a cardiac output adequate to preserve consciousness
by repetitively coughing and phasically elevating intra-
thoracic pressure. This observation of *“‘cough CPR”
focused much subsequent research on whether direct
cardiac compression or large fluctuation in intra-
thoracic pressure was responsible for blood flow dur-
ing CPR.%®

THORACIC PUMP MECHANISM

In 1980, Rudikoff et al. demonstrated that maneuvers
that increased intrathoracic pleural pressure during ex-
ternal chest compression caused increases of intrathoracic
vascular pressures. These increased pressures led to in-
creases in carotid blood flow during CPR, suggesting a
new mechanism to account for the forward blood flow
during closed-chest CPR.* This *‘thoracic pump” hypoth-
esis proposed that blood flow produced by external chest
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MECHANISMS OF BLOOD FLOW DURING CPR

Direct Cardiac Compression

FiG. 1. Possible mechanisms for blood flow
during CPR includes direct cardiac compres-
sion (left) and thé thoracic pump (right). With
direct cardiac cdmpréssion, an increase in chest
compression rate causes an increase in blood
flow by squeezing the heart between the ver-
tebral column and sternum. With the thoracic
pump mechanism, factors that increase pleural
pressure cause an increase in pressure within
the heart chambers and ultimately an increase
in blood flow.

4 Force of chest compression
Cause

# Blood flow from heart

compression could be generated by phasic changes in in-
trathoracic pressure without direct compression of the
heart.*” According to this model, external chest
compression produces a generalized elevation of intra-
thoracic pressure that is transmitted equally to all cardiac
chambers and intrathoracic vascular structures. This in-
crease in intravascular pressure is transmitted from the
intrathoracic to the extrathoracic arteries. Because of
competent venous valves, venous collapse at the thoracic
inlet, and a highly compliarit extrathoracic venous system,
pressure is not transmitted to the extrathoracic veins.
Unequal transmission of vascular pressure from the ar-
terial to the venous system provides a gradient for extra-
thoracic blood flow.*” Implied in the “thoracic pump”
mechanism is the antegrade flow of blood through an
open mitral valve during chest compression. During
“diastole,” intrathoracic pressure falls below that of the
extrathoracic venous pressure and blood returns to the
lungs. The heart plays no active role as a blood pump in
this scenario, but serves only as a passive conduit (fig. 1).

Much experimental data supporting the ‘‘thoracic
pump’’ mechanism has accumulated over the past several
years. Two studies have confirmed a close correlation be-
tween the increase in intrapleural pressures and the
change in intrathoracic vascular pressures during chest
comipression.>® Equal pressure increases in all cardiac
chambers and thoracic vascular structures have been
measured repeatedly during chest compression. Rudikoff
et al. and Niemann et al. have demonstrated the existence
of a peripheral vascular gradient sufficient to satisfy the
“thoracic pump”’ theory in the form of a large pressure
gradient between the extrathoracic jugular veins and the
right atrium during chest compression in dogs and hu-
mans.*® Two-dimensional echocardiographic studies
during CPR in both dogs® and humans'®!! have shown

A Rate of chest compression and

Thoracic Pump

Mitral
Valve

Mitral valve closed

Chest compression force
And duty cycle cause

4 Pleural cavity pressure

4 Pressure of heart chambers

that, during chest compression, the aortic and mitral valve
are open and the left ventricular dimensions are not re-
duced. Angiographic studies with contrast injection in the
pulmonary vein and the left atrium have confirmed that
blood flows through the left atrium and the open mitral
valve to the left ventricle and aorta during a single chest
compression and from the vena cava to the lung during
diastole.®!2 In addition, Niemann et al. also demonstrated
angiographically that there is a decrease in aortic diameter
during chest compression in dogs.? If direct cardiac
compression were responsible for ejection, an increase
rather than a reduction in aortic diameter would be ex-
pected. These findings are predicted by the “thoracic
pump” theory, in which the heart is 2 conduit and not a

pump.
EVIDENCE FOR CARDIAC PUMP MECHANISM

Most CPR investigators now accept that the *“thoracic
pump”’ is responsible for antegrade blood flow with cough
CPR, simultaneous compression and ventilation CPR
(SCV-CPR), and vest CPR. These are all techniques that
involve the diffuse application of energy to the thoracic
vasculature (see below). The mechanism of blood flow
during modes of CPR delivery that involve the focal ap-
plication of energy, such as closed-chest manual or me-
chanical piston CPR, remains controversial.

Babbs et al. presented evidence suggesting that direct
cardiac compression does occur in small dogs.'? Weisfeldt
and Halperin have commented that direct cardiac
compression was noted when very high chest-compression
forces were used during some of their experiments, but
these forces produced intrathoracic and intraabdominal
trauma.'* Investigators from Duke University Medical
School have recently published evidence to support a role
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FIG. 2. Factors that increase blood flow from the heart are outlined.
An increase in cerebral blood flow is also caused by vasoconstriction
of extracerebral blood vessels that shunt blood to the intracerebral
vessels.

for direct cardiac compression under certain CPR con-
ditions. They measured ventricular dimensions with
chronically implanted ultrasonic transducers during both
mechanical and high-impulse manual CPR in dogs. They
demonstrated that external chest compressions produced
changes in ventricular shape that were characterized by
a decreasing diameter of the heart parallel to the force
vector of compression and elongation along the other two
axes. Although alterations in ventricular shape were
demonstrated, changes in ventricular volume which would
prove the cardiac pump mechanism were not measured.
In addition, these investigators demonstrated that the
peak intracardiac and aortic pressures were consistently
‘'several times greater than peak intrathoracic pressures
measured with a pleural catheter. The changes in ven-
tricular shape and the ventricular-pleural pressure gra-
dient established during chest compression were regarded
by these investigators as evidence of a direct cardiac
compression mechanism of blood flow during CPR.!®
Further evidence is needed though to clarify whether the
cardiac compression mechanism causes blood flow dur-
ing CPR.

