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Effects of Ventilation on Hemodynamics and
Myocardial Blood Flow during Active Compression-

Decompression Resuscitation in Pigs
Andreas W. Prengel, M.D.,* Karl H. Lindner, M.D.,t Ernst G. Pfenninger, M.D.,+ Michael Georgieff, M.D.t

Background: Active compression-decompression (ACD) im-
proves hemodynamics and vital organ blood flow during car-
diopulmonary resuscitation. The effects of intermittent pos-
itive pressure ventilation (IPPV) on ACD have not been studied.
This study was designed to compare the effects of ACD with
and without IPPV on gas exchange, hemodynamics, and myo-
cardial blood flow.

Metbods: After 30 s ventricular fibrillation, 14 tracheally in-
tubated pigs were allocated to receive either ACD combined
with IPPV (ACD-IPPV) or ACD alone. In animals treated with
ACD-IPPV, the lungs were ventilated using a servo ventilator.
Animals treated with ACD received 100% oxygen by a reservoir
but ventilation was not assisted.

Results: Minute ventilation (median) was 6.5 and 6.1 1/min
after 1 and 7 min of ACD-IPPV, and was 4.2 and 1.6 1/min after
1 and 7 min of ACD. In contrast to ACD-IPPV, Pa,, was less
and Pac,, was greater with ACD. Mean arterial (53 and 40
mmHg; P < 0.05) and mean central venous pressure (25 and
14 mmHg; P < 0.01) were greater during ACD-IPPV as com-
pared with ACD. After administration of epinephrine 0.2 mg/
kg, myocardial blood flow increased only in ACD-IPPV treated
animals, and 5 min after epinephrine administration, myo-
cardial blood flow was greater during ACD-IPPV (33
ml-min'-100 g ') as compared with ACD (15 ml-min*-100
g '; P < 0.05). Restoration of spontaneous circulation could
be achieved only in animals subjected to ACD-IPPV.

Conclusions: Gas exchange was critically impaired during
the late phase of ACD. Compared with ACD-IPPV, myocardial
blood flow was less preserved with ACD and was too low to
achieve restoration of spontaneous circulation. (Key words:
Cardiac arrest: cardiopulmonary resuscitation. Gases: carbon
dioxide. Hemodynamics: myocardial blood flow. Respiratory
acidosis: acid-base status; hypoxia. Ventilation: mechanical.)
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CARDIOPULMONARY resuscitation (CPR) using active
compression-decompression (ACD) has been shown to
improve hemodynamics and vital organ blood flow in
animal'~* as well as human studies.’® Clinical inves-
tigations comparing ACD to standard CPR in patients
in cardiac arrest demonstrated an improvement in the
immediate resuscitation success.”™"!

When ACD was performed in humans in whom
standard advanced cardiac life support had failed, a
minute ventilation of 6.6 + 0.9 1/min was observed.’
The ventilatory aspects of ACD have raised interest
in subsequent studies investigating ventilation gen-
erated by ACD versus standard and alternative CPR
techniques.'*™'*

However, the effects of intermittent positive pressure
ventilation (IPPV) on the potential of ACD to improve
hemodynamics and to preserve myocardial blood flow
have not been investigated as yet and it remains ques-
tionable whether ACD without IPPV is as effective as
in combination with IPPV. Thus, the aim of this study
was to compare the effects of ACD with and without
IPPV on gas exchange, hemodynamics, and myocardial
blood flow.

