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Coronary perfusion pressure (CPP), the aortic-to-right atrial pressure gradient
during the relaxation phase of cardiopulmonary resuscitation, was measured in
100 patients with cardiac arrest. Coronary perfusion pressure and other vari-
ables were compared in patients with and without return of spontaneous circula-
tion (ROSC). Twenty-four patients had ROSC. Initial CPP (mean\m=+-\SD)was
1.6 \m=+-\8.5 mm Hg in patients without ROSC and 13.4 \m=+-\8.5 mm Hg in those with
ROSC. The maximal CPP measured was 8.4 \m=+-\10.0mm Hg in those without
ROSC and 25.6 \m=+-\7.7mm Hg in those with ROSC. Differences were also found
for the maximal aortic relaxation pressure, the compression-phase aortic-to\p=m-\
right atrial gradient, and the arterial Po2. No patient with an initial CPP less than
0 mm Hg had ROSC. Only patients with maximal CPPs of 15 mm Hg or more had
ROSC, and the fraction of patients with ROSC increased as the maximal CPP
increased. A CPP above 15 mm Hg did not guarantee ROSC, however, as 18
patients whose CPPs were 15 mm Hg or greater did not resuscitate. Of variables
measured, maximal CPP was most predictive of ROSC, and all CPP measure-
ments were more predictive than was aortic pressure alone. The study substanti-
ates animal data that indicate the importance of CPP during cardiopulmonary
resuscitation.

(JAMA. 1990;263:1106-1113)

STUDIES of cardiac arrest in animal
models have shown that the pressure
gradient between the aorta and the
right atrium during the relaxation
phase is coronary perfusion pressure
(CPP) during standard external car¬

diopulmonary resuscitation.1Z Other
work in animals has demonstrated that
this gradient is correlated positively
with return of spontaneous circulation
(ROSC) and survival.26 Since CPP has
been measured in only a limited number
ofpatients during cardiac arrest,7'11 only
a small number of whom developed

ROSC, insufficient data exist to evalu¬
ate the relationship between this gradi¬
ent and outcome in humans. Despite
this, CPP has been assumed to be as

important in human cardiac arrest as in
animal models, and studies of alterna¬
tive types of cardiopulmonary resusci¬
tation have used it as an end point.7"9,11
We undertook this study to evaluate the
relationship between CPP and ROSC in
humans during cardiopulmonary resus¬
citation and the usefulness of CPP as a

predictor of ROSC.

PATIENTS AND METHODS
We studied all adults with normo-

thermic, nontraumatic, cardiopulmo¬
nary arrest in the prehospital or emer¬

gency department setting who re¬
mained in arrest after placement of

pressure monitoring catheters. Down
time was defined as the time from col¬
lapse to initiation of basic life support.
Prehospital time was the time from col¬
lapse to arrival at the hospital. Total
arrest time equaled prehospital time
plus catheterization time. Time data
were used only if the arrest was wit¬
nessed. Cardiac arrest was diagnosed
initially by absence of palpable pulses.
On-duty physicians performed clinical
treatment of the patients in accordance
with Advanced Cardiac Life Support
guidelines.12 The only exceptions to this
were 49 patients who received high-
dose epinephrine (0.2 mg/kg) at the end
of resuscitation as part of a concurrent
study. Clinicians did not change thera¬
py based on CPP. Rectal temperature
was obtained when the history or physi¬
cal examination indicated possible hy¬
pothermia.

A double-lumen, 20-cm, 7.5F cathe¬
ter (Cook, Bloomington, Ind) was

placed in the right atrium via the subcla-
vian vein by guidewire technique. The
proximal port was used for drug and
fluid administration, the distal port
for pressure monitoring. Chest com¬

pression and ventilation were per¬
formed in all patients by a pneumatic
device (Thumper, Michigan Instru¬
ments, Grand Rapids, Mich). Members
of an on-call research team placed a 60-
cm, 5.8F catheter (Bunegin-Albin,
Cook) into the aortic arch via the femo¬
ral artery either percutaneously or by
cutdown. Cardiac arrest was then con¬
firmed by absence of a spontaneous cen¬
tral aortic pulse. Placement of these
catheters is part of standard therapy
during cardiac arrest in our depart¬
ment.13 Initial studies that used the aor-
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tic catheter had been approved by our
institutional review board7 under the
concept of deferred consent.14 Catheter
positions were confirmed by contrast-
enhanced radiograms of the chest and
by appropriateness of blood gas mea¬
surements (ie, Pa02 >70 mm Hg for the
aortic catheter). Specimens for arterial
blood gas measurement were obtained
from the aortic catheter. The catheters
were connected to transducers (Soren-
son Transpac, Abbott Systems, Bloo-
mington) through a heparimzed-fluid
flush system. This was set up and cali¬
brated in advance. Transducers were
zeroed to the midaxillary line on pa¬
tient arrival. The resulting signals
were amplified (78205D, Hewlett Pack¬
ard, Sunnyvale, Calif) and simultane¬
ous pressure tracings were recorded
(7758 Multi-Channel, Hewlett Packard)
throughout resuscitation. Catheteriza-
tion time was the interval from hospital
arrival to the first pressure measure¬
ments.