SCHLEIEN ET AL.
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DYNAMICS OF CARDIAC VALVE CLOSURE

Aspects of cardiac valve closure are important in de-
termining which mechanism of blood flow is applicable
during CPR. Orderly closing and opening of valves is ev-
idence for the cardiac pump mechanism. If, however, the
cardiac valves remain open during external cardiac
compression, there is evidence for a “‘thoracic pump”
mechanism of blood flow, since the heart serves only as
a passive conduit in this instance. Feneley et al. demon-
strated with two-dimensional echocardiography in dogs
undergoing high-rate manual CPR that the mitral valve
closed rapidly and that the left ventricle became deformed
with chest compression. Left atrial echocardiographic
bubble contrast injections confirmed that antegrade mitral
valve flow did not occur during these high-impulse
compressions.'® In contrast, the mitral valve remained
open during low-impulse CPR when low-velocity, pro-
longed compressions were used.!” Deshmukh et al. also
provided echocardiographic evidence of a cardiac pump
mechanism. During mechanical CPR in arrested minipigs,
both two-dimensional and M mode echocardiography re-
vealed closure of the mitral valve during chest compres-
sion for the first 5-10 min of CPR. Mitral valve motion
diminished with more prolonged CPR only in those ani-
mals who could not be resuscitated.!® In contrast, Werner
et al. revealed open mitral and tricuspid valves during the
entire cycle of CPR. In this case, valve closure is not nec-
essary for forward blood flow and the heart appears to
act as a passive conduit for passage of blood."°

RATE AND DuTY CYCLE

Further insight into the mechanisms of blood flow dur-
ing CPR has emerged from studies that have evaluated
the hemodynamic changes and the cerebral and myocar-
dial blood flow in response to changes in both the duty
cycle and the rate of chest compression during CPR (fig.
2).'° Duty cycle is defined as the ratio, stated as a percent,
of the duration of the compression phase to that of the
whole compression-relaxation cycle. For example, at a rate
of 30 compressions per minute, a 1-s compression equals
a 50% duty cycle. :

~ If blood flow is generated by direct cardiac compres-
sion, then the stroke volume will be determined by the
force of compression. Prolonging compression and, thus,
increase of the duty cycle beyond the time necessary to
achieve complete ventricular ejection should have no fur-
ther effect on stroke volume. Increasing the compression
rate will enhance cardiac output, since a fixed volume is
ejected with each compression: On the other hand, when
blood flow is produced by the “‘thoracic pump,” the
mechanism of flow is analogous to a pressure pump. In
this instance, blood must be ejected from the large-ca-

pacitance thoracic vasculature for systemic blood flow to.
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occur. Thus, with the thoracic pump mechanism, flow
will be enhanced by increasing both the compressive force
and the duty cycle, but will not be affected by changes in
compression rate over a wide range of compression
rates.'* These predictions assume that venous return does
not becomie a limiting factor during CPR, but no data is
available regarding this variable. Mathematical models of
the cardiovascular system have confirmed that, if blood
flow is diie to the thoracic pump mechanism, then it is
determined by both the applied force and the compresswn
duration.?0-% They also show that if direct compression
of the heart is a primary determinant of flow, the
compression rate and force and not the duration of
compression will determine flow.

Halperin et al. have examined this question of rate and
duty-cycle dependency of blood flow to critical organs
during CPR. 19 These investigators measured hemody-
namic variables and cerebral and myocardlal blood flow
in response to varying duty cycles (15-45%) and
compression rates (60-150 per minute) in three groups
of dogs. One group received closed-chest manual CPR,
and a second group received vest CPR—a method of CPR
that increases intrathoracic pressure without changirg
chest dimensions. A third group received CPR by either
open-chest cardiac massage or by having the piston of a
pneumatic compressor placed directly on the heart after
the sternum was removed. In the vest-CPR group, in-
creases in perfusmn pressures and flows were produced
by increasing the duty cycle from 15 to 45%. Changing
the compression rates from 60 to 150 with a constant
duty cycle did not increase regional flows. However, in
the open-chest cardiac compression group, increasing the
compression rate but not the duty cycle increased myo-
cardial perfusion pressures and flows. In addition, the re-
sults of the closed-chest manual CPR group were equiv-
alent to those of the vest-CPR group: cerebral and myo-
cardial blood flow and perfusion pressures were increased
by prolonging the duty cycle but were unresponsive to
rate changes. This study provided further compelling ev-
idence for a thoracic pump mechanism of forward blood
flow during manual CPR in dogs Fltzgerald et al. dem-
onstrated that, at a fixed duty cycle in dogs with closed-
chest manual CPR, cardiac output was unchanged with
compression rates between 60 and 120. At a constant
compression rate of 60 per minute, cardiac output was
maximized with a duty cycle of 40% but deteriorated dra-
matlcally with either extremely short or long duty cycles.®

The effect on cardiac output and myocardial blood flow
of varying compression rates was also examined by Maier
et al.'® Using high-impulse manual chest compressions in
a dog CPR model, these 1nvest1gators demonstrated that
a stepwise increase in compression rate from 60 per min-
ute increased cardiac output but not stroke volume. At
100 and 150 per minute, cardiac output was enhanced

CONTROVERSIAL ISSUES IN CPR
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by 150 and 230%, respectlvely Coronary blood flow was
not augmented by i mcreasmg compression rate. The in-
crease in cardiac output in this study could also be attrib-
uted to a concomitant increase in duty cycle. The duty
cycle can increase when the compression rate increases if
the absolute time of compression remains the same at a
higher rate. If this were the case, the study would be sup-
portive of the thoracic pump and not the cardiac pump
mechariism of antegrade blood flow.

The efficacy of the high-impulse rapid-compression
CPR technique is supported by the work of Feneley et

al.** Dogs subjected to a higher chest-compression rate
(120/minute) were resuscitated more successfully to a life-
sustammg rhythm than those receiving slower chest
compressions (60/minute) (12 of 13 versus 2 of 13 ani-
mals). In addition, the fast-compression-rate group of an-
imals had a better 24-h survival rate (62% versus 15% for
the slower-rate group) and less neurologic damage. The
better survival in the fast-compression-rate group corre-
lated with a higher aortic diastolic pressure and myocardial
perfusion pressure. In this study, an attempt was made
to achieve the same duty cycle in both groups. Duty cycle
was not directly ineasured but, rather, was calculated fror
an aortic pressure tracing, which could lead to a false
assumption if peripheral vasoconstriction with prolonged
arterial runoff exists. In this case, duty cycle might be
overestimated by measuring the timing of the aortic pres-
sure tracing.

Halperm s study discussed above supported the con-
clusions of a CPR study in humans by Taylor e al. in
1973.% These investigators measured common carotid
blood flow by ultrasonic Doppler flowmeter during me-
chanical, closed-chest CPR in humans performed by a
pneumatic piston chest-compressnon device. Duty cycle
and force of compressions were controlled by a computer.
The study demonstrated that the effectiveness of chest
compressions deperided on duty cycle rather than on rate.
At a constant rate of 60 compressions per minute, flows
progressively increased as duty cycle was increased from
30 to 60%. Changing the compression rate from 40 to
80 per minute with a duty cycle of 60% did not enhance
these flows.