Methods and Materials

Anesthesia and Surgical Preparation

This study was approved by our institutional animal
investigation committee. The animals were managed
in accordance with the guidelines of the American
Physiological Society. Fourteen pigs (24-25 kg) re-
ceived 4 mg/kg intramuscular azaperone 1 h before
surgical preparation. Anesthesia was induced with 10
mg/kg intravenous metomidate. The pigs were stabi-
lized in the dorsal recumbent position and an endotra-
cheal tube was inserted. Ventilation was performed
with a servo ventilator with 65% nitrous oxide in ox-
ygen at 20 breaths/min and with a tidal volume adjusted
to maintain Paco, at 35 mmHg. Anesthesia was main-
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tained using a continuous infusion of metomidate (0.5
mg-kg '-h ') and two doses of 0.024 mg/kg bupren-
orphine at the beginning of surgical preparation and
before induction of cardiac arrest, respectively. Ring-
er’s solution (6 ml-kg '-h ') was administered con-
tinuously. A lead II ECG was monitored. Fluid-filled
catheters were advanced via femoral cutdowns into the
abdominal aorta and right atrium. A pulmonary artery
catheter was inserted via external jugular vein cut-
down. A 7-French pigtail catheter was placed into the
left ventricle for injection of radionuclide microspheres
and iced saline. For the measurement of body temper-
ature, a thermistor was placed into the aorta. Before
cardiac arrest, 300 units/kg sodium heparin was ad-
ministered intravenously to prevent intracardiac clot
formation. All animals were autopsied to check correct
positioning of the catheters, and to look for damage to
the rib cage and internal organs.

Measurements

Aortic and right atrial pressures were measured via
fluid-filled catheters using pressure transducers that
were calibrated to atmospheric pressure at the level
of the right atrium. Pressure tracings were continu-
ously recorded using two monitors and a data acqui-
sition/control unit. Measurements were performed
at intervals of 30 s before cardiac arrest and at inter-
vals of 1 s during CPR. An electronic substraction
circuit was used to record arteriovenous pressure dif-
ferences (aortic minus right atrial pressure differ-
ence), which reflect coronary perfusion pressure.
Cardiac output was measured by thermodilution
technique (5 ml iced saline injected into the left
ventricle) using a cardiac output computer. Blood
gases were measured with a blood gas analyzer and
corrected for body temperature. Expired minute vol-
ume was sampled between min 1 and 3 and between
min 7 and 9, respectively, after beginning of CPR
through a nonrebreathing valve into a gas-tight res-
ervoir and measured afterward with a spirometer.

Before and 90 s and 5 min after epinephrine ad-
ministration during CPR, myocardial blood flow was
measured with radiolabeled microspheres according
to Heymann et al.'” as previously described.? At the
end of the experiment, the entire heart was removed.
The left ventricular free wall including the endocar-
dial and epicardial tissue layers was weighed, ho-
mogenized, and radioactivity from tissue and blood
was measured with a gamma scintillation spectrom-
ctes:
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Experimental Protocol

Before induction of cardiocirculatory arrest, he-
modynamic parameters, and blood gases were
measured. A 50-Hz, 60-V alternating current was
applied via two subcutaneous needle electrodes
to induce ventricular fibrillation. Cardiocirculatory
arrest was defined as that point at which the aortic
pulse pressure decreased to zero and the electrocar-
diogram showed ventricular fibrillation. Thirty sec-
onds after induction of cardiocirculatory arrest, ACD
was begun with a pneumatically driven automatic
piston device (ACD Controller, Ambu International,
Glostrup, Denmark). The chest compression rate was
80/min, and the duration of compression was 50%
of the total cycle time. Unlike in humans in which a
handheld compression/suction device provided with
a silicone rubber suction cup (Ambu CardioPump,
Glostrup, Denmark) is used for ACD, in the current
study the compression pad was wired to the mid-ster-
num to ensure constant contact with the animal’s
chest wall and to prevent displacement of the pad
during ACD. A velocity of compression of 7.48
inches/s was held constant. Based on experiments
using the same animal model, the chest compression
force was adjusted to produce 25% of sternal dis-
placement of the pig’s anteroposterior diameter. Ac-
tive decompression was set to produce a sternal dis-
placement of 10% greater than the resting antero-
posterior diameter, for which a suction force of
approximately 200 N was necessary. The de-
compression velocity was 7.48 inches/s.

During ACD with IPPV, mechanical ventilation with
100% of oxygen was performed at 20 breaths/min in-
dependently of chest compression at a tidal volume
shown to result in a Pa., of 35 mmHg before induction
of cardiac arrest. In animals without IPPV, 100% oxygen
was supplied by an oxygen reservoir bag connected to
the endotracheal tube.