The CPP at each time point was cal¬
culated by subtraction of the right atri¬
al pressure from the aortic pressures
for five consecutive relaxation phases
(one ventilation-to-ventilation cycle)
and taking the mean. Relaxation and
compression phases during mechani¬
cal cardiopulmonary resuscitation have
been defined previously.15 Relaxation
phase has also been called "cardiopul¬
monary resuscitation diastole." The
aortic and right atrial pressures were
measured toward the end of the relax¬
ation phase, when oscillations caused by
catheter movement had decreased.
Comparison to micromanometer-tipped
catheters had shown this method to be
consistently accurate. Aortic relaxation
pressures and compression-phase aor¬

tic-to-right atrial pressures are also the
mean of five cycles. These were mea¬
sured at the time of highest CPP. Re¬
turn ofspontaneous circulation was de¬
fined as development of spontaneous
aortic pulse waveforms, with a systolic
blood pressure greater than 60 mm Hg
sustained for more than 2 minutes. Pa¬
tients who had ROSC before pressure
measurement followed by a period of
relative hemodynamic stability and
then a repeated arrest were considered
to have 0-minute total arrest times. Pa¬
tients not in cardiac arrest at the time of
catheter placement who later experi¬
enced cardiac arrest were treated
similarly.

The CPP measured immediately af¬
ter catheter placement is the initial
CPP. The maximal CPP is the largest
aortic-to-right atrial relaxation-phase
gradient during resuscitative attempts.
Continued arrest was confirmed at the
time of maximal CPP by the absence of

spontaneous aortic waveforms. Maxi¬
mal CPP was not measured during the
increase that occurs just before ROSC.
The CPP at 5 minutes after catheter
placement was subtracted from the ini¬
tial CPP to obtain the CPP trend during
initial resuscitative measures.

STATISTICAL METHODS
We compared variables with two-sid¬

ed, two-sample t tests when applicable.
Where necessary, Welch's Test or Wil-
coxon Two-Sample Test were used in¬
stead. Pearson x2 statistics were em¬

ployed to test proportions. A value of
P<.05 was defined prospectively as sta¬
tistically significant. No explicit correc¬
tion for multiple tests was used.

Positive predictive value for a given
CPP was calculated by dividing the
number of resuscitated patients with
gradients equal to or above the given
pressure (true positives) by the sum of
this group and the patients without
ROSC who had gradients equal to or
above this CPP (true positives and false
positives). The negative predictive val¬
ue for a given CPP was calculated by
dividing the number ofpatients without
ROSC who had gradients below the val¬
ue (true negatives) by the sum of this
group and the resuscitated patients
with gradients below this CPP (true
negatives and false negatives).

Multivariate analysis was performed
by using stepwise logistic regression.16
Specifically, this was done to determine
which variables were most predictive of
ROSC. To directly analyze the predic¬
tive value of individual variables, re¬
ceiver operating characteristic curves
were generated for all variables found
associated with ROSC using univariate
tests.17 The receiver operating charac¬
teristic curve shows the relationship of
sensitivity and specificity for a given
variable as a predictor ofROSC using all
possible cutoff points.17 The sensitivity
of a variable using a given cutoffpoint is
defined as the number of resuscitated
patients with values equal to or above
the cutoff point divided by the total
number of resuscitated patients. The
higher the sensitivity, the more likely a
test is to identify the presence of an
event (in this case, ROSC) at the chosen
cutoff. The specificity of a variable is
defined as the number of nonresuscit-
ated patients with values below the cut¬
offdivided by the total number ofnonre-
suscitated patients. The higher the
specificity, the more likely a test is to
identify the absence of an event at the
chosen cutoff. The screening value of
two variables can be evaluated by com¬
paring their receiver operating charac¬
teristic curves. The better the sensitiv¬
ity and specificity of a variable the

closer the curve lies to the left-hand and
top axes of the graph.

The predictive abilities of individual
variables were evaluated by comparing
their receiver operating characteristic
curves graphically. Additionally, the
area under the receiver operating char¬
acteristic curve, known as the "c-in-
dex,"16 was used for comparison of dif¬
ferent variables as predictors of ROSC.
The c-index quantifies the predictive
ability of each receiver operating char¬
acteristic curve; a value of 1.0 indicates
perfect prediction while a value of 0.5
implies only a random association ofthat
variable with ROSC.
RESULTS

One hundred patients were studied.
Patients received only basic life support
before arrival at the hospital. Arrest
was witnessed in 51 patients. Four pa¬
tients experienced a repeated arrest af¬
ter catheter placement and were consid¬
ered to have had 0-minute total arrest
times. The times from arrest to initial
CPP measurement ranged from 0 to 74
minutes. The presenting rhythm at the
hospital, as reported on the patient's
chart, was ventricular fibrillation in
28%, electromechanical dissociation in
25%, asystole in 45%, and unrecorded in
2%. Measured variables, divided into
ROSC and no ROSC groups and ranked
by statistical significance, are pre¬
sented in Table 1.

Twenty-four patients had ROSC; 20
maintained spontaneous circulation for
longer than 1 hour; and no patient sur¬
vived to hospital discharge, the major¬
ity dying of the sequelae of ischémie
encephalopathy.