Thus, it appears from the experlmental animal data
and more limited human data that both the *thoracic
pump” and “cardiac pump’’ mechanisms can effectively
generate blood flow during closed-chest CPR. Discrep-
ancies among the results of various studies may be attrib-
uted to differences in CPR models and compressmn tech-
niques. These differences may involve issues of chest
compllance and geometry, maturlty of different animal
species, 2627 or chest compression techniques. The differ-
ences in techniques may include magnitude of sternal dis-
placement compressmn force and momentum of chest

.compression, compression rate, or duty cycle.
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The 1986 American Heart Association guidelines for
CPR and Emergency Cardiac Care have increased the
recommended rate of chest compression rate from 60 to
100.2 This change represents a compromise between ad-
vocates of the “thoracic pump’’ mechanism and those who
support the mechamsm of blood flow by direct cardiac
compression.'* On the basis of their canine studies, Maier
et al. recommended an increase in the chest compression
rate to 120 per minute.'® Proponents of the “thoracic
pump”’ mechanism have suggested that more emphasis
be placed on the duration of compression and a chest
compreéssion rate be chiosen that can most readily achieve
a duty cycle of 50%. At a rate of 60 per minute, a pause
between chest compressions is required to achieve a 50%
duty cycle This is tiring and difficult to accomplish for
the rescuer. A faster rate of approximately 100 per minute
more readily permits the resuscitator to achieve a 50%
duty cycle and satisfies those who recommend faster chest
compressions.'*

Newer CPR Techniques

SIMULTANEOUS COMPRESSION-VENTILATION CPR

An understanding of the mechanisms of blood flow
during CPR has led to research and development of new
CPR techniques: Some of these new CPR modes require
sophisticated mechanical equipment and intubation of the
patients’ trachea and are therefore not suitable for the
initiation of basic CPR. Other techniques are re]atlve]y
simple but clinical evaluation has not proved their superior
efficacy.

If phiasic elevations of intrathoracic pressure can gen-
erate blood flow during CPR then, for the same sternal
displacement, manipuilations that augment intrapleural
and intrathoracic vascular pressures should increase an-
tegrade blood flow during CPR. Several innovative me-
chanical techmques have been inveéstigated over thie past
several years in both the research laboratory and in clinical
trials. None of these newer techniques have as yet been
approved by the American Heart Association for use dur-
ing CPR.

Simultaneous compression and ventilation CPR (SCV-
CPR) was a logical development based on the thoracic
pump mechanism of blood flow during CPR. Chandra et
al. demonstrated that the simultaneous application of ex-
ternal chest compression and ventilation at high airway
pressure (80-100 mmHg) is a technique that increases
intrathoracic pressure when compared with conventional
closed-chest CPR.?® This techinique has produced greater
increases of aortic blood pressure, cardiac output, and
carotid blood flow in both human®® and animal ** CPR
studies than conventional CPR techniques. Subsequent
studies have confirmed the efficacy of this technique in

SCHLEIEN ET AL.
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enhancing cardiac output and regional cerebral and cor-
onary blood flow in canine models of CPR. #0.51 However,
in infant piglets®? and small dogs,27 SCV-CPR does not
surpass standard CPR in raising intrathoracic pressure,
systemic blood pressure, or critical organ perfusion. Per-
haps the particular chest geometry and compliance in
these small animals allow high intrathoracic pressure to
be achieved by standard CPR.%®

VEST CPR

CPR performed by the phasic inflation at high pressure
by 280-350 cm H,O of a circumferential chest vest has
been investigated in the laboratory as a mode of CPR that
does not need complex simultaneous ventilation de-
vices.!#?1:33 Vest CPR is a method of increasing intratho-
racic pressure by phasically inflating a bladder around an
animai’s chest, in order to increase intrathoracic pressure,
without significantly changing the dimensions of the chest.
Clinical trials with this technique are in progress. The
advantages of vest CPR over standard CPR are twofold.
Intrathoracic pressure is increased by a uniform, circum-
ferential decrease in chest dimensions rather than by the
focal distortion of a relatively small area of the chest.
Trauma to the chest wall and viscera, a frequent compli-
cation of standard CPR, might also be obviated. In dogs,
vest CPR at ver high inflating vest pressures (greater
than 300 mmHg) generated cerebral and myocardial
blood flows equal to prearrest values. However, these an-
imals freqnently suffered severe myocardial and pulmo-
nary contusions. At lower inflating pressures (280 mmHg),
cerebral blood flow was maintainéd at prearrest values
while myocardial flows were reduced by 50%. No v1sceral
trauma was produced in these groups of animals.*®

ABDOMINAL COMPRESSION

Abdominal binding or continuous abdominal pressure
during conventional or SCV-CPR has increased aortic
pressure and carotid blood flow in both human®* and an-
imal® studies. These maneuvers increase intrathoracic
pressure during chest compression by limiting the caudad
movement of the diaphragm and preventmg the dissi-
pation of the intrathoracic pressure that is generated 35
In addition, abdominal binding may also redirect blood
flow from below the diaphragm, resulting in an increase
in central blood volume. The increase in systolic and di-
astolic aortic pressures generated by abdominal binding
has not been shown to increase myocardial perfusion
pressure.®® There is an increase in right atrial pressure
that exceeds the increase in aortic diastolic pressure and
subsequently decreases myocardial perfusion pressure. In
this study, left atrial pressure is not measured and so right
atrial pressure is used as the downstream pressure. Sub-
sequent studies also have confirmed that abdominal bind-
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ing in dogs fails to increase regional myocardial blood
flow when compared with conventional CPR alone.*®
When applied during SCV-CPR, abdominal binding de-
creases the cerebral perfusion pressure. This occurs be-
cause of transmission of intrathoracic pressure to the in-
tracranial vault, resulting in increased intracranial pres-
sure. The increase in downstream pressure more than
offsets the increase in upstream carotid pressure, resulting
in a lowered cerebral perfusion pressure.?

The hemodynamic effects of military antishock trousers
(MAST) during closed chest CPR has been found to mimic
the vascular effects of abdominal binding.?”*® Aortic sys-
tolic and diastolic pressures were greater than with stan-
dard CPR alone. Right atrial and intracranial pressures
were also increased, however, so that myocardial and ce-
rebral perfusion pressures did not increase. Several clinical
studies have also demonstrated that MAST-augmented
CPR does not increase the survival rate from cardiac ar-
rest. 2940