After 5 min of CPR, all animals received epinephrine
0.2 mg/kg in a 10-ml volume of normal saline into the
right atrium over a period of 5 s. Hemodynamic mea-
surements and acquisition of aortic and mixed venous
blood samples were performed before and 90 s and 5
min after epinephrine administration. After acquiring
the last blood sample during CPR, direct current shocks
were applied. Initially, up to three countershocks (3
J/kg) were administered. In cases of persistent ventric-
ular fibrillation, epinephrine was administered at the
same dose as the previous one, and after a further 90
s of CPR, up to three more countershocks (5 J/kg) were
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administered. The same protocol (without defibrilla-
tion) was used if asystole or pulseless electrical activity
occurred. Successful resuscitation was defined as the
presence of coordinated electrical activity together
with a systolic blood pressure above 80 mmHg for a
duration of at least 5 min, during which no further
resuscitative measures were applied.

Statistical Analysis

Values are expressed as median as well as 25th and
75th percentiles. For within-group comparisons, the
Wilcoxon signed rank test was used. For comparisons
between groups, the Mann-Whitney U test was used.
Correlations between single parameters were analyzed

by regression analysis. Statistical significance was con-
sidered at P < 0.05.

Results

There were no differences in baseline hemodynamics,
myocardial blood flow, blood gases, or minute venti-
lation between animals in the ACD-IPPV or ACD groups
before induction of ventricular fibrillation (tables 1-

3). Whereas in ACD-IPPV-treated animals, spontaneous
circulation could be restored within 20 s after removal
of the last blood sample, in animals subjected to ACD
alone, restoration of spontaneous circulation could not
be achieved. Autopsy revealed no damage to the tho-
racic cage or the internal organs in either group.

Hemodynamics and Myocardial Blood Flow

Mean arterial pressure (median as well as 25th and
75th percentiles) was greater in the ACD-IPPV group
compared with the ACD group before (44, 40-51 and
33, 26-37 mmHg; P < 0.05) as well as 90 s (73, 66—
80 and 50, 48-57 mmHg; P < 0.01) and 5 min after
epinephrine administration (53, 40-63 and 40, 33—
43 mmHg) (P < 0.05). Similarly, mean central venous
pressure was greater in ACD-IPPV-treated animals in
comparison with ACD-treated animals before (22, 20—
31 and 14, 10-18 mmHg; P < 0.05) and 90 s (27,
25-34 and 18, 15-21 mmHg; P < 0.01) and 5 min
after administration of epinephrine (25, 21-33 and
14, 11-17 mmHg; P < 0.01). In both groups, mean
arterial pressure and mean central venous pressure in-
creased 90 s after epinephrine administration as com-
pared with point in time before epinephrine admin-

Table 1. Hemodynamics Prearrest and during Active Compression-Decompression Resuscitation with and without

Intermittent Positive Pressure Ventilation

EPI

Prearrest

3 min Postarrest

6.5 min Postarrest 10 min Postarrest

Mean arterial pressure
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(mmHg)
ACD-IPPV 108 (88-112) 44 (40-51)* 73 (66-80)tt 53 (40-63)*
ACD 106 (92-120) 33 (26-37) 50 (48-57)t 40 (33-43)
| Mean central venous pressure
(mmHg)
ACD-IPPV 4 (2-4) 22 (20-31)* 27 (25-34)tt 25 (21-33)t
ACD 3 (2-5) 14 (10-18) 18 (15-21)t 14 (11-17)
Mean coronary perfusion
pressure (mmHg)
ACD-IPPV 98 (86-105) 24 (7-31) 49 (28-53)t 28 (7-42)
ACD 104 (92-114) 19 (16-21) 33 (29-36)t 23 (20-30)
Cardiac index (ml-min~'-kg™)
ACD-IPPV 164 (149-200) 27 (15-33) 19 (17-22) 20 (14-24)
ACD 184 (156-207) 26 (20-28) 17 (14-24)t 20 (17-28)
Values are median as well as 25th and 75th percentile.
EPI = administration of epinephrine 0.2 mg/kg at 5 min postarrest; ACD = active compression-decompression resuscitation; ACD-IPPV = ACD combined with
intermittent positive pressure ventilation.
*P < 0.05 versus ACD.
t P < 0.01 versus ACD.
$ P < 0.05 versus 3 min postarrest.
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Table 2. Myocardial Blood Flow during Active Compression-Decompression Resuscitation with and without Intermittent

Positive Pressure Ventilation

Myocardial blood flow
(ml-min~"-100 g™ ")

EPI

3 min Postarrest

6.5 min Postarrest

10 min Postarrest

ACD-IPPV
ACD

30 (19-43) [MAD 11.2]
25 (18-34) [MAD 3.5]

55 (39-68)* [MAD 15.3]
39 (20-60) [MAD 17.3]

33 (25-39)t [MAD 5.0]
15 (10-27) [MAD 6.2]

Values are median as well as 25th and 75th percentile. EPI = administration of epinephrine 0.2 mg/kg at 5 min postarrest; ACD = active compression—decompression
resuscitation; ACD-IPPV = ACD combined with intermittent positive pressure ventilation; MAD = median absolute deviation.

* P < 0.05 versus 3 min postarrest.

1 P < 0.05 versus ACD.

istration (P < 0.05). Mean coronary perfusion pressure
was not significantly different between both groups be-
fore (24, 7-31 and 19, 16-21 mmHg) as well as 90 s

(49, 28-53 and 33, 29-36 mmHg) and 5 min after
epinephrine administration (28, 7-42 and 23, 20-30
mmHg). In both groups, coronary perfusion pressure

Table 3. Blood Gases Prearrest and during Active Compression-Decompression Resuscitation with and without Intermittent

Positive Pressure Ventilation

EPI

Prearrest

3 min Postarrest

6.5 min Postarrest

10 min Postarrest

Arterial Po, (mmHg)

ACD-IPPV
ACD
Mixed venous Pg, (mmHg)

ACD-IPPV
ACD

Arterial Pco, (MMHQ)
ACD-IPPV
ACD

Mixed venous Pco, (MmMHQ)
ACD-IPPV
ACD

Arterial pH
ACD-IPPV
ACD

Mixed venous pH
ACD-IPPV
ACD

DA-vP¢o, (MmHQ)
ACD-IPPV
ACD

Da-vpH
ACD-IPPV
ACD

378 (321-390)
401 (364-453)

59 (47-55)
62 (58-67)

34 (33-34)
35 (34-36)

41 (36-42)
40 (40-45)

7.51 (7.48-7.55)
7.46 (7.44-7.48)

7.48 (7.40-7.50)
7.40 (7.36-7.42)

—6 (-3 to -9
~8(-5to —9)

0.02 (0.01-0.03)
0.08 (0.01-0.04)

164 (123-219)"
87 (66-106)

27 (23-35)
27 (22-30)

25 (20-27)t
45 (40-53)

44 (40-51)"
60 (51-66)

7.62 (7.56-7.71)t
7.31 (7.26-7.38)

7.41 (7.32-7.47)"
7.22 (7.18-7.31)

—22 (—16 to —26)*
~12 (-8 to —15)

0.24 (0.16-0.29)*
0.07 (0.04-0.11)

206 (168-246)t 1
67 (58-81)

23 (20-39)
22 (17-28)

20 (18-22)t
74 (67-80)t

47 (50-55)t
76 (70-88)%

7.60 (7.53-7.70)t
7.09 (7.04-7.14)t

7.31 (7.26-7.40)t ¢
7.08 (7.05-7.18)t

—28 (—18 to —36)t'¢
—6 (—1 to —11)¢

0.30 (0.18-0.35)t4
0.04 (0.02-0.05)t

156 (75-302)t
59 (48-66)

20 (18-24)
18 (26-20)

26 (20-30)t
89 (85-98)

56 (45-62)t
88 (84-92)

7.50 (7.42-7.67)t
6.99 (6.95-7.03)

7.23 (7.21-7.37)t
7.09 (6.96-7.05)

—28 (—21 to —42)t
e

0.20 (0.17-0.31)t
0.02 (0.01-0.04)

Values are median as well as 25th and 75th percentile. EPI = administration of epinephrine 0.2 mg/kg at 5 min postarrest; ACD = active compression-decompression
resuscitation; ACD-IPPV = ACD combined with intermittent positive pressure ventilation; DA-vPco, = arterial-mixed venous Pco, gradient; Da-vpH = arterial-mixed

venous pH gradient.
* P < 0.05 versus ACD.
t P < 0.01 versus ACD.

1 P < 0.05 versus 3 min postarrest.
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increased 90 s after epinephrine administration as
compared with mechanical measures alone (P < 0.05).
Cardiac index was not significantly different between
both groups before (27, 15-33 and 26, 20-28
ml-min~"-kg™") as well as 90 s (19, 17-22 and 17,
14-24 ml-min"'-kg™") and 5 min (20, 14-24 and
20, 17-23 ml-min~'-kg™") after epinephrine admin-
istration. Ninety seconds after epinephrine administra-
tion, cardiac index was decreased as compared with
preepinephrine levels. The decrease in cardiac index
was significant only in the ACD group (table 1).
Myocardial blood flow was not different between both
groups before (30, 19-43 and 25, 18-34 ml-
min '+ 100 g') and 90 s after epinephrine adminis-
tration (55, 39-68 and 39, 20-60 ml-min '- 100
g '). However, 5 min after epinephrine administration,
myocardial blood flow was greater in animals subjected
to ACD-IPPV (33, 25-39 ml-min~'- 100 g ') as com-
pared with animals subjected to ACD alone (15, 10—
27 ml-min"'-100 g”'; P < 0.05). Only in ACD-IPPV-
treated animals did myocardial blood flow increase after
epinephrine administration as compared to mechanical
measures alone (P < 0.05) (table 2). In the ACD-IPPV
group there was a significant correlation between cor-
onary perfusion pressure and myocardial blood flow (r
= 0.68, P < 0.01), but no such correlation was found
in animals treated with ACD alone (r = 0.36, ns). Five
minutes after epinephrine administration, seven ani-
mals in the ACD-IPPV group and two animals in the
ACD group had myocardial blood flow values >20
ml-min~'-100 g~' (P < 0.05, Fisher’s exact test).

Blood Gases

Pag, was higher before as well as 90 s and 5 min after
epinephrine administration in the ACD-IPPV group as
compared with the ACD group. Mixed venous P, was
not different between both groups at any point in time.
Ninety seconds after epinephrine administration, Pa,,
increased in ACD-IPPV-treated, but not in ACD-treated
animals in comparison with preepinephrine levels,
whereas mixed venous Py, did not change in any group
between points in time before and 90 s after epineph-
rine administration. Pac.,, and mixed venous Pco, were
less before as well as 90 s and 5 min after epinephrine
administration in pigs subjected to ACD-IPPV in com-
parison with ACD treated pigs. While 90 s after epi-
nephrine administration Pac, and mixed venous Pco,
remained unchanged in the ACD-IPPV group, in the
ACD group, Pacg, and mixed venous Pco, increased in
comparison with preepinephrine levels. Arterial and
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mixed venous pH values were higher before as well as
90 s and 5 min after epinephrine administration in ACD-
IPPV-treated animals in comparison with animals treated
with ACD alone. Ninety seconds after epinephrine ad-
ministration, arterial pH decreased in the ACD group, but
not in the ACD-IPPV group whereas mixed venous pH
decreased in both groups in comparison with preepine-
phrine levels. The absolute value of the arterial-mixed
venous Pco, gradient was greater before as well as 90 s
and 5 min after administration of epinephrine in animals
treated with ACD-IPPV in comparison with ACD-treated
animals. The arterial-mixed venous Pco, gradient in-
creased in the ACD-IPPV group and decreased in the ACD
group 90 s after epinephrine administration in compar-
ison with preepinephrine levels (table 3).

Ventilation

In the ACD-IPPV group, minute volume was 6.5, 6.2—
6.8,and 6.1, 5.8-6.4 I/min after 1 and 7 min of CPR,
respectively. In the ACD group, minute volume was
4.2,2.3-4.6,and 1.6, 0.8-2.3 I/min after 1 and 7 min
of CPR, respectively (fig. 1). Calculated tidal volume
was 325, 310-339, and 305, 288-322 ml after 1 and
7 min of ACD-IPPV (minute volume divided by respi-
ratory rate: 20/min) and was 52, 28-57, and 19, 3—
29 ml after 1 and 7 min of ACD alone (minute volume
divided by chest compression rate: 80/min).

Discussion

In comparison with standard CPR, ACD has been
shown to improve hemodynamics, vital organ blood

©
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After 1 min of ACD After 7 min of ACD

Fig. 1. Minute ventilation during active compression-de-
compression resuscitation without intermittent positive pres-
sure ventilation. One minute after beginning of active
compression-decompression, median minute ventilation is
within the normal range of pigs weighing 25 kg (2.6-6.5 1/
min), whereas 7 min after beginning of active compression-
decompression, median minute ventilation is below this range.
Filled circles indicate median minute ventilation.
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flow, and immediate resuscitation success in animal as
well as in human studies. Myocardial blood flow, which
is one of the most important factors for restarting the
arrested heart, was significantly greater when ACD was
compared with standard CPR in pigs during cardiac
arrest.”?

Because ACD increases negative intrathoracic pres-
sure, in addition to augmenting venous return and
myocardial blood flow, ACD is able to increase minute
ventilation independently of IPPV in comparison to
other CPR techniques. The ventilatory aspects of ACD
have raised interest in studies investigating ventilation
generated by ACD versus other CPR techniques and
the potential role of ACD as a substitute for rescue
breathing during basic life support.'*~'*

Even with standard CPR, the necessity for ventilation
during basic life support has been challenged recently
by animal investigations. In dogs, it was observed that
an arterial oxygen saturation greater than 90% was
maintained for the first 5 min of ventricular fibrillation
with chest compressions alone'® and with concern to
outcome, in swine, chest compressions alone appeared
to be as effective as chest compressions combined with
ventilation.'” In contrast, in another study in pigs,
greater hypoxia and hypercarbic acidosis as well as a
lower rate of return of spontaneous circulation was
found in animals in which the lungs were not ventilated
compared with animals'® in which the lungs were ven-
tilated.

In the current study, in pigs receiving ACD without
IPPV, otherwise ideal conditions including tracheal in-
tubation, 100% oxygen, and a very short period of ven-
tricular fibrillation were provided. However, 10 min
after starting CPR, only in the ACD-IPPV group, myo-
cardial blood flow was greater than the critical thresh-
old of 20 ml-min~"-100 g .

Recently, it has been shown that during ACD coronary
perfusion is present during both compression and ac-
tive decompression and is increased in comparison to
that during standard CPR.? In the current study, coro-
nary perfusion pressure was not significantly different
in pigs subjected to ACD-IPPV as compared with pigs
subjected to ACD alone and thus, may not have been
the major determinant for increased myocardial blood
flow with ACD-IPPV at the end of the resuscitation
phase.

After 10 min of CPR, there were marked differences
in Pag, and Pac, as well as in mixed venous Pco, levels
between animals with and without IPPV. Myocardial
hypercarbic acidosis was reported to reduce cardiac
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resuscitability independent of coronary perfusion
pressure in a porcine model of cardiac arrest.'” How-
ever, because we did not measure intramyocardial car-
bon dioxide we cannot conclude to which extent
mixed venous Pco, represented intramyocardial carbon
dioxide in the current study and whether mixed venous
and intramyocardial carbon dioxide, respectively, af-
fected myocardial blood flow.