Recorder tracings showed little vari¬
ability (<3 mm Hg) between relaxation
phases within one respiration-to-respi¬
ration cycle except during the first com¬

pression phase after each respiration,
which was usually augmented. The ini¬
tial CPP was 1.6 ±8.5 mm Hg in pa¬
tients without ROSC and 13.4 ±8.5 mm

Hg in those with ROSC (P<.0001) (Fig
1). The maximal CPP recorded dur¬
ing cardiopulmonary resuscitation was
8.4 ±10.0 mm Hg in patients without
ROSC and 25.6±7.7 mm Hg in the
group with ROSC (P<.0001) (Fig 2). In
most cases of ROSC the maximal CPP
was recorded within 2 minutes of
ROSC. Aortic and right atrial pressure
tracings and the CPPs from two typical
patients, with and without ROSC, are
shown in Figs 3 and 4.

In addition to initial and maximal
CPPs there were significant differences
between patients with and without
ROSC for CPP at 5 minutes, maximal
aortic relaxation pressure, aortic-to-
right atrial gradient during compres-



Table 1.—Comparison of Variables (Mean ± SD) for Patients With and Without Return of Spontaneous Circulation (ROSC), Ranked by Statistical Significance*
Patients Without Patients With

_ROSC_ROSC_SampleSize_P
Initial CPP, mm Hg_1.6±8.5_13.4±8.5_100_<.00Q1
Maximal CPP, mm Hg_8.4±10.1_25.6±7.7_100_<0001
5-min CPP, mmHg_2.0±9.6_16.6±10.0_92_.0001
Maximal aortic relaxation pressure, mm Hg 24.1±15.2 35.2±11.5 100 .002

Compression-phase aortic-tc—right
atrial gradient, mmHg_2.5 +13.0_12.5±13.0_100_.002

Catheterization time,min_13±6_10±5_85_.02
Arterial Po;, mmHg_219±169_303±141_88_.05
Initial aortic relaxation pressure, mm Hg_17.6±12.0_22.8±10.7_100_.06
Prehospital time, min _19±11_15±12_48_.28
Age,y_66±15_62±17_82_.30
Down time,mint_12±11_8±7_51_.32
Arterial Pco;, mmHg_43±44_29±16_88_.36
Initial CPP trend, mmHg_0.5±7.0_-0.9±12.2_92_.60
ArterialpH_7.20±0.25_7.17±0.27_88_.61
Total time, mint 25±17 24 ±16 48 .89

*CPP indicates coronary perfusion pressure.
tDown time and total time are for the 51 patients with witnessed arrests only.
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Fig 1 .—Distribution of initial coronary perfusion pressures among patients with¬
out and with return of spontaneous circulation (ROSC). Each dot represents a

patient. The bar is the mean ± SD.
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Fig 2.—Distribution of maximal coronary perfusion pressures among patients
without and with return of spontaneous circulation (ROSC). Each dot represents
a patient. The bar is the mean ± SD.
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Fig 3.—Aortic and right atrial waveforms from a typical patient who did not have return of spontaneouscirculation. The lower tracing is a computer-generated subtraction circuit showing the aortic-to-right atrial
pressure gradient. Coronary perfusion pressure is this gradient during the relaxation phase. In this patient, the
coronary perfusion pressure averages 0 mm Hg.

sion, Pao2, and time required for cathe¬
ter placement. The minimum aortic re¬
laxation pressure in a patient with
ROSC was 17 mm Hg. Thirty-four pa¬
tients had compression-phase aortic-
to-right atrial gradients greater than 10
mm Hg. Thirty-three patients had neg¬
ative compression gradients. Although
resuscitated and nonresuscitated pa¬
tients had a significant difference in the
compression gradient, there were 7 pa¬
tients with ROSC whose compression
gradients were 0 mm Hg or less. Vari¬
ables that did not differ significantly be¬
tween patients with and without ROSC
included initial CPP trend, Paco2, and
down time. The proportion of patients
who received high-dose epinephrine
was not statistically different in the two
groups (x2, F =.41).

Among the 27 patients with initial
CPP less than 0 mm Hg (negative perfu¬
sion pressures), none developed ROSC.
This is a negative predictive value of 1
for an initial CPP below 0 mm Hg. These
patients tended to have longer down
times (17±13 vs 9±9 minutes in pa¬
tients with positive CPPs [P= .08]) and

a higher proportion of unwitnessed ar¬
rests. Patients whose maximal CPP
never became 15 mm Hg or greater did
not have ROSC (Fig 2) (negative predic¬
tive value of 1 for CPP less than 15 mm
Hg). Only 17 patients had a CPP above
15 mm Hg at initial catheter placement
(Fig 1); 25 others had an increase in
their CPP to 15 mm Hg or greater dur¬
ing resuscitation. A CPP above 15 mm
Hg did not guarantee ROSC, as 18 pa¬
tients with a CPP greater than 15 mm
Hg did not have ROSC. This is a posi¬
tive predictive value of 0.57. The posi¬
tive predictive value increased with the
CPP, and at 25 mm Hg it was 0.79.
Positive and negative predictive values
for other initial and maximal CPPs can
be derived using the above definitions
and the data in Figs 1 and 2. The per¬
centage of patients with ROSC in¬
creased as the maximal gradient in¬
creased above 15 mm Hg; of the 14
patients who had gradients of25 mm Hg
or greater at some time during their
resuscitation, 79% had ROSC (Fig 5).