Interposed abdominal counterpulsation CPR (IAC-
CPR) consists of the application of interposed abdominal
compression either manually or by phasic inflation of a
circumferential vest around the abdomen, during the re-
laxation phase of the chest compression cycle of conven-
tional CPR.*! No compression is applied to the abdomen
during chest compression. This technique involves the
participation of at least two resuscitators. Babbs et al. has
suggested that IAC-CPR be considered as an example of
a third mechanism for blood flow generation during CPR,
the “abdominal pump.”*? This abdominal pump resem-
bles an intra-aortic balloon pump. Abdominal counter-
pulsation increases venous return and also compresses the
abdominal aorta to produce retrograde aortic flow, closing
the aortic valve and enhancing aortic diastolic pressure.
Since the abdominal compression partially sustains the
increase in intrathoracic pressure of the chest compression
phase, an increase in the effective duty cycle may be an
additional physiologic effect of IAC-CPR.* The efficacy
of this CPR mode has been demonstrated by Babbs et al.
in an electrical model of the circulation.?® In animal ex-
periments, cardiac output, systemic oxygen uptake, and
both cerebral blood flow and myocardial blood flow are
substantially enhanced by this technique when compared
with standard CPR.***® Walker e al. demonstrated a
450% increase in cerebral cortical flow with IAC-CPR.*
Voorhees et al. demonstrated that interposed abdominal
counterpulsation and epinephrine during CPR can pro-
duce cerebral blood flow values during CPR that are in-
distinguishable from control values.** Clinical studies by
Berryman et al.*’ and Howard et al.*® demonstrated an
increase in mean arterial pressure and myocardial per-
fusion pressure during IAC-CPR when compared with
standard CPR. There was, however, no improvement in
long-term clinical outcome. A number of laboratory***®
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and clinical studies*”*® have failed to demonstrate an in-
crease in the frequency of complications, including hepatic
laceration or esophageal regurgitation, with IAC-CPR
compared to standard CPR. The technique does have po-
tential weaknesses, however. It is difficult to perform be-
cause of the need for an extra rescuer. Although studies
have not shown an increase in the rate of complications
due to abdominal trauma, larger series may show this to
be a problem. As of yet, no long-term studies have shown
an increased survival using this method, so further work
needs to be done before the technique is incorporated
into standard CPR practice.

These newer techniques of CPR have not yet been ac-
cepted into clinical practice because of some of the limi-
tations already alluded to. The use of SCV-CPR is difficult
in the clinical arena because of the need for intubation
of the patient’s trachea and for delivery of high airway
pressure. It has been more successful in dog studies in
successfully resuscitating the heart than conventional
closed-chest CPR. On the other hand, human studies that
definitely prove the efficacy of the technique have not
been performed. The anatomical and size differences be-
tween dogs and humans may also play a critical role in
the utility of this technique. The chest shape of the dog
may be sufficiently different from the human chest to allow
different mechanisms to play a role in the generation of
blood flow during CPR. SCV-CPR would have no advan-
tage over conventional closed-chest CPR if direct cardiac
compression is important in humans.

Vest CPR also depends on the use of sophisticated
equipment, making it difficult and cumbersome in the
field. At this juncture, its use is theoretical and allows us
to differentiate various mechanisms of blood flow during
CPR in the laboratory setting. Abdominal compressions,
either in a continuous or interposed fashion, have had
mixed results. Even though aortic pressure is increased
by these methods, perfusion pressure of vital organs is
not, so ultimate outcome may not be favored.

It is possible then, if clinical studies in humans sub-
stantiate some of the animal data, that these techniques
could be utilized in order to maximize regional blood
flow during CPR. With the use of microprocessor systems
to control inflation of abdominal and chest vests and with
the increased sophistication of hospital and field person-
nel, techniques such as SCV-CPR might be used both in
and out of the hospital.

OPEN-CHEST CARDIAC MASSAGE

The use of open-chest cardiac massage has been re-
placed primarily by closed-chest CPR since the early
1960s. Nevertheless, there continue to be a number of
indications for its use and some physiologic studies have
shown it to be superior to closed-chest CPR in generating
blood flow.

20z ludy 21 uo 3senb Aq ypd'zz000-000L0686 L-2¥S0000/L L ¥E/EEL/L/L L/JPd-01on1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



140

Physiology—Generation of Blood Flow. The generation of
blood flow with open-chest CPR is better than with closed-
chest CPR in most studies. Weiser et al. found cardiac
output to be three times greater in dogs treated with open-
chest CPR than in those having closed-chest CPR.?! In
addition, they found significant improvement in aortic
mean pressure with open-chest CPR.%! Bircher et al. also
showed improvement in hemodynamic variables and cor-
onary and cerebral perfusion pressures when open-chest
CPR was instituted in dogs following a trial of closed-
chest CPR. In addition, EEG activity and pupillary find-
ings were improved with open-chest CPR.%* Sanders et al.
showed that open-chest CPR, when performed after 15
min of closed-chest CPR, significantly improved coronary
perfusion pressure and the rate of successful resuscita-
tion.?® After 20-25-min periods of closed-chest CPR in
a separate experiment, hemodynamic variables were im-
proved. The.lower coronary and cerebral perfusion pres-
sure during closed-chest CPR compared to open-chest
CPR is due to generation of higher right atrial pressure
(used to measure coronary perfusion pressure) and intra-
cranial pressure.>*

Del Guercio et al. compared open-chest and closed-chest
CPR in a human study. They found that the stroke index
and cardiac index were higher and the mean circulation
time shorter when open-chest CPR was performed.%

Indications. The American Heart Association’s Stan-
dards and Guidelines for CPR and ECC propose several
indications for open-chest CPR. These include cardiac
arrest secondary to penetrating chest trauma, anatomic
chest-wall abnormalities that make closed-chest CPR im-
possible, cardiac tamponade, cardiac arrest in the face of
critical aortic stenosis, cardiac arrest during surgery in
which the chest is already opened, crushed chest injury,
cardiac arrest secondary to hypothermia, cardiac arrest
secondary to a ruptured aortic aneurysm when cardio-
pulmonary bypass facilities are immediately available, and
failure of adequately applied closed-chest CPR.?

The last point causes the most controversy. Kern et al.
discussed this issue and brought up a number of contro-
versial areas including the definition of ineffective closed-
chest CPR and the timing of instituting open-chest CPR
when closed-chest CPR has failed.*® They performed ex-
periments to determine if the time of initiation of open-
chest CPR following closed-chest CPR influences the suc-
cess of resuscitation. The study demonstrated that open-
chest CPR may improve initial resuscitation success when
applied early.”* It appears that open-chest CPR is more
effective in improving the rate of successful resuscitation
if efforts at ineffective closed-chest compressions are not
continued for very long periods.®®

Thus, there is evidence that open-chest CPR is superior
to closed-chest CPR in improving blood pressure and
blood flow. Nevertheless, open-chest CPR is not a means
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of CPR that can be employed by lay people or by most
physicians. There are firm indications for open-chest CPR
as published by the American Heart Association but con-
troversy continues regarding its use in patients with non-
traumatic cardiac arrest. Future studies should be aimed
at determining the timing of instituting open-chest CPR
when closed-chest CPR is unsuccessful at restoring spon-
taneous circulation.

