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Objective:  During  cardiopulmonary  resuscitation  (CPR),  myocardial  blood  flow generated  by  chest  com-
pression  rarely  exceeds  35% of  its  normal  level.  Cardiac  output  generated  by chest  compression  decreases
gradually  with  the  prolongation  of  cardiac  arrest  and  resuscitation.  Early  studies  have demonstrated  that
myocardial  blood  flow during  CPR  is largely  dependent  on  peripheral  vascular  resistance.  In this  study,  we
investigated  the effects  of chest  compression  in  combination  with  physical  control  of  peripheral  vascular
resistance  assisted  by  tourniquets  on  myocardial  blood  flow  during  CPR.
Methods:  Ventricular  fibrillation  was  induced  and  untreated  for 7 min  in  ten male  domestic  pigs  weighing
between  33 and  37 kg.  The  animals  were  then  randomized  to  receive  CPR  alone  or  a tourniquet  assisted
CPR  (T-CPR).  In  the CPR  alone  group,  chest  compression  was  performed  by a  miniaturized  mechanical
chest  compressor.  In  the  T-CPR  group,  coincident  with  the  start  of  resuscitation,  the  thin  elastic  tourni-
quets  were  wrapped  around  the  four  limbs  from  the  distal  end  to the  proximal  part.  After  2  min  of  CPR,
epinephrine  (20  �g/kg)  was  administered  via  the  femoral  vein.  After  5 min  of CPR,  defibrillation  was
attempted  by  a single  150 J shock.  If resuscitation  was  not  successful,  CPR was  resumed  for  2  min  before
the  next  defibrillation.  The  protocol  was  continued  until  successful  resuscitation  or  for  a  total  of  15  min.
Five  minutes  after  resuscitation,  the  elastic  tourniquets  were  removed.  The  resuscitated  animals  were
observed  for  2  h.
Results:  T-CPR  generated  significantly  greater  coronary  perfusion  pressure,  end-tidal  carbon  dioxide  and
carotid blood  flow.  There  was  no  difference  in  both  intrathoracic  positive  and  negative  pressures  between

vier B.V. All rights reserved. This document has been supplied by Copyright Clearance Center to Noam Gavriely. Any reproduction or redistribution
ited unless expressly permitted by the copyright holder or otherwise permitted under a collective license agreement. Please contact your librarian f
 information. 01/04/2016.
the two  groups.  All  animals  were  successfully  resuscitated  with  a single  shock  in  both  groups.  There  were
no significant  changes  in  hemodynamics  observed  in  the  animals  treated  in the T-CPR  group  before-and-
after  the  release  of  tourniquets  at post-resuscitation  5 min.
Conclusions:  T-CPR  improves  myocardial  and  cerebral  perfusion  during  CPR.  It  may  provide  a new  and
convenient  method  for  augmenting  myocardial  and  cerebral  blood  flow during  CPR.

©  2014  Elsevier  Ireland  Ltd.  All  rights  reserved.
� A Spanish translated version of the summary of this article appears as Appendix
n  the final online version at http://dx.doi.org/10.1016/j.resuscitation.2014.10.009.
�� Protocol number: P1301.
∗ Corresponding author at: Weil Institute of Critical Care Medicine, 35-100 Bob
ope Drive, Rancho Mirage, CA 92270, United States.

E-mail addresses: yangzhengfei@vip.163.com (Z. Yang), dtangips@aol.com
D. Tang), mike wu@weiliccm.org (X. Wu), xianwenhu001@sina.cn (X. Hu),
eff xu11@gmail.com (J. Xu), qjssmu@gmail.com (J. Qian), 456ym@163.com
M.  Yang), wanchun.tang@me.com (W.  Tang).

ttp://dx.doi.org/10.1016/j.resuscitation.2014.10.009
300-9572/© 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