Stepwise logistic regression demon¬
strated that the maximal CPP during

resuscitation was the best single predic¬
tor of ROSC (P<.0001) and that no oth¬
er variable added any predictive in¬
formation once maximal CPP was ac¬
counted for (P = .28 for all other vari¬
ables combined). Because of the high
correlation of initial CPP with maximal
CPP (r=.74), initial CPP can also be
considered to be a good predictor of
ROSC.16

Figure 6 shows the receiver operat¬
ing characteristic curves of the initial
and maximal CPPs matched with
curves for initial and maximal aortic re¬
laxation pressures. The CPPs for cer¬
tain sensitivity/specificity intercepts
are also shown. As one moves down the
receiver operating characteristic curve
from the upper right to the lower left
the CPP increases. This means that
with greater CPPs, the sensitivity de¬
creased and the specificity increased. A
maximal CPP of -1 mm Hg had a sensi¬
tivity of 1 and a specificity of 0.16, while
a maximal CPP of25 mm Hg had a sensi¬
tivity of0.46 and a specificity of0.96. A
maximal CPP of 15 mm Hg, which had
perfect negative predictive value, had a

sensitivity of 1 and a specificity of 0.8.
The receiver operating characteristic
curves also indicate that, except at the
upper and lower ends of the pressure
range, CPP is more sensitive and specif¬
ic than aortic relaxation pressure alone.
Sensitivity and specificity of other
CPPs and aortic pressures can be inter¬
polated from Fig 6.

The comparison of individual vari¬
ables as predictors of ROSC can be done
using Table 2, which lists all variables
for which ROC curves were generated
together with the c-index for each
curve. As with stepwise logistic regres¬
sion, the c-indexes indicate that the
maximal CPP was most predictive of
ROSC. The indexes also indicate that
the initial and 5-minute CPPs also have
good predictive ability. Other vari¬
ables, including aortic pressure, were
not good predictors ofROSC.
COMMENT

The initial objective of therapy dur¬
ing cardiac arrest is restoration of spon¬
taneous circulation. This must be
achieved promptly if maintenance of ce¬
rebral viability is to be achieved.18 In
patients not responding to ventilation
and defibrillation, therapy must be di¬
rected toward improving the metabolic
state of the myocardium. During acute
ischemia this is largely determined by
the oxygen supply/demand equilibrium.
Cardiopulmonary resuscitation is per¬
formed to improve supply by inducing
coronary blood flow and correcting the
metabolic abnormalities of the arterial
blood.12
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Fig 4.—Aortic and right atrial waveforms from a patient who had return of spontaneous circulation. The lower
tracing is the aortic-to-right atrial gradient. This patients overall pressures are higher than those shown in
Fig 3, and the coronary perfusion pressure is about 30 mm Hg.
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Fig 5.—Percentage of patients with return of spontaneous circulation (ROSC) as a function of the maximal
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In 1906 Crue and Dolley19 observed
that the ability to resuscitate animals
from cardiac arrest was related to the

diastolic pressure during rhythmic com¬

pression on the chest. This relationship
was also noted by Redding and Pearson3

during the 1960s. Recent work in animal
models has demonstrated that there is a
minimum myocardial blood flow neces¬

sary for ROSC20 and that this is a func¬
tion of the aortic-to-right atrial pres¬
sure gradient during the relaxation
phase of cardiopulmonary resuscita¬
tion. 1'4,21 This gradient has become ac¬

cepted as the CPP during cardiopulmo¬
nary resuscitation.10 In animal models
without coronary artery disease, stud¬
ies have found a CPP of 15 to 20 mm Hg
to be predictive of successful resuscita¬
tion. 2'22,23 In a model of ventricular fibril¬
lation, Niemann et al6 found peak CPPs
between 12 and 17 mm Hg to be perfect¬
ly predictive of ROSC. This was unex¬

pected in that one animal study found
that a pressure of greater than 28 mm

Hg is needed for blood flow to the endo¬
cardium during ventricular fibrilla¬
tion.24 However, this study was not dur¬
ing cardiopulmonary resuscitation, and
its results may not be applicable. It is
also possible that intramyocardial pres¬
sure decreases with prolonged arrest or
that coronary blood flow occurs during
the asystole that often initially follows
defibrillation. The same study found
that only 15 mm Hg of pressure was
needed for blood flow to the outer myo¬
cardium. It is intriguing to consider that
endocardial blood flow may not be nec¬

essary for ROSC.
Studies that examined alternative

types of cardiopulmonary resuscitation
have used changes in the CPP as an end
point.7"911 Extrapolation of animal stud¬
ies to humans led to the assumption that
increasing CPP would improve rates of
cardiac resuscitation and overall patient
survival.210,25 Previous studies in hu¬
mans, however, have contained insuffi¬
cient numbers of successfully resusci¬
tated patients to evaluate the rela¬
tionship between CPP and ROSC.711

Our results substantiate the conclu¬
sions from animal models. Initial, 5-
minute, and maximal CPPs were higher
in patients with eventual ROSC. Logis¬
tic regression found that CPP was high¬
ly predictive of ROSC, and no additional
predictive power was obtained by add¬
ing any other variable. The results are
similar to those from animal models in
that there seems to be a threshold gradi¬
ent of approximately 15 mm Hg that
must be obtained before ROSC occurs.6
The basis of this threshold CPP may be
the "critical level" of myocardial blood
flow that Ralston et al20 identified as

being necessary for ROSC after pro¬
longed cardiopulmonary resuscitation.
It is also remarkable that the threshold
in humans is so similar to that in ani¬
mals6 when many patients would be ex¬

pected to have coronary artery disease.
Most animal studies have used ventricu-
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Table 2.—The c-lndexes'7" for Variables Associ¬
ated With Return of Spontaneous Circulation*