Position of Chest Compression in Children

Another change in the mechanical delivery of closed-
chest CPR, recommended by the American Heart Asso-
ciation Standards and Guidelines for CPR and ECC,? is
the sternal landmark position for chest compression in
infants. Previously, the position of the heart in infants was
thought to be more cephalad than in adults, possibly be-
cause of lung deflation in the postmortem period,*” so
the recommendation was that chest compressions be ap-
plied over the midsternum during closed-chest CPR.
Chest compressions over this location might also reduce
the possibility of abdominal visceral injury. Recent radio-
logical studies by Orlowski®® and Phillips et al.?® demon-
strated that the heart lies under the lower third of the
sternum in infants and children.

In the infant, the recommended point of compression
is one finger breadth below the intersection of the inter-
mammary line and the sternum. In the child, the heel of
the compressing hand is placed one finger breadth ceph-
alad to the junction of rib cage and the sternum.?

DIFFERENCES IN CHEST GEOMETRY
AND COMPLIANCE

Distinct differences are found in chest compliance and
geometry of the thoracic cavity when infants, older chil-
dren, and adults are compared. These differences in chest
properties may alter the relationship between the degree
of sternal displacement and intrathoracic and intravas-
cular pressures generated by chest compression, or may
determine whether or not there is direct compression of
the heart. For example, in the infant with its very com-
pliant chest, a certain amount of sternal displacement (as
a percent of the total anteroposterior chest diameter)
might more readily allow for direct compression of the
heart or an augmentation of intrathoracic pressure during
conventional CPR.

Babbs et al. demonstrated that various modes of CPR
affect cardiac output differently when they are applied to
animals of different sizes. In large dogs, which have an
anteroposterior diameter greater than that of adult hu-
mans, SCV-CPR generated a higher cardiac output than
conventional CPR modalities.'® In smaller dogs, conven-
tional and SCV-CPR generated equal levels of cardiac
output.'®® The authors suggested that, in the larger an-
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imals, external chest compression probably generates
blood flow by the thoracic pump mechanism, whereas in
smaller dogs with more compliant chests either cardiac
output was the result of direct cardiac compression or
equal and high levels of intrathoracic pressure were gen-
erated by both techniques.

Our group of investigators hypothesized that differ-
ences in chest geometry between infant and adult animals
accounted for the efficacy of standard CPR in the infant
animal model and its inability to generate adequate cardiac
output in adult animals.®' We attempted to delineate al-
terations in chest geometry occurring in 2-week-old, 1-
month-old, and 3-month-old piglets during conventional
CPR and to correlate the different patterns of alteration
with the amount of intrathoracic vascular pressure gen-
erated. We found that alteration in chest geometry during
CPR did depend on the age of the animal.®’ The mag-
nitude of the intrathoracic vascular pressure generated
during chest compression depended on the chest stiffness
of the animals in each age group and so was related to
changes in chest geometry. We proposed a thoracic index
to quantify the relationship between chest geometry and
response to CPR. If the thorax is conceived as an elliptical
cylinder, the thoracic index describes the ratio of the an-
teroposterior to lateral chest diameter. With a thoracic
index less than one, ejection occurs with any amount of
compression and the displacement of the chest needed
for flow does not need to reach a threshold level. If the
thoracic index is greater than one, as in the dog, there is
a threshold of displacement of the chest before which
ejection of blood does not take place.

Despite high compression forces, negligible fractional
anteroposterior displacement could be obtained in the
older (3-month-old) piglets. The geometric threshold for
ejection, in this case, was not exceeded, and positive in-
trathoracic pressure was not generated. In contrast,
younger animals, with their more compliant chests, de-
velop significant permanent chest deformity, and so, just
after beginning CPR, develop a thoracic index less than
unity. As a result, positive ejection of blood from the tho-
racic cavity is easily obtained, resulting in adequate ce-
rebral and myocardial blood flow. As chest deformity de-
velops, the thoracic index decreases, and a greater ejection
of blood would be predicted for a given pulsatile chest
displacement. In animals with a thoracic index of 1.1, as
seen in younger piglets, moderate chest deformity would
overcome the displacement threshold and result in blood
flow.®' We previously showed that, within minutes of in-
stituting conventional CPR with anterior chest compres-
sions, a 20% deformity of the initial anteroposterior di-
ameter of the infant piglets’ chest developed, leading to
superior cerebral and myocardial blood flow.?

In the human, the thoracic index is less than one in all
age groups. The newborn has a thoracic index of .75,
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decreasing to .64 in the older infant, .60 in the 6-8-year-
old, and .59 to .64 in the adult.®® These indices may reveal
the reason for the difference in efficacy of CPR between
animal studies and those in humans. With a thoracic index
less than one, conventional CPR would be expected to
generate higher amounts of blood flow for a given pul-
satile displacement of the chest. In infants, whose chest
compliance is high enough to allow for adequate displace-
ment of the chest, CPR would be expected to be especially
effective, and there would be no threshold for displace-
ment, according to the model. Thus, it is possible that
CPR in humans is more efficacious in infants than in older
children or adults due to these concerns of size and com-
pliance. Clinical human studies might help in determining
what parameters of chest displacement or type of CPR
(e.g., conventional or SCV-CPR) should be used for the
particular age group in question. In adults, whose chest
compliance is lower than that of children, the generation
of higher intrathoracic pressure might be beneficial.

For animal studies of CPR, a model should be chosen
that is as similar as possible to the human in terms of chest
size and compliance, i.e., it should have a thoracic index
less than one and have a similar compliance. Thus, we
have chosen to use infant piglets, which have a thoracic
index of nearly one. For adult animal preparations, dogs
have been used because they have a similar chest com-
pliance, although their thoracic index is greater than that
of humans. In addition, to choose an appropriate model,
compliance and thoracic index must be taken account of
in interpreting animal studies. Sufficient force of chest
compression needs to be used to overcome the threshold
for ejection of blood in animals with chests having a tho-
racic index greater than one. When studying mechanism
of flow, the particular chest compliance and displacement
of the chest wall should be recorded in order to determine
their similarity to those of humans.

Adrenergic Drug Effects

Shortly after the initial descriptions of closed-chest CPR
were published, the use of adrenergic agonists during re-
suscitation was described.®? In 1963, Redding and Pearson
showed in a dog model of CPR that earlier administration
of epinephrine during an arrest improved the success rate
of resuscitation.®? In a later study, they demonstrated that
an increase in the aortic diastolic pressure was responsible
for this improved outcome.®® They postulated that va-
sopressors such as epinephrine were of value because they
improved peripheral vascular tone.

Yakaitis et al. investigated the relative importance of
alpha- and beta-adrenergic agonist action of epinephrine
during resuscitation.®* Only 27% of dogs that received
both alpha-receptor blocking agents and beta-adrenergic
agonists, such as isoproterenol, were resuscitated suc-
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TABLE 2, Adrenergic Agonists

Alpha Adrenergic Effects

Advantages
Vasoconstricts peripheral vascular beds
Increases diastolic pressure; increases coronary blood flow
Vasoconstricts extracerebral carotid blood vessels; increases in-

tracerebral blood flow

Drugs
Epinephrine
Phenylephrine

Beta Adrenergic Effects

Advantages
Increases vigor of ventricular fibrillation
Positive inotrope

Disadvantages
Increases oxygen demand of organs such as heart and brain
Increases arrhythmias following resuscitation
Increases heart rate following resuscitation causing an increase

in oxygen demand

Drugs

Epinephrine

cessfully. On the other hand, all the dogs that received
alpha-adrenergic agonist agents and beta-adrenergic an-
tagonists were resuscitated successfully. This data sug-
gested that the alpha-adrenergic action of epinephrine
was responsible for its beneficial effects during resusci-
tation.%*

In more recent studies, using either conventional or
SCV-CPR, Michael et al. demonstrated that the effects of
epinephrine during CPR were mediated by selective va-
soconstriction in noncerebral and nonmyocardial vascular
beds. When epinephrine was infused, higher aortic systolic
and diastolic pressures were maintained with no alteration
of right atrial (when used to determine coronary perfusion
pressure) or intracranial pressures, resulting in higher
vascular perfusion pressures for the heart and brain.?®
Similar results have been observed in an infant swine
model of CPR.?® When epinephrine was infused, periph-
eral organ blood flow to the jejunum and kidney was de-
creased despite high aortic pressures. This data supports
the concept that epinephrine enhances cerebral and myo-
cardial perfusion by selective vasoconstriction of periph-
eral vascular beds, which raises perfusion pressure for the
brain and heart (Table 2).26:65

CORONARY BLooD FLow

The contractile state of the myocardium is enhanced
by the beta-adrenergic effects of epinephrine. During re-
suscitation, this beta-agonist action is thought to result in
the stimulation of spontaneous myocardial contractions
and an increase in the intensity of ventricular fibrillation.
Contrary to this opinion, Livesay hypothesized that the
inotropic effects of beta-adrenergic agonist drugs might
actually be deleterious to the fibrillating heart.®® During
fibrillation, epinephrine may increase the intramyocardial
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wall pressure and hence the downstream pressure for
myocardial perfusion. The increase in downstream pres-
sure would decrease coronary perfusion pressure and re-
sult in a decreased subendocardial blood flow. Beta-ad-
renergic stimulation might also increase the myocardial
oxygen demand superimposed on the decrease in blood
flow. In normally beating hearts, subendocardial blood
flow occurs almost entirely during diastole. Ventricular
fibrillation has been shown to simulate a period of sus-
tained systole. Thus, during ventricular fibrillation intra-
myocardial wall pressure is higher, causing a decrease in
myocardial perfusion pressure and blood flow. This com-
bination of increasing oxygen demand and decreasing
oxygen supply may cause further damage to an already
ischemic heart.

Epinephrine has been the drug of choice for resusci-
tation. The administration of a pure alpha-adrenergic re-
ceptor agonist, such as phenylephrine or methoxamine,
might be advantageous during CPR. These drugs, like
epinephrine, cause peripheral vasoconstriction during
CPR, leading to an increase in aortic diastolic pressure.
However, they may not cause an increase in the oxygen
demand of the heart, and thus there may be a more fa-
vorable oxygen supply-versus-demand ratio in the ischemic
heart. Successful resuscitation with alpha-adrenergic ag-
onist agents has been shown in animal studies.®*

Some studies have shown that a pure alpha-adrenergic
agonist does maintain myocardial blood flow during
CPR.* In a recent study, we found that high values of
arterial pressure can be sustained with a continuous in-
travenous infusion of phenylephrine. Moreover, the high
level of myocardial perfusion and low level of abdominal
visceral and noncerebral cephalic perfusion were equiv-
alent in the phenylephrine and epinephrine animal
groups. The increased myocardial perfusion pressure
created by infusion of either phenylephrine or epineph-
rine led to a 75% success rate for defibrillation with either
drug.®” This agrees with earlier studies.5%*

However, several studies have found that myocardial
blood flow tended to be lower during CPR in animals
given a pure alpha-adrenergic agonist rather than epi-
nephrine. The arterial pressure achieved with the doses
of drug in these studies was lower and may have contrib-
uted to the decrease in myocardial blood flow.%®-7° Thus,
the literature reveals conflicting reports on the relative
merits of a pure alpha-adrenergic agonist compared to
epinephrine in terms of generating coronary blood flow
during CPR. Clearly, these effects on flow and metabolism
still need investigation.

CEREBRAL BLOOD FLOW

The effects of alpha-adrenergic agonists on the cerebral
vasculature during CPR are similar to its effects on myo-
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cardial blood flow. Epinephrine has been found to pro-
duce selective vasoconstriction in noncerebral peripheral
vascular beds (fig. 2).955%7! Epinephrine infusion main-
tained higher aortic systolic and diastolic pressures for
perfusing the head and brain without markedly altering
right atrial or intracranial pressure.®® As described pre-
viously, in an infant piglet model of CPR, cerebral blood
flow was maintained with an epinephrine infusion for 35
min of CPR.%® Another study compared epinephrine and
phenylephrine in generating cerebral blood flow during
CPR. In both drug groups, cerebral blood flow was main-
tained at prearrest levels for 20 min of CPR. In addition,
cerebral oxygen uptake was sustained in both drug groups
for that period without reaching maximal oxygen extrac-
tion, implying that cerebral blood flow was higher than
is necessary to maintain adequate cerebral metabolism.”

These results differ from other studies that showed
superior cerebral blood flow with epinephrine compared
to alpha-adrenergic agonists, phenylephrine, or meth-
oxamine during conventional CPR in swine.®*7%" A
longer ischemia time of 10 min was allowed in those
studies before commencement of CPR. The lower blood
flow they achieved with either 0.1 mg/kg’ or 1 mg/
kg®® of phenylephrine compared with 0.2 mg/kg of
epinephrine®®’* is probably due to the lower aortic pres-
sure achieved with these doses of phenylephrine. When
a higher dose (10 mg) of phenylephrine was used,% aortic
pressure and cerebral blood flow were similar to that ob-
served with the use of epinephrine. The potency of the
higher dose of phenylephrine may be equal to that of the
lower dose of epinephrine used in this study.