The main goal of cardiopulmonary resuscitation (CPR) is to
provide forward blood flow to the heart and brain until spon-
taneous circulation is restored.1 Both experimental and clinical
studies have consistently demonstrated that the success of resus-
citation during CPR is largely dependent on the efficacy of cardiac

output generated by chest compression.2–5 However, cardiac out-
put and myocardial perfusion generated by conventional CPR rarely
exceeds 30% and 50% of normal levels, respectively.6,7 In addition,
cardiac output gradually decreases during prolonged CPR in spite
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f continuous precordial compression.8 Therefore, global myocar-
ial ischemia is persistent during the conventional resuscitation
ffort.9,10 Coronary perfusion pressure (CPP), the most reliable
redictor of the success of defibrillation and restoration of spon-
aneous circulation, is highly correlated with coronary blood flow
nd, therefore, myocardial perfusion.11,12 Early investigations have
emonstrated that the magnitude of myocardial perfusion during
PR is highly dependent on peripheral vascular resistance, which
an be enhanced by vasopressor drugs such as epinephrine or the
ompression and binding of the abdomen.13–20

However, our previous study has demonstrated that
pinephrine significantly increases the severity of post-
esuscitation myocardial dysfunction. This is a result from its
-adrenergic effect during CPR.21 Two clinical studies further
emonstrated that administration of epinephrine during resusci-
ation compromises the outcomes of CPR.22,23 In addition, several
tudies in the early 1980s have shown disappointing results of
emodynamics and survival on the effects of physical control of
eripheral vascular resistance implemented by military anti-shock
rousers (MAST) or abdominal binder (AB).24,25 However, in their
tudies, the detrimental effects including impediment of ventila-
ion, inadequate gas exchange, proportionate increase in diastolic
ight atrial pressure (RAP) and intrathoracic pressure (ITP) may  be
ue to the increase in intra-abdominal pressure and the limited
ovement of diaphragm during utilization of MAST or AB.
An ideal method to increase peripheral vascular resistance and

herefore improve the perfusion to vital organs during CPR should
e simple, safe and noninvasive. An Esmarch tourniquet is a con-
tricting or compressing device, specifically a bandage, used to
ontrol venous and arterial circulation to an extremity. It has been
sed routinely to limit or decrease blood flow in surgery. We
eveloped a method to physically control the peripheral vascu-

ar resistance by tightening the elastic tourniquets from distal to
roximal around the four limbs.

In the present study, we compared the effects of a tourni-
uet assisted CPR (T-CPR) on myocardial perfusion during CPR

n a porcine model. We hypothesized that T-CPR would improve
yocardial perfusion during CPR.

. Materials and methods

All animals received humane care in compliance with the “Prin-
iples of Laboratory Animal Care” formulated by the National
ociety for Medical Research and the Guide for the Care and Use
f Laboratory Animals prepared by the Institute of Laboratory Ani-
al  Resources and published by the National Institutes of Health

8th edition; Washington, DC, National Academic Press, 2011). The
rotocol was approved by the Institutional Animal Care and Use
ommittee of the Weil Institute of Critical Care Medicine.

.1. Animal preparation

Ten male domestic pigs weighing 34 ± 2 kg were fasted
vernight except for free access to water. Anesthesia was initi-
ted by intramuscular injection of ketamine (20 mg/kg), followed
y intravascular injection with sodium pentobarbital (30 mg/kg).
hen the animals awakened or showed signs of restlessness, an

dditional dose of sodium pentobarbital (8 mg/kg) was injected, or
t intervals of approximately 1 h to maintain anesthesia, if neces-
ary. A cuffed endotracheal tube was advanced into the trachea
nd the animals were mechanically ventilated with a volume con-

hibited unless expressly permitted by the copyright holder or otherwise
her information. 01/04/2016.
rolled ventilator (Model MA-1, Puritan-Bennett, Carlsbad, CA) with
 tidal volume of 15 ml/kg, peak flow of 40 L/min, and FiO2 of 0.21.
nd-tidal carbon dioxide (ETCO2) was monitored with an infrared
apnometer (NPB-70, Nellcor Puritan Bennett Inc., Pleasanton, CA).
Fig. 1. A sketch of physical control of peripheral vascular resistance by tightening
the elastic tourniquets from distal to proximal around the four limbs.

Respiratory frequency was adjusted to maintain ETCO2 between 35
and 40 mm Hg before cardiac arrest. For recording electrocardio-
gram (ECG), three adhesive electrodes were applied to the shaved
skin of the proximal right-and-left, upper-and-lower limbs. For the
measurement of aortic pressure and the collection of the blood
samples, a 5 F transducer-tipped Millar catheter (Model SPC-450S,
Millar Instruments Inc., Houston, TX) was advanced from the right
femoral artery into the thoracic aorta. For the measurements of
RAP and core blood temperature, a 7 F catheter (Abbott Critical
Care, Salt Lake City, UT) was  advanced from the right femoral vein
and directed into the right atrium. Both catheters were flushed
intermittently with saline containing 5 IU bovine heparin per ml.
For inducing ventricular fibrillation (VF), a 5 F pacing catheter (EP
Technologies Inc., Mountain View, CA) was advanced from the
right external jugular vein into the right ventricle. Carotid blood
flow (CBF) was  continuously measured with the aid of a flow
probe (Ultrasonic Blood Flow Meter, T420, Transonic Systems Inc,
Ithaca, NY) positioned around the right common carotid artery. The
position of all catheters was  confirmed by characteristic pressure
morphology and with fluoroscopy. For the measurement of ITP,
an additional 5 F Millar catheter was advanced from the incisor
teeth into the esophagus for a distance of 35 cm.  The piston of the
compressor was positioned in the midline at the level of the fifth
interspace. Body temperature was maintained at 37.5 ± 0.5 ◦C with
the aid of a cooling/warm blanket (Blanket ROL, Cincinnati Sub-Zero
Products, Cincinnati, OH) throughout the entire experiment.

2.2. Experimental procedures

Fifteen minutes prior to inducing cardiac arrest, baseline mea-
surements were obtained. The animals were then randomized by
the Sealed Envelope Method to receive CPR alone or T-CPR. Car-
diac arrest, due to VF, was  induced by 1 mA alternating current
through a 5 F pacing catheter and into the right ventricular cavity.
Mechanical ventilation was discontinued after the onset of VF. Prior
to initiating the resuscitation procedure, the pacing catheter was
withdrawn to avoid heart injury during chest compression. After
7 min  of untreated VF, CPR was  performed. The mechanical chest
compressor (MCC) was programmed to provide 100 compressions-
per-minute. The compression depth was adjusted to decrease the
anterior–posterior diameter of the chest by 25%. For the T-CPR
group, during fibrillation, thin elastic Esmarch tourniquets were

simultaneously wrapped around the four limbs from the distal end
to the proximal part as tight as possible (Fig. 1). Coincident with
the start of precordial compression, all animals were mechanically
ventilated with a tidal volume of 15 mL/kg and FiO2 of 1.0, with



citation 86 (2015) 49–53 51

a
(
o
e
c
d
n
f
c
c
a
a
f
g
w
r
c
m
t
t
r
r
t
t
i

2

s
s
A
p
r
i
t
b
m
p
t

2

d
p
d
V
t
b
d
T
t
t
s

3

r
g

p
n
g

Table 1
Baseline characteristics.