Variable c-lndext
Maximal CPP 0.930
5-min CPP 0.868
Initial CPP 0.837
Maximal aortic relaxation pressure 0.708
Compression aortic-tc—right

atrial gradient 0.685
Catheterization time 0.685
Paoj 0.646
Initial aortic relaxation pressure 0.631

*CPP indicates coronary perfusion pressure.
tThe c-index is derived from the receiver operating

characteristic curve" for each variable and represents
the area under the curve. The index allows comparison
of the variables as predictors of return of spontaneous
circulation. A value of 1 indicates perfect prediction,
while 0.5 Indicates only random association.

lar fibrillation. Patients with electrome¬
chanical dissociation or asystole may re¬

quire lower CPPs for ROSC because of
lower intramyocardial pressure. That
there were patients with CPPs above 15
mm Hg who did not have ROSC is not
surprising. Humans, unlike most ani¬
mals that have been studied, have pre¬
existing disease, possibly fixed coro¬

nary lesions or acute thrombosis. A high
CPP will not result in ROSC if resis¬
tance to flow is high.

Typical pressure tracings (Figs 3 and
4) reveal a CPP of approximately 0 mm

Hg in the patient without ROSC. In the
patient with eventual ROSC the CPP is

more than 20 mm Hg. The gradient also
seems greater during the relaxation
phase. This was the common pattern in
patients with positive gradients, and it
is consistent with animal studies dem¬
onstrating that the limited coronary
blood flow during cardiopulmonary re¬
suscitation occurs predominantly dur¬
ing the relaxation phase.[

The increasing percentage ofpatients
with ROSC as the CPP increased above
15 mm Hg, and the high predictive value
of CPP, supports the hypothesis that it
is physiologically related to outcome.
However, these results should not be
taken as proof that CPP is related caus¬

ally to ROSC. It may be that the overall
vascular status of the patient, of which
CPP is a measure, is better in patients
who go on to ROSC. Nonetheless, it
seems reasonable to conclude that ther¬
apies that improve CPP probably will
increase the fraction of patients with
successful cardiac resuscitation. Its use
as an end point in clinical studies seems
valid.

No patients with negative CPPs or
aortic relaxation pressures had ROSC,
a perfect negative predictive value.
Negative pressures were more common
in patients with unwitnessed arrests
who may have had long arrest times.
Occasionally, a patient with massive as¬

piration would have a right atrial près-

sure considerably higher than the aortic
pressure, resulting in a large negative
CPP. Measurement of a negative CPP
may have a role in rational termination
of resuscitation efforts.

The negative and positive predictive
values of a CPP of 15 mm Hg may make
it a good therapeutic cutoff. Because of
the perfect negative predictive value of
a CPP of 15 mm Hg, therapeutic mea¬
sures that fail to achieve it indicate the
patient may not be resuscitated suc¬

cessfully. The positive predictive value
of 0.57 indicates that continued therapy
for patients with CPPs ofat least 15 mm

Hg will achieve ROSC more than half
the time.

Animal studies have shown that aor¬
tic relaxation pressure alone is correlat¬
ed with coronary blood flow and
ROSC.4'2* Niemann et al6 found that
while peak CPP was perfectly predic¬
tive of ROSC, aortic end-relaxation
pressure was less useful. Despite this,
aortic relaxation pressure has been
used to evaluate cardiopulmonary re¬
suscitation in some studies.27 The maxi¬
mal aortic relaxation pressure was high¬
er in our patients with ROSC, and a

pressure ofat least 17 mm Hg was need¬
ed for resuscitation. However, statisti¬
cal analysis found that aortic pressure
alone was not as good a predictor of
ROSC as was CPP. This indicates that a



relatively low right atrial pressure,
which would increase CPP, is helpful
during cardiopulmonary resuscitation.
It is consistent with the observation by
Ditchey and Lindenfeld28 in dogs that
volume loading can decrease organ
blood flow. No patient with a negative
initial aortic relaxation pressure had
ROSC. However, the difference in ini¬
tial aortic pressure between resuscitat¬
ed and nonresuscitated patients did not
reach statistical significance, and the c-
index indicates poor predictive value for
aortic pressure early in resuscitation.

Although the Pa02 was statistically
different between patients with and
without ROSC, both partial pressures
are above that necessary for maximum
hemoglobin saturation, so the differ¬
ence is unlikely to be causally related to
outcome. It may reflect greater pulmo¬
nary and systemic blood flow in patients
with eventual ROSC, a result of some
combination of higher vascular tone and
more effective cardiopulmonary resus¬
citation in these patients. The poor abili¬
ty ofarterial blood gas measurements to
predict ROSC is interesting in light of
the effort that is directed toward their
improvement in most clinical situations.
Patients with unwitnessed arrests were
not included in the statistical analysis
for time variables. It can be reasonably
assumed that this group of patients had
longer arrest times. Had their down
times been known, and included in the
statistical analysis, the difference may
have reached significance. The differ¬
ence in catheterization times between
patients with and without ROSC may
reflect the ease of catheter placement in
patients with higher intravascular pres¬
sure and greater vascular tone.

Even among patients with witnessed
arrests, time measurements were not
highly predictive of ROSC. Clinical ex¬

perience has confirmed laboratory stud¬
ies29 showing that duration of cardiac
arrest has a profound effect on the prob¬
ability of ROSC.30 To some extent, our
results may reflect inaccuracy in deter¬
mining the time the patient lost sponta¬
neous circulation. Although we only
used witnessed arrests in analysis of
time variables, the moment of collapse
does not necessarily indicate complete
loss of blood pressure. The long mean
arrest times may also explain the lack of
predictive value. It has been shown in
animal models of cardiac arrest,22 and is
widely believed to be true in humans,
that vascular tone deteriorates with
time after cessation of circulation. It
may be that after prolonged arrest, the
state of the vasculature (as reflected in
the CPP) is more important than the
time since arrest. Factors such as tech¬
nique ofcompression, responsiveness to

administration of pressors, oxygén¬
ation, and prearrest state also may be
important. After 25 minutes of arrest
these may be better reflected by CPP
than by total down time. Regardless of
the mechanism, the absence of a signifi¬
cant difference in down times between
the two groups indicates that CPP is a
better predictor of ROSC than is down
time in patients with prolonged arrest
and suggests that it may be one of the
primary determinants of ROSC in such
patients.

The selection of patients was biased
by the circumstances of the study, and,
therefore, our sample does not repre¬
sent the typical population of patients
with cardiac arrest. Most ofour patients
experienced cardiac arrest out of the
hospital, resulting in a delay of therapy
because our institution is in a city with
only limited prehospital advanced life
support. The time required for catheter
placement also precluded the study of
patients who responded to initial thera¬
py. This group would be expected to
have higher pressures, a greater inci¬
dence of ventricular fibrillation, and a
better long-term prognosis. Therefore,
our results should be applied with cau¬
tion to patients with short arrest times.
It may be that in the first few minutes of
cardiac arrest, outcome is more a func¬
tion of the inciting hemodynamic or car¬
diac rhythm disturbance than the CPP.
Patients who experienced a repeated
arrest after catheter placement also re¬

quired a CPP of 15 mm Hg, but it is not
clear that they are similar to patients
who experience cardiac arrest for the
first time. This study, however, could
not have been performed in cities with
prehospital advanced life support. Mea¬
surement of perfusion pressures in pa¬
tients who have had prolonged therapy
before transport to the hospital would
be unlikely to result in meaningful data
because those remaining in arrest
would not be expected to have ROSC.

The proportion of patients who pre¬
sented with ventricular fibrillation is
lower, and with asystole is higher, than
that in other series.31 This is also most
likely a result of our prehospital system
and the delay before entry into the
study. In most emergency medical sys¬
tems the initial rhythm is obtained by
paramedics in the field. Our patients
had to be transported to the hospital
before this was obtained. Some patients
initially in ventricular fibrillation proba¬
bly had their rhythm decay to asystole
during transport.

The absence of long-term survivors is
understandable in light of the minimum
arrest time required before CPP mea¬
surement. This does not necessarily
mean that the time needed to measure

CPP precludes a good outcome. Almost
all patients in this study suffered cardi¬
ac arrest before arrival at the hospital.
Most were in cardiac arrest on arrival of
emergency personnel and had not re¬
ceived basic life support. Although we
measured CPP, we did not respond to
this information during the study by
changing therapy. Indeed, the re¬
searchers measuring the gradient were
not those treating the patient. It is pos¬
sible that early measurement of CPP,
such as in a patient who experiences
cardiac arrest within the hospital, with
resultant changes in therapy, might
lead to earlier ROSC and improved neu¬

rological outcome. This needs further
study. The usefulness of CPP compared
with other diagnostic modalities, espe¬
cially end-tidal carbon dioxide,32 has not
been studied prospectively Recent
work, however, indicates that effica¬
cious doses of epinephrine may actually
lower end-tidal carbon dioxide.33

Controversy exists as to the mecha¬
nism by which external compression
creates perfusion gradients during car¬

diopulmonary resuscitation. The widely
accepted thoracic pump model,34,36 in
which perfusion is believed to result
from the rise in intrathoracic pressure,
has been questioned recently by investi¬
gators who concluded that blood flow
results from direct compression of the
heart.36 We recently studied pressures
across the thoracic outlet during human
cardiopulmonary resuscitation and con¬
cluded that the thoracic pump and cardi¬
ac pump mechanisms may not be mutu¬
ally exclusive.15 The present study does
not directly address this question, but
the higher compression-phase aortic-
to-right atrial gradients in patients
with ROSC may indicate cardiac com¬

pression and a resultant benefit to the
patient. However, this interpretation
has been questioned by Weisfeldt and
Halperin.37 They observe that if there is
a positive relaxation-phase gradient be¬
tween the aorta and the right atrium
then a general rise in intrathoracic pres¬
sure may add equally to both arterial
and venous pressures, and a positive
gradient will be maintained during com¬

pression. Thus, patients may have high
compression-phase gradients simply as
a result of high CPPs. On the other
hand, there were a number of patients
with zero or negative gradients across
the heart during compression who had
high CPPs and ROSC. Thus, absence of
a compression-phase gradient, and pre¬
sumably cardiac compression, does not
necessarily mean cardiopulmonary re¬
suscitation is not working.

Patients who received high-dose epi¬
nephrine at the end of resuscitation
were included because it is thought to



function by raising aortic pressure and
Qpp 33.38 However, use of high-dose epi¬
nephrine was not predictive of ROSC
under this protocol. Its administration
at the end of resuscitation may have
obscured any relationship to outcome.

That there is a threshold CPP neces¬

sary for ROSC has important clinical
ramifications. In patients not respond¬
ing to initial treatment, measurement of
CPP may allow therapy to be adjusted
based on real-time information. Pres¬
ently, cardiac arrest is managed by pro¬
tocols based on the rhythm disturbance.
This has had disappointing results in
patients with longer arrest times. A
number of therapies are being studied
that have the potential to improve CPP.
Among these are interposed abdominal-
compression cardiopulmonary resusci-

tation,39 high-impulse cardiopulmonary
resuscitation,8 high-dose epinephrine,88
open-chest cardiac compression,40'41 vest
cardiopulmonary resuscitation, and car¬

diopulmonary bypass.42 Measurement
of CPP may provide a rational basis for
use ofthese therapies.

Clinical use of CPP during cardiac ar¬
rest may be feasible. Since many pa¬
tients will have a right atrial catheter
placed as part of standard therapy,43
measurement of CPP may only involve
the insertion ofa single additional cathe¬
ter. Precalibrated equipment for moni¬
toring pressure and extra personnel are

needed, but these should not be a prob¬
lem in large hospitals. Some skill is re¬

quired to place the aortic arch catheter
quickly.

In summary, this study substantiates

animal data that indicate the impor¬
tance of CPP as a predictor of return of
spontaneous circulation, as well as the
assumption that therapies that improve
CPP increase the probability of ROSC.
In patients with prolonged arrest, CPP
is a better predictor of outcome than is
aortic pressure alone. A CPP of 15 mm

Hg seems to be necessary for ROSC and
may represent a therapeutic goal dur¬
ing resuscitative efforts. It seems valid
to use CPP as an end point in evaluating
alternative methods of cardiopulmo¬
nary resuscitation in humans.

We thank Alan Guerci, MD, and Myron Weis-
feldt, MD, for reviewing the manuscript and grate¬
fully acknowledge the contribution ofthe numerous
clinical personnel who helped perform the study.

References
1. Ditchey RV, Winkler JV, Rhodes CA. Relative
lack of coronary blood flow during closed-chest re-
suscitation in dogs. Circulation. 1982;66:297-302.
2. Kern KB, Ewy GA, Voorhees WD, Babbs CF,
Tacker WA. Myocardial perfusion pressure: a pre-
dictor of24-hour survival during prolonged cardiac
arrest in dogs. Resuscitation. 1988;16:241-250.
3. Redding JS, Pearson JW. Resuscitation from
ventricular fibrillation. JAMA. 1968;203:255-260.
4. Sanders AB, Ewy GA, Taft TV. Prognostic and
therapeutic importance of the aortic diastolic pres-
sure in resuscitation from cardiac arrest. Crit Care
Med. 1984;12:871-873.
5. Niemann JT. Differences in cerebral and myo-
cardial perfusion during closed-chest resuscitation.
Ann Emerg Med. 1984;13:849-853.
6. Niemann JT, Criley JM, Rosborough JP, Nis-
kanen RA, Alferness C. Predictive indices of suc-
cessful cardiac resuscitation after prolonged arrest
and experimental cardiopulmonary resuscitation.
Ann Emerg Med. 1985;14:521-528.
7. Martin GB, Carden DL, Nowak RM, Lewinter
JR, Johnston W, Tomlanovich MC. Aortic and right
atrial pressures during standard and simultaneous
compression and ventilation CPR in human beings.
Ann Emerg Med. 1986;15:125-130.
8. Swenson RD, Weaver WD, Niskanen RA, Mar-
tin J, Dahlberg S. Hemodynamics in humans during
conventional and experimental use of cardiopulmo-
nary resuscitation. Circulation. 1988;78:630-639.
9. Howard M, Carrubba C, Foss F, Janiak B, Ho-
gan B. Interposed abdominal compression-CPR: its
effects on coronary perfusion in human subjects.
Ann Emerg Med. 1987;16:253-259.
10. Sanders AB, Ogle M, Ewy GA. Coronary per-
fusion pressure during cardiopulmonary resuscita-
tion. Am J Emerg Med. 1985;3:11-14.
11. McDonald JL. Effect of interposed abdominal
compression during CPR on central arterial and
venous pressures. Am J Emerg Med. 1985;3:156\x=req-\
159.
12. Standards and Guidelines for Cardiopulmo-
nary Resuscitation (CPR) and Emergency Cardiac
Care (ECC). JAMA. 1986;255:2841-3044.
13. Paradis NA, Nowak RM, Martin GB. Prospec-
tive resuscitation methodologies. Top Emerg Med.
1989;11:77-86.
14. Abramson NS, Meisel A, Safar P. Deferred
consent: a new approach for resuscitation research
on comatose patients. JAMA. 1986;255:2466-2471.
15. Paradis NA, Martin GB, Goetting MG, et al.
Simultaneous aortic, jugular bulb and right atrial
pressures during cardiopulmonary resuscitation in
humans: insights into mechanisms. Circulation.
1989;80:361-368.

16. SUGISupplemental Library User's Guide. 5th
ed. Cary, NC: SAS Institute Inc; 1986:662.
17. McNeil BJ, Keller E, Adelstein SJ. Primer on
certain elements of medical decision making. N
Engl J Med. 1975;293:211-215.
18. Abramson NS, Safar P, Detre KM, et al. Neu-
rologic recovery after cardiac arrest: effect ofdura-
tion of ischemia. Crit Care Med. 1985;13:930-931.
19. Crile GW, Dolley DH. An experimental re-
search into the resuscitation of dogs killed by anes-
thetics and aspyhxia. J Exp Med. 1906;8:713-724.
20. Ralston SH, Voorhees WD, Babbs CF. Intra-
pulmonary epinephrine during prolonged cardio-
pulmonary resuscitation: improved regional blood
flow and resuscitation in dogs. Ann Emerg Med.
1984:13;79-86.
21. Yakaitis RW, Otto CW, Blitt CD. Relative
importance of alpha and beta adrenergic receptors
during resuscitation. Crit Care Med. 1979;7:293\x=req-\
296.
22. Michael JR, Guerci AD, Koehler RC, et al.
Mechanisms by which epinephrine augments cere-
bral and myocardial perfusion during cardiopulmo-
nary resuscitation in dogs. Circulation. 1984;
69:822-835.
23. von Planta I, Weil MH, von Planta M, et al.
Cardiopulmonary resuscitation in the rat. J Appl
Physiol. 1988;65:2641-2647.
24. Downey JM, Chagrasulis RW, Hemphill V.
Quantitative study of intramyocardial compression
in the fibrillating heart. Am J Physiol. 1979;
237:H191-H196.
25. McDonald JL. Coronary perfusion pressure
during CPR in human beings. Ann Emerg Med.
1983;12:144. Abstract.
26. Wolfe JA, Maier GW, Newton JR Jr, et al.
Physiologic determinants of coronary blood flow
during external cardiac massage. J Thorac Cardio-
vasc Surg. 1988;95:523-532.
27. McDonaldJL. Systolic and mean arterial pres-
sures during manual and mechanical CPR in hu-
mans. Ann Emerg Med. 1982;11:292-295.
28. Ditchey RV, Lindenfeld J. Potential adverse
effects of volume loading on perfusion of vital or-

gans during closed-chest resuscitation. Circula-
tion. 1984;69:181-189.
29. Yakaitis RW, Ewy GA, Otto CW, Taren DL,
Moon TE. Influence of time and therapy on ventric-
ular defibrillation in dogs. Crit Care Med.
1980;8:157-163.
30. Pionkowski RS, Thompson BM, Gruchow HW,
Aprahamian C, Darin JC. Resuscitation time in
ventricular fibrillation: a prognostic indicator. Ann
Emerg Med. 1983;12:733-738.
31. Eitel DR, Walton SL, Guerci AD, Hess DR,

Sabulsky NK. Out-of-hospital cardiac arrest: a six\x=req-\
year experience in a suburban-rural system. Ann
Emerg Med. 1988;17:808-812.
32. Garnett AR, Ornato JP, Gonzalez ER, Johnson
EB. End-tidal carbon dioxide monitoring during
cardiopulmonary resuscitation. JAMA. 1987;
257:512-515.
33. Gonzales ER, Ornato JP, Garnett AR, Levine
R, Young DS, Racht EM. Dose-dependent vaso-

pressor response to epinephrine during CPR in
human beings. Ann Emerg Med. 1989;18:920-926.
34. Criley JM, Niemann JT, Rosborough JP, Ung
S, Suzuki J. The heart is a conduit in CPR. Crit
Care Med. 1981;9:373-374.
35. RudikoffMT, Maughan WL, Effron M, Freund
P, Weisfeldt ML. Mechanisms of blood flow during
cardiopulmonary resuscitation. Circulation. 1980;
61:345-352.
36. Maier GW, Tyson GS Jr, Olsen CO, et al. The
physiology of external cardiac massage: high-im-
pulse cardiopulmonary resuscitation. Circulation.
1984;70:86-101.
37. Weisfeldt ML, Halperin HR. Cardiopulmo-
nary resuscitation: beyond cardiac massage. Circu-
lation. 1986;74:443-448.
38. Paradis NA, Martin GB, Rivers EP, Rosen-
berg J, Appleton TJ, Nowak RM. High-dose epi-
nephrine and coronary perfusion pressure during
cardiac arrest in human beings. Ann Emerg Med.
1989;18:478. Abstract.
39. Voorhees WD, Ralston SH, Babbs CF. Re-
gional blood flow during cardiopulmonary resusci-
tation with abdominal counterpulsation in dogs.
Am J Emerg Med. 1984;2:123-128.
40. Kern KB, Sanders AB, Badylak SF, et al.
Long-term survival with open-chest cardiac mas-

sage after closed-chest compression in a canine
preparation. Circulation. 1987;75:498-503.
41. Howard MA, Labadie LL, Martin GB, Tomlan-
ovich MC, Nowak RM. Improvement in coronaryperfusion pressures after open-chest cardiac mas-

sage in humans: preliminary report. Ann Emerg
Med. 1986;15:664-665. Abstract.
42. Martin GB, Nowak RM, Carden DL, Eisi-
minger RA, Tomlanovich MC. Cardiopulmonary
bypass vs CPR as treatment for prolonged cardio-
pulmonary arrest. Ann Emerg Med. 1987;16:628\x=req-\
636.
43. Hedges JR, Barsan WB, Doan LA, et al: Cen-
tral versus peripheral intravenous routes in cardio-
pulmonary resuscitation. Am J Emerg Med.
1984;2:385-390.
44. Harrell FE Jr, Califf RM, Pryor DB, Lee KL,
Rosati RA. Evaluating the yield of medical tests.
JAMA. 1982;247:2543-2546.