Cerebral oxygen demand may be stimulated by central
beta adrenoceptors if sufficient amounts of epinephrine
cross the blood-brain barrier.”7® This crossing can occur
if there is mechanical disruption of the barrier or if en-
zymatic barriers to vasopressors are overwhelmed in the
presence of tissue hypoxia.”””® The blood-brain barrier
could be disrupted during the large fluctuation of cerebral
venous and arterial pressures during chest compression
or by the surge of arterial pressure that may occur in a
maximally dilated vascular bed after ventricular defibril-
lation.” Stimulation of oxygen demand at a time when
blood flow is limited during CPR could affect cerebral
recovery adversely. A recent study contrasting the use of
epinephrine and phenylephrine administered 9 min after
fibrillation failed to detect differences in neurological def-
icits 24 h later.®

BLOOD-BRAIN BARRIER

With blood-brain barrier disruption, an alpha-adren-
ergic agonist may cause vasoconstriction, resulting in low-
ering of cerebral blood flow. Epinephrine may vasocon-
strict or vasodilate cerebral vessels depending on the bal-
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ance between alpha- and beta-adrenergic effects.®' In our
recent study, in which cerebral ischemia was very brief,
we found no evidence that epinephrine had a different
effect on cerebral blood flow or cerebral oxygen uptake
than phenylephrine.®’ It is possible that, with more pro-
longed ischemia prior to the onset of CPR, the blood-
brain barrier is more prone to disruption during CPR
and significant amounts of high circulating adrenergic
agonists will gain access to the brain.

DOSAGE

Recent investigations have attempted to determine the
optimal dose of vasopressor needed during CPR. In an
infant piglet model of CPR, epinephrine was administered
in increasing doses of 0, 1, 10, and 100 pg* kg™' - min~!
by constant infusion during conventional CPR. With 1
pg - kg™' - min~! infusion, epinephrine caused higher ce-
rebral perfusion pressure and blood flow during CPR than
before arrest. Increasing the epinephrine infusion dose
to 10 or to 100 pg- kg™ - min~" produced no further in-
crease in cerebral blood flow but maintained flow for a
more prolonged period of CPR. Increasing the dose of
epinephrine over the 1 pug- kg™ - min~! infusion did not
increase cerebral oxygen uptake or cerebral oxygen ex-
traction. Myocardial blood flow increased when at least
10 pg-kg™'+ min~! was infused. Epinephrine infused at
100 pg-kg™'+min™' produced no further increase in
myocardial blood flow.22 In an adult swine model of CPR,
increasing doses of epinephrine were given, ranging from
20 pg/kg to 2000 pg/kg and a beneficial effect on ce-
rebral and myocardial blood flow occurred when the dose
was at least 200 pg/kg.” The drug was given as a single
bolus through a peripheral iv following a 10-min cardio-
pulmonary arrest and 3 min of CPR.

These studies suggest that the dose of epinephrine
needed to optimize blood flow to vital organs such as brain
and heart may be greater than doses recommended in
current standards. The dose of epinephrine currently ad-
vocated by the American Heart Association in the Stan-
dards & Guidelines of CPR & ECC is 10 ug/kg (.01 mg/
kg) administered every 5 min.? The use of much higher
doses of epinephrine, possibly administered by constant
infusion, may be warranted in the CPR setting, since in-
creases in regional blood flow have been seen with larger
doses.

Sodium Bicarbonate

Sodium bicarbonate has been a mainstay of drug ther-
apy during CPR until the most recent American Heart
Association guidelines.? The guidelines for bicarbonate
use changed because of the paucity of data supporting
improved outcome with its use following cardiac arrest.
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Moreover, there are data indicating that bicarbonate may
have a number of adverse effects.

Sodium bicarbonate is indicated for significant meta-
bolic acidosis occurring during cardiac arrest and CPR.
The metabolic acidosis seen during circulatory arrest is
due to the accumulation of lactic acid and other metab-
olites formed during anaerobic metabolism associated with
this low perfusion state.

An exacerbation of central venous acidosis during CPR
has been documented in both animal®® and human stud-
ies.®* Weil et al. described an arteriovenous gradient for
pH and pgo, during CPR, with a predominant respiratory
acidemia on the venous side of the circulation. They
theorized that the arterial alkalemia was due to the high
ratio of pulmonary ventilation compared with perfusion
during the low flow states occurring during CPR.?® Ve-
nous blood gases reflect the increased carbon dioxide load
that develops during CPR when pulmonary and systemic
blood flow are decreased. Weil’s studies also assume a
situation in which there is low pulmonary flow shunt so
that carbon dioxide is excreted efficiently.

In these studies, no attempt was made to measure lactic
acid or other metabolites during CPR. These measure-
ments would be necessary to clarify further the acid-base
status during CPR. In addition, in Weil's studies, very low
intrathoracic vascular pressures were generated during
CPR.® Cardiac output and pulmonary blood flow could
be enhanced during CPR by the use of vasopressors or
other CPR modes discussed above. With an increase in
pulmonary blood flow, carbon dioxide excretion might
be augmented, resulting in a decrease in mixed ve-
nous Pco,.

The metabolic acidosis that develops during a cardiac
arrest and CPR may have widespread detrimental effects.
Systemic acidosis compromises myocardial function by
depressing diastolic depolarization, spontaneous cardiac
activity, electrical threshold for ventricular fibrillation,
the inotropic state of the myocardium, and cardiac re-
sponsiveness to catecholamines. More severe myocardial
depression is seen with respiratory acidosis than with met-
abolic acidosis.®*® Intracellular acidosis is due to the rapid
entry of carbon dioxide into the cells with a slower egress
from the cells of bicarbonate and hydrogen ions, resulting
in a lower intracellular pH.?5#” These effects may also be
seen in the brain, where carbon dioxide formed by the
dissociation of bicarbonate rapidly enters neurons while
there is a slower exit of hydrogen ions from the cells. If
this phenomenon occurs, it may lead to cerebrospinal fluid
acidemia during sodium bicarbonate therapy,®® which may
cause CNS dysfunction.

Arterial systemic acidosis also affects the peripheral
circulation, causing a decrease in systemic vascular resis-
tance. The responsiveness of the peripheral circulation
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to both alpha- and beta-adrenergic stimulation is de-
creased with acidosis, although, with larger doses of ad-
renergic agents, this effect may be overcome.?® For in-
stance, isoproterenol increased cardiac output in one study
in the face of severe respiratory acidosis.”!