T-CPR A-CPR p-Value

Body weight, kg 35 ± 2 34 ± 1 0.51
Heart rate, beats/min 123 ± 9 118 ± 10 0.46
Mean aortic pressure, mm Hg 115 ± 9 110 ± 6 0.40
Right atrial pressure 2.8 ± 0.5 3.1 ± 0.6 0.53
End-tidal carbon dioxide, mm Hg 38.2 ± 1.5 37.6 ± 2.0 0.60
Carotid blood flow, ml/min 205 ± 18 199 ± 23 0.67
PaO2, mm Hg 100 ± 13 104 ± 14 0.68
Arterial lactate, mmol/L 1.1 ± 0.4 1.3 ± 0.6 0.56

Values are presented as mean ± SD.
CPR, cardiopulmonary resuscitation; T-CPR, tourniquet assisted CPR group; A-CPR,
CPR  alone group.

© Elsevier B.V. All rights reserved. This document has been supplied by Copyright Clearance Center to Noam Gavriely. Any reproduction or redistribution is
prohib rmitted under a collective license agreement. Please contact your librarian for
further
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 rate of 10 breaths-per-minute. After 2 min  of CPR, epinephrine
20 �g/kg) was administrated via the femoral vein. After 5 min
f CPR, defibrillation was attempted with a single 150 J biphasic
lectrical shock delivered between the conventional right infra-
lavicular electrode and the apical electrode with a Zoll E-Series
efibrillator (Zoll Medical Corporation, Chelmsford, MA). If an orga-
ized rhythm with a mean aortic pressure of >50 mm Hg persisted

or an interval of 5 min  or more, the animal was  regarded as suc-
essfully resuscitated, also known as the return of spontaneous
irculation (ROSC). With failure to achieve ROSC, chest compression
nd ventilation were immediately resumed for 2 min  prior to the
ttempt of an additional single shock. The procedure was repeated
or a maximum of 5 cycles. Additional doses of epinephrine were
iven at an interval of 3 min  after the first administration. If ROSC
as not achieved, resuscitation maneuvers were terminated. When

ecurrent VF occurred within 30 min  after ROSC, another 150-J
ountershock was attempted. After resuscitation, the animal was
onitored for an additional 2 h. Mechanical ventilation was  con-

inued with 100% inspired oxygen for the first 30 min, 50% for
he second 30 min  and 21% thereafter. After a period of 2 h, post-
esuscitation measurements were completed. All catheters were
emoved and wounds were surgically sutured. The animals were
hen euthanized with an intravenous injection of 150 mg/kg pen-
obarbital. A necropsy was routinely performed to identify any
njuries to the bony thorax or the thoracic or abdominal viscera.

.3. Measurements

Hemodynamics, ETCO2, CBF and ECG were continuously mea-
ured and recorded on a PC-based data acquisition system,
upported by CODAS/WINDAQ hardware/software (Computer
cquisition System, Cambridge, MA). The CPP was digitally com-
uted from the differences in time-coincident diastolic aortic and
ight atrial pressures and displayed in real time. ITP was  measured
n real time during CPR. Acute ECG changes after CPR and defibrilla-
ion shocks were measured by continuous ECG recordings. Arterial
lood gases including hemoglobin and lactate concentrations were
easured with a Stat Profile pHOx Plus L analyzer (Model PHOX-

lusL, Nova Biomedical Corporation, Waltham, MA)  at baseline and
hen hourly after resuscitation.

.4. Statistical analysis

Continuous variables were presented as mean ± SD when
ata were normally distributed or as a median (25th, 75th
ercentiles) when data were not normally distributed. Normal
istribution was confirmed with the Kolmogorov–Smirnov test.
ariables were compared with the parametric Student’s t-test or

he Mann–Whitney U test for nonparametric data. Comparisons
etween time-based measurements within each group and hemo-
ynamics between the pre- and post-release of the tourniquets in
-CPR group were performed with a paired sample of the Student’s
-test. For the comparison of categorical variables such as ROSC,
he Fisher’s exact test was used. A value of p < 0.05 was  considered
ignificant.

. Results

Baseline heart rate, mean aortic pressure, RAP, ETCO2, CBF, arte-
ial PaO2, and lactate did not differ significantly between the two
roups (Table 1).

ited unless expressly permitted by the copyright holder or otherwise pe
 information. 01/04/2016.
During CPR, consistent intrathoracic positive and negative
ressures were observed in the two groups (Fig. 2). However, sig-
ificantly greater CPP, ETCO2 and CBF were achieved in the T-CPR
roup when compared with the CPR alone group (Figs. 3 and 4).
Fig. 2. The positive and negative intrathoracic pressure during cardiopulmonary
resuscitation (CPR). T-CPR, tourniquet assisted CPR group; A-CPR, CPR alone group.

All animals were successfully resuscitated in both groups. There
were no significant differences in the number of defibrillations,
doses of epinephrine and duration of CPR (Table 2).

After 5 min  of resuscitation, the tourniquets were released from
the limbs of the animals treated with T-CPR group. There was no
significant difference in the heart rate, mean aortic pressure and
RAP before and after releasing tourniquets (Table 3).

At necropsy, no visceral injuries or rib fractures were observed
in either group (Table 2).

4. Discussion

The present study demonstrated that T-CPR improved the
hemodynamic efficacy of CPR in a porcine model. With this tech-
nique, we  were able to observe augmentation on myocardial and
cerebral perfusion during CPR. Significantly greater CPP, ETCO2 and
CBF were achieved in the T-CPR group when compared with the CPR
alone group. There were no significant differences in positive and
negative ITP between the two groups.

During cardiac arrest, when arterial and systemic venous

pressures reach equilibrium, the circulation ceases. Re-
establishment of myocardial blood flow is the most critical
hemodynamic determinant for ROSC and minimizing complica-
tions. However, myocardial perfusion generated by conventional
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Fig. 3. The coronary perfusion pressure and the end-tidal carbon dioxide during
cardiopulmonary resuscitation (CPR). CPP, coronary perfusion pressure; ETCO2, end-
tidal carbon dioxide; T-CPR, tourniquet assisted CPR group; A-CPR, CPR alone group.
*p < .05 vs. the A-CPR group.
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Table 2
Selected hemodynamics and outcomes of cardiopulmonary resuscitation.

T-CPR A-CPR p-Value

Hemodynamics at 1 min  of CPR
Systolic AP, mm Hg 75 ± 28 61 ± 21 <.05
Diastolic AP, mm Hg 34 ± 8 20 ± 6 <.05
Systolic RAP, mm Hg 51 ± 16 43 ± 12 <.05
Diastolic RAP, mm Hg 7 ± 3 3 ± 1 <.05

Hemodynamics at 5 min  of CPR
Systolic AP, mm Hg 92 ± 23 77 ± 18 <.05
Diastolic AP, mm Hg 59 ± 9 42 ± 7 <.05
Systolic RAP, mm Hg 63 ± 13 54 ± 10 <.05
Diastolic RAP, mm Hg 9 ± 4 6 ± 2 0.09

Duration of
cardiopulmonary
resuscitation, min

5 (5–5) 5 (5–5) 1

Numbers of
defibrillation

2.4 (2–3) 2.6 (2–3) 0.81

Epinephrine
administration, mg

0.70 ± 0.04 0.68 ± 0.02 0.51

Ribs  fracture, number 0 (0–0) 0 (0–0) 1

Values are presented as mean ± SD or median plus interquartile range.
AP,  aortic pressure; RAP, right atrial pressure; CPR, cardiopulmonary resuscitation;
T-CPR, tourniquet assisted CPR group; A-CPR, CPR alone group.

Table 3
Hemodynamics before and after releasing four limbs at post-resuscitation 5 min in
animals with physical control of peripheral vascular resistance.

Before releasing After releasing p-Value

Heart rate, beats/min 142 ± 11 145 ± 9 0.75
Mean aortic pressure, mm Hg  108 ± 6 105 ± 10 0.65

© Elsevier B.V. All rights reserved. This document has been supplied by Copyright Clearance Center to Noam Gavriely. Any reproduction or redistribution is
prohibited unless expressly permitted by the copyright holder or otherwise permitted under a collective license agreement. Please contact your librarian for
further information. 01/04/2016.
ig. 4. The carotid blood flow during cardiopulmonary resuscitation (CPR). CBF,
arotid blood flow; T-CPR, tourniquet assisted CPR group; A-CPR, CPR alone group.
p  < .05 vs. the A-CPR group.

PR fails to meet the need of the metabolic requirements of
he fibrillating heart, especially during prolonged cardiac arrest.
ugmentation of venous return and prevention of forward blood
ow generated by chest compression from shunting to peripheral
egion could theoretically improve myocardial perfusion. In this
tudy, we utilized the thin elastic tourniquets to restrict the blood
ow to the four limbs. As a result, the cardiac output was increased
y redistributing pooling blood from the periphery back to the
entral venous pool. Peripheral vascular resistance was enhanced
o control preferential blood flow to vital organs.

A tourniquet has been used routinely to limit or decrease blood
ow in surgery for bleeding control during trauma and first aid. It
as demonstrated in adult patients that both limbs exsanguina-
ion performed by tourniquet banding increased circulating blood
olume up to 800 ml  and systemic vascular resistance.26 Ante-
rade flow occurs in both the thoracic aorta and the pulmonary
rtery during the chest compression phase of CPR. Retrograde flow
Right atrium pressure 3.6 ± 0.7 3.3 ± 0.5 0.51

Values are presented as mean ± SD.

occurs in these vessels during the decompression phases. During
CPR, augmentation of venous return followed by physical control
of peripheral vascular resistance in the decompression phases can
increase forward blood flow in the compression phases. Further-
more, physical control of peripheral vascular resistance improves
vital organ perfusion by blocking the limited blood flow into periph-
ery. This resulted in better CPP, ETCO2, and CBF during CPR, as
observed in our study.

During CPR, negative ITP generated in the decompression phases
draws venous blood back to the heart then provides cardiac preload
prior to the next chest compression.27–31 Improved negative ITP
during CPR augments myocardial and cerebral perfusion and yields
better survival and neurological function.32 There were no differ-
ences in positive and negative ITP between the two  groups in this
study. We  believe the increases in hemodynamic efficacy of chest
compressions observed in animals treated with the T-CPR are usu-
ally a result from increased peripheral vascular resistance.

In spite of the disappointing results of hemodynamics during
MSAT or AB assisted CPR, our study demonstrated optimal CPP and
CBF without change in ITP by tightening the elastic tourniquets
around the four limbs during CPR. Small changes in diastolic RAP
were observed in the T-CPR animals and may  be a result from sta-
ble ITP. We  can determine that the key reasons for stable ITP are
limited excursions of the diaphragm and no increase in the abdom-
inal pressure.

No visceral injuries or rib fractures were observed at necropsy
in our study which is also coincident with previous studies.33 After
post-resuscitation 5 min, the tourniquets were released one-by-
one to maintain stable hemodynamics and to avoid the detrimental
effects caused by the release, as previously reported.34 No signifi-

cant differences in heart rate, mean artery pressure and right atrium
pressure were observed before or after releasing the tourniquets.

In this study, physical control of peripheral vascular resistance
was easy to perform by tightening the elastic tourniquets around
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he four limbs. However, we acknowledge that the longer and
arger limbs of humans would be more difficult to bind quickly
nd tightly. It is not difficult to design low-cost special tourniquets
long and large enough) which could be convenient to use during
n-hospital or out-of-hospital CPR without the interruption of chest
ompression.

We acknowledge that there were several limitations in this
tudy. First, the healthy porcine model does not always indicate
he real condition of patients in a clinical setting. Second, direct

yocardial perfusion during CPR, cardiac and neurological func-
ions after resuscitation were not measured. Third, epinephrine
as administrated after 2 min  CPR in both groups. