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Improving Active Compression-Decompression
Cardiopulmonary Resuscitation With an
Inspiratory Impedance Valve

Keith G. Lurie. MD: Paul Coffeen, MD: Jeffrey Shultz, MD; Scott McKnite, BS:
Barry Detloff, BA: Kate Mulligan. BA

Background  Active compression-decompression {ACD)
cardiopulmonary resuscitation (CPR) has recently been dem-
onstrated to provide significantly more blood flow to vital
organs during cardiac arrest, To further enhance the effective-
ness of this technigque, we tested the hypothesis that intermit-
tent impedance to inspiratory gas exchange during the decom-
pression phase of ACD CPR enhances vital organ blood flow.

Methods and Results  ACD CPR was performed with a
prcumatically driven automated compression-decompression
device in o porcing model of ventricular fibrillation (VF). Nine
pigs were randomized to receive ACD CPR alonce, while 8 pigs
received ACD CPR plus inermittent impedance to inspiratory
gus exchange with o threshold valve ser 1o 40 cm H.O. Results
comparing 2 minutes of ACD CPR alone versus ACD CPR
with the inspiratory impedance threshold vabee (ITV) revealed
significantly higher mean (=SEM) coronary perfusion pres-
sures {diastolic aortic minus diastolic right atrial pressures) in
the ITV (310223 mm Hg) group versus with ACD CPR alone
(2136 mm Hg) (£=.05), Total left vemtricular and cerchral

blood flows, determined by radiolabeled microspheres, were
0.77£0.095 and 0.47 +0.06 mL/min per gram. respectively. with
ACD CPR plus the ITV versus 0.45=0.1 and (L32=0.016
mL/min per gram, respectively, with ACD CPR alone (F=.03).
Similar improvements in the TV group were obsenved aller 7
minutes of ACD CPR. After 16 minutes of VF and 13 minutes
of ACD CPR, 6 of 8 pigs in the [TV group were successfully
resuscitated with less than three successive 150-] shocks.
whereas only 2 of 9 pigs with ACD CPR alone were resusci-
tated with equivalent energy levels (P<02). With up to three
additional snd successive 200-J shocks, all pigs in the [TV
group and 7 of 9 pigs with ACD CPR alone were resuscitated
(P=.14).

Conclusions  Intermittent impedance to inspiratory low of
respiratory pases during ACD CPR significantly improves
coronary perfusion pressures and vital organ Blood flow and
lowers defibrillation energy requirements in a porcine model of
VF. (Circulation. 1995:91:1629-1632.)
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clive compression-decompression (ACD) car-
divpulmonary resuscitation (CPR) has recently

been deseribed as a method to improve vital

organ blood Aow and the currently poor resuscitation
rates in patients sulfering from cardiac arrest,' This new
method increases blood Bow to the heart and brain when
compared with other methods of CPR by cnhancing the
“hellows-like™ action of the chest.'* However. the de-
gree to which active decompression augments coronary
perfusion pressure is dependent on a number of critical
factors including the time between cardiac arrest and
initiation of CPR, chest wall compliance, fAuid status,
myocardial size. ventricular wall compliance, and dia-
phrugmatic tone. In previous studies of humans mechan-
ically ventilated and in ventricular fibrillation (VF), we
observed that intrathoracic pressure was significantly
lower when the endotracheal tube was temporarily oc-
cluded during ACD CPR.- Since greater negative in-
trathoracic pressures during the decompression phase
may enhance venous blood return 1o the thorax, we
recently hypothesized that intermittent impedance to
the inflow of respiratory gases during the decompression
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phase should further enhance the effectiveness of ACD
CPR.* The purpose of the present investigation was to
test this hypothesis by insertion of an inspiratory imped-
ance threshold valve (ITV) in the respiraton cireut.
This report describes the measurements of central aortic
pressurcs, coronary perfusion pressures. vital organ
blood flow with radiolabeled microspheres. arteriul
blood gases. and the rate of return of spontancous
circulation (ROSC) in a well-established porcine model
of VF.

Methods

The experiments described in this manuscript were approved
by the Committee on Animal Experimentation at the Univer-
sity of Minnesota. Healthy female domestic farm pigs (28 (o 33
kg) were fasted overnight and ancsthetized with pentoharhital
(20 mg/kg IV bolus followed by 2.5 mg/kg per hour IV infusion)
via an ear vein. The surgical approach has been described
previously.** Once anesthetized, pigs were pluced in the dorsal
recumbent position and intubated by standard endotrachenl
intubation technique. They were ventilated during the prepa-
ratory phase of the experiment and after ROSC ar the end of
the experiment with a mechanical respirator (model 607,
Harvard Apparatus Co, Inc.). The tidal volume was set at 4500
mL and delivered berween 11 and 15 breaths per minute with
supplemental oxveen at 2 Limin. Normal saline solution was
administered intravenously through the preparative and study
periods by an infusion pump (Flo-Gard 6201, Baxter
Healthcare).

The preparatory phase. which included cannulation of hoth
femoral arteries and the right jugalar vein, as well as calibration
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Fiz 1. Schematic representation of the active compression-
decompression (ACD) cardicpulmonary resuscitation suction
apparatus showing position of the force transducer and excur-
sion gauge in relation to the thorax.

of all instruments, ook approximately 2 hours. Once venous
access was obtained, animals received normal saline solution at
approximately 300 1o 400 mL/h to maintain diastolic right atrial
pressures of 3 1o 5 mm Heg. Arterial blood gases were analyzed
{Instrumentation Laboratory SpA) every 30 minutes to cnsure
adequane acid base status and oxypenation. Left ventricular and
ascending aortic arch blood pressures were monitored using a
single high-lidelity micromanometer catheter (Millar). This
aorto-=lelt ventricular catheter had a lumen for injecting radio-
labuled microspheres and it was positioned, under Auoroscopic
guidance, 15 minutes before initiotion of VF. Right atrial
pressurcs were also monitored using a micromanometer cath-
eter (Millar) inserted through a right juguiar vein sheath. The
micromanometer catheters were calibrated o atmospheric
pressure mmediately before they were inserted into the pig. A
5F hipolar pacing catheter { Daig, Inc), used to induce VF with
alternating current at 7V and 60 Hz, was inserted through a
second right jugular vein sheath and positioned by Auoroscopy
in the right ventricular apex. For withdrawal of reference blood
samples o measure organ blood Aow, a 7F catherer was
advanced by femoral arterial access to the aortic arch. Body
temperature was monitored continuously via a rectal probe
(Yellow Springs Instrument Co). Core temperatures were
maintained between 365 and 385.5°C with o heating pad, Five
minutes before induction of VF, 3000 U IV of sodium heparin
was administered.

ACD CPR was performed with a 9.0-cm silicon suction cup
positioned Aueroscopically over the right and left ventricles. It
was altiched o a preomatically driven automatic piston device
for ACD CPR (ACD Controller. Ambu International) as
previowsly deseribed.* The automatic piston device was modi-
ficd such that it was attached to the base of the surgical table
with a rigid steel pole (diameter=7 em) as shown in Fig 1.
Compression and decompression Torces were measured con-
tinuously using a piczoelectric force transducer (model
208A02, PCB Piezotronics) mounted directly in the foree path
between the plunger cup and piston arm of the automatic
compression-decompression device. Compression and decom-
pression exeursion was measured continuously by the voltage
output of a linear variable differential transformer (model 3000
HR-DC. Lucas Schaevitz DC-LVDT). The transformer core
muoved orthogonally to the chest wall such that voltage output
wis lincarly proportional to distance traveled above and below
the neutral chest wall position. The compression depth was also
munitored viswally with a ruler attached o the piston housing.
Buth compression depth and force were monitored on a chart

paper recorder (ES 1000, Gould Instrument Svstems) and
digitized on-line (SUPERSCOPE [ v1.295, GW Instruments) with
a computerized recording system (Power Macintosh T100/66
computer) to allow for instantaneous feedback to the
operators.

Digitized data were analyzed electronically to provide hemo-
dynamic measurements. The compression-decompression
phases were divided in half by using the point at which the
suction cup passed the neutral position at the beginning of
compression and the beginning of active decompression. Cor-
onary perfusion pressure was calculated during systole and
diastole and was defined as the aorto—right atrial pressure
difference (time-coincident difference between aortic and right
atrial diastolic pressures) as previously defined.>+

The protocol was designed to compare ACD CPR alone with
ACD CPR plus an inspiratory 1TV, Before induction of VF.
baseline hemodynamic and arterial blood gas measurements
were obtained. Radiolabeled microspheres were injected into
the left ventricle to determine baseline vital organ blood flows,
as previously described.® VF was induced with a single 3-second
application of alternating current. The endotracheal whe (ET
Tube Hi-Lo Jet, Mallincrott, Inc) was immediately discon-
nected from the mechanical ventilator and the cuff pressure
was assessed to ensure that it was adequate to seal the trachea.
The animals were then randomized to receive either ACD CPR
alone or ACD CPR with the ITV. After 3 minutes of VF,
during which time no CPR or ventilation was performed. ACD
CPR was performed with the automatic ACD device. The
compression-decompression rate was 80 per minute with a 307
duty cycle, a depth of 25% of the anterior-posterior diameter of
the chest wall, and a velocity of 7.5 infs. Active decompression
was performed to produce a sternal displacement of 1077
greater than the resting anteroposterior diameter, for which a
suction force of approximately 200 N was applicd. Compres-
sion and decompression excursion were continuously moni-
tored and adjusted with the control module, as necessary,
during the experiment,

Ventilatory support and ACD CPR were performed simul-
tancously. During ACD CPR. ventilation was provided by
manual bag ventilation (Ambu bag) with 10 Limin oxyveen.
Respirations were delivered as previously described® at a ratwe
of one breath every five compressions with a constant tidal
volume of approximately 500 mL. In the cight pies randomized
to the ITV group, respiratory gas exchange was limited by the
inspiratory valve. In these experiments two 20 em H.O thresh-
old valves (Ambu, Inc) were connected in serics berween the
endotracheal tube and the Ambu bag such that during active
decompression, but in the absence of a manual ventilation. the
valves would open only after 40 em H,O of inspiratory pressure.
In this manner. more than —40 cm H.O of intrathoracic
pressure was required for inspiration of respiratory gascs
during four of every five compression-decompression cycles.

Once either ACD CPR. alone or ACD CPR plus the ITV was
initiated, the same method was performed continuously for 13
minutes during VF. Arterial blood gases were measured im-
mediately before VF and after 2 and 7 minutes of ACD CPR.
Radiclabeled microspheres were injected into the left ventricle
after 2 minutes and 7 minutes of CPR and after 15 minutes of
ROSC. After 16 minutes of VF and 13 minutes of ACD CPR.
defibrillation was attempted by transthoracic shock. Defibrills-
tion (43100 A Defibrillator, Hewlett-Packard) was performed
initially with a 150-J shock delivered immediately after the
automatic ACD CPR machine was turned off. At this ume the
pig was reconnected to the mechanical ventilator. If the 150-]
shock was not successful, wo additional 150-) shocks were
delivered within the next 15 seconds. Assessment of heart rae
and arterial pressure was performed on a continuous basis 10
monitor for ROSC. If after three successive 150-] shocks
spontaneous circulation was not restored. ACD CPR owas
performed for an additional 10 sceonds before delivery of a
200-J shock. A total of three successive 200 shocks were
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normalizing blood flow during CPR to baseline blood
flows on a per-animal basis, there was a statistically
significant improvement in myocardial and cerebral
blood flow in animals treated with the ITV (Fig 2).

ROSC was achieved in all 8 pigs with the ITV and 7 of
9 pigs treated with ACD CPR alone. However, 6 of 8
pigs in the ITV group and only 2 of 9 pigs with ACD
CPR alone had an ROSC after one to three 150-J shocks
(P<.03). In animals that had an ROSC, blood flow to the
vital organs was similar after 15 minutes between groups.
In the ITV group (n=8), left ventricular and cerebral
blood flows were 2.120.42 and 0.45+0.06 mL/min per
gram, respectively, versus 2.7+0.40 and 0.37£0.03 mL/
min per gram without the ITV (n=6). One pig in the
ACD CPR alone group died within 10 minutes after
ROSC.

Arterial blood gas data are shown in the Table. There
were no statistically significant differences in arterial
blood pH. Po., or Pco, after 2 minutes of ACD CPR. By
7 minutes of ACD CFR, the arterial pH and Po, levels
were significantly lower in the ITV group.

Discussion

Return of venous blood into the thorax is a funda-
mental and critical element of any effective method of
CPR. Closed-chest manual cardiac massage, ie, standard
CPR. relics on the natural elasticity of the chest to
penerale a transient period of negative intrathoracic
pressure immediately after maximal compression. ACD
CPR augments this process by increasing both the
duration and extent of intrathoracic pressure during the
decompression phase of CPR.>* The results of the
present study demonstrate that insertion of an inspira-
tory ITV into the respiratory circuit during performance
of ACD CPR significantly improves vital organ blood
flow und the chances of ROSC with defibrillation when
compared with ACD CPR alone. If inflow of respiratory
gases is limited with an inspiratory [TV, equilibration of
the negative intrathoracic pressure generated by active
chest wall expansion ocecurs to a greater extent secondary
to enhanced venous return. Both hemodynamic pressure
measurements and myocardial blood flow data support
this conclusion. On the basis of the pathophysiology
involved. we speculate that the use of a threshold valve
should also benefit other types of CPR, including stan-
dard CPR and “vest” CPR.

Relatively little is known about the effects of ACD
CPR on lung function. We have previously observed that
'ACD CPR ulone significantly enhances minute ventila-
tion compared with standard CPR.'? No evidence of
lung damage was found in either group at autopsy. A
theoretical disadvantage of a very negative intrathoracic

pressure during active decompression is negative pres-
sure pulmonary edema. However, this was not observed
grossly and is generally observed only with negative
inspiratory pressures greater than —50 ecm H,0.

Insertion of the ITV during ACD CPR eventually
leads to lower pH and Po, values. When minute venti-
lation was decreased with the ITV, progressive acidosis
occurred to a greater extent when compared with ACD
CPR alone. However, these values remained within
normal physiological limits throughout the 16 minutes of
VF and ACD CPR when supplemental 0. was used.
Although the blood pH was >7.3 in both groups after 16
minutes of VF and pH differences did not alter the
chances for successful defibrillation with lower energy
requirements in the ITV group, it will be important to
assess whether the observed decreases in Po. and pH are
significant in the clinical setting.

Venous blood flow is increased clinically by the Muel-
ler maneuver, a technique in which inspiration is per-
formed when the trachea is simultaneously occluded by
the epiglottis.* By using a mechanical valve in an anal-
ogous physiological fashion during ACD CPR., we dem-
onstrated in this study that blood flow to the vital organs
and the chances for ROSC with defibrillation werc
significantly increased. Additional mechanisms may also
contribute to these improvements. On the basis of these
favorable results, the potential benefits of intermittent
impedance of inspiratory gas exchange during ACD
CPR should be studied in patients in cardiac arrest.
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