Lactic acidosis in cardiac arrest and CPR is thought to
have important pathophysiologic consequences. The ar-
guments for and against bicarbonate therapy in the setting
of lactic acidosis were discussed recently.®* Stacpoole
argues that the use of sodium bicarbonate is no longer
warranted given the paucity of data supporting its effec-
tiveness in clinical situations.”? Guerci et al. did not find
that bicarbonate had a more beneficial effect in defibrii-
lating dogs than saline.?* Other data indicate that the use
of bicarbonate not only fails to confer benefit, but may
actually be deleterious in the treatment of lactic acidosis.*®
The mortality rate in diabetic dogs made acidotic by
phenformin was no different in a bicarbonate-treated
group than in a control group.?® These models are ar-
guably not very applicable to clinical CPR situations. Na-
rins and Cohen argue that bicarbonate treatment is a
temporizing measure that increases a potentially lethal
pH until the underlying cause of the acidosis is treated
and adequate circulation is restored.*®

The paradox of the production of intracellular and
central nervous system acidosis seen with the use of sodium
bicarbonate is cited by some as an important contraindi-
cation to bicarbonate therapy.?® However, this phenom-
enon may not be clinically relevant. Recently, a group of
investigators demonstrated that administering sodium bi-
carbonate to neonatal rabbits recovering from hypoxic
lactic acidosis increased arterial pH without producing a
paradoxical intracellular acidosis in the brain.” Another
argument against the use of alkali therapy during CPR is
based on its effect on the oxygen dissociation curve. Some
argue that when the curve is shifted leftward, oxygen de-
livery to the tissues is further decreased at a time when
it is already low. The clinincal relevance of this phenom-
enon is undetermined. In addition, the increased serum
osmolality and hypernatremia that can be produced by
bicarbonate administration may be deleterious in the CPR
setting.

In conclusion, the use of bicarbonate for treating aci-
dosis during cardiac arrest and CPR is still vigorously de-
bated. All investigators agree that the most critical step
in treating lactic acidosis is the identification and correc-
tion of the underlying cause. Bicarbonate administration
in the CPR setting may be warranted in patients who have
had a long period of cardiac arrest or who have severe
acidosis and in whom an adequate airway and ventilation
have been established prior to bicarbonate administration.
Thus, its efficacy in clinically relevant situations needs to
be defined further.
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Glucose

Administering glucose during CPR is controversial at
this time because of the potential detrimental effects on
the brain of hyperglycemia during ischemia. Over the
past decade, advances have been made in the understand-
ing of many facets of the pathophysiology during cerebral
ischemia. The association of hyperglycemia with aggra-
vation of cerebral ischemic damage was initially reported
by Myers et al.® and confirmed subsequently by other
investigators in animal models of both focal and global
ischemia.?®~'°2 These studies have all demonstrated that
when hyperglycemia is produced prior to a cerebral isch-
emic event, the neurologic outcome is worse than in nor-
moglycemic animal controls.

The mechanism of this worsened outcome is felt to be
an increase in lactic acid in the brain. Lactic acid is pro-
duced during ischemia because of anaerobic metabolism,
which is increased in a hyperglycemic milieu. The resul-
tant acidosis aggravates neuronal injury.'® In humans,
there is evidence that clinical outcome following an epi-
sode of cerebral ischemia is worsened by hyperglycemia.
Pulsinelli ¢t al. found that patients with hyperglycemia
had a poorer neurologic outcome after ischemic
strokes.'%*

In the clinical context of cardiac arrest and advanced
cardiac life support, a glucose-containing fluid is routinely
administered for drug administration. A bolus of a 50%
glucose solution is frequently administered to the uncon-
scious patient to treat possible hypoglycemia as a cause of
this altered state. However, hyperglycemia produced by
the administration of glucose may worsen the cerebral
ischemic damage already produced by the cardiac arrest
and subsequent reperfusion with low cerebral blood flow.
D'Alecy et al.'®® demonstrated in a canine model of cardiac
arrest and resuscitation that physiologic quantities of 5%
glucose solution administered prior to arrest and resus-
citation worsened the neurologic outcome. However, in
the clinical context of cardiac arrest and resuscitation,
glucose infusion begins during, rather than before, cardiac
resuscitation. In another study, Lundy et al. demonstrated
that the administration of glucose during, and not before,
the commencement of ischemia and CPR also resulted in
a higher mortality rate and worse neurologic outcome.'*®
In addition, more inotrope support was required to main-
tain blood pressure following resuscitation in animals who
received glucose.

The clinical significance of this experimental work is
unclear. Nevertheless, its relevance in the setting of hu-
man cardiac arrest and resuscitation has been addressed.
Longstreth et al.,'® in a retrospective study of neurologic
outcome after an out-of-hospital cardiac arrest, demon-
strated poorer neurological recovery in patients with a
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high admission blood glucose. However, in a subsequent
study of out-of-hospital CPR patients, these authors sug-
gested that the higher blood glucose levels observed in
patients with poorer neurologic outcome might reflect a
more prolonged and difficult resuscitation.'® Since only
a minimal amount of glucose, if any, was administered
before admission to the hospital, they suggested that the
rise in blood glucose levels during CPR was due to the
endogenous release of glucose.

In summary, the data in humans is inconclusive re-
garding the effect of glucose levels on neurological out-
come following CPR. Nevertheless, laboratory studies
have demonstrated the adverse effects of hyperglycemia
in animals suffering cerebral ischemia. Thus, it seems ra-
tional to avoid the administration of supplemental glucose
during CPR unless hypoglycemia is suggested or is
present.

Calcium and Calcium Channel Blockers

The use of calcium during a cardiac arrest has recently
come into disrepute, primarily because of the finding that,
in the setting of cardiac arrest, calcium may prevent reflow
of blood into ischemic areas of the brain and heart, wors-
ening the clinical outcome. In addition, many investigators
believe that cytoplasmic calcium accumulation is the final
common pathway of cell death.!!!® Moreover, inhibition
of calcium accumulation following an ischemic episode
preserves myocardial function,''! so calcium channel
blocking agents may be more effective than calcium itself
in preventing or ameliorating damage during or following
an ischemic event such as a cardiopulmonary arrest. Cal-
cium channel blockers also have been shown to raise the
threshold of the ischemic heart to ventricular fibrilla-
tion.!'?

The calcium ion is essential in myocardial excitation-
contraction coupling, in increasing contractility, and in
enhancing ventricular automaticity during asystole.'"®
Because of these physiologic effects, calcium chloride has
been recommended in the treatment of electromechanical
dissociation and asystole. Evidence for the successful use
of calcium in these settings, however, is lacking.!'*-11®

At present, the firm indication for the use of calcium
during CPR is in treating patients with known hypocal-
cemia. This condition may be seen in patients with con-
ditions predisposing to a decrease in total body calcium,
such as hypoparathyroidism, renal failure, and pancre-
atitis, or when ionized calcium is decreased following a
massive blood transfusion. This is seen most commonly
in the operating room in patients undergoing major sur-
gical procedures, after massive trauma, or during ortho-
topic liver transplantation. Calcium administration in the
CPR setting should also be considered for the treatment
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of cardiac arrest due to hyperkalemia, hypermagnesemia,

and calcium-channel blocker overdose.

116

In summary, we have attempted to review some of the
controversies surrounding the practice of CPR today.
There are still many questions regarding the physiologic
and pharmacologic principles that affect our clinical prac-
tice of CPR., We all anxiously await answers to these ques-
tions so that the poor outcome in patients who have been
resuscitated from a cardiac arrest can be improved.

The authors wish to thank Ms. Nikki Womer for her fine preparation
of this manuscript.
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