During hypoxemia in lambs, metabolic acidemia at-
tenuated the hemodynamic response to epinephrine.*’
In our study, mean arterial and coronary perfusion
pressures were significantly increased in the ACD-IPPV
as well as in the ACD group 90 s after administration
of epinephrine. Thus, a diminished hemodynamic re-
sponse to epinephrine administration seems unlikely
to be the underlying cause for a diminished myocardial
blood flow in animals without IPPV.

The lower arterial-mixed venous Pc,, and pH gra-
dients in the ACD group, which were also observed in
a study in pigs whose lungs were not ventilated during
CPR"? indicate that an increase in Paco, did not lead to
a proportional increase in organ venous Pco,. As a pos-
sible explanation for this phenomenon, it is suggested
that under the conditions of CPR without IPPV the
amount of carbon dioxide transported in arterial blood
may be small in comparison to the total amount of car-
bon dioxide in organ venous blood and may not sig-
nificantly contribute to mixed venous carbon dioxide
content. In our study, cardiac index was equal in ani-
mals treated with ACD-IPPV and ACD and thus the ar-
terial-mixed venous P, gradient did not reflect cardiac
output.

In comparison with other animal studies on the ven-
tilatory effects of ACD, in our study minute ventilation
and the capability to maintain Pay, and Paco, in phys-
iologic limits was in the lower range. In tracheally in-
tubated, not mechanically ventilated supine beagles
weighing 10-15 kg, a minute volume of 4.9 1/min was
achieved in 1-min trials of ACD."? Another investigation
in tracheally intubated mongrel dogs (13-22 kg)
placed in the lateral position showed that after a pre-
vious phase of 9 min of different CPR techniques in
combination with IPPV, a minute ventilation of 13 1/
min was generated in 3-min trials of ACD without
IPPV."" In pigs receiving ACD without IPPV over 10
min after 6 min of ventricular fibrillation, minute ven-
tilation was greater, and hypoxia and hypercarbic aci-
dosis was less as compared to animals receiving stan-
dard CPR."* Differences in age, animal species (i.e.,
regarding thorax configuration), and the methods used
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may account for some of the different results in the
literature and in the current study with respect to the
amount of minute ventilation achieved. In our study,
in animals treated with ACD without IPPV, minute ven-
tilation and blood gases were acceptable at the begin-
ning of ACD but deteriorated markedly with ongoing
resuscitation. However, even at the beginning of ACD,
as in other studies on the ventilatory effects of ACD, at
80 cycles/min the calculated tidal volume was low and
the ratio between dead space and tidal volume must
have been high. Further studies are needed to inves-
tigate the possible mechanisms how ACD improves gas
exchange during CPR.

There are several potential limitations of this study.
Because compliance was not measured, it cannot be
concluded whether alterations in the compliance of
the thorax and lung, respectively, may have contributed
to the deterioration of ventilation after a longer period
of ACD compared with ACD and IPPV. Because we did
not investigate long-term survival or neurologic out-
come, we cannot conclude whether IPPV would have
influenced these variables in comparison to omission
of IPPV. Because of radiation protection regulations
we were not able to measure myocardial blood flow
before induction of ventricular fibrillation and to con-
trol this variable for intergroup differences at this time.
However, myocardial blood flow was not different be-
fore and 90 s after epinephrine administration and
hence the observed difference at 5 min after epineph-
rine is unlikely to be caused by preexisting differences.
Finally, by using 100% of oxygen before induction of
a 30-s period of ventricular fibrillation and by choosing
an epinephrine dosage of 0.2 mg/kg, our model was
designed to improve oxygenation, hemodynamics, and
resuscitation success rather than to simulate real clin-
ical conditions.

In conclusion, the results of this study demonstrate
that gas exchange was critically low during the late
phase of ACD without IPPV. While myocardial blood
flow was well preserved after 10 min of ACD combined
with IPPV and administration of epinephrine, under
the same conditions but without IPPV myocardial blood
flow was impaired and was less than the critical thresh-
old necessary for restoration of spontaneous circula-
tion.
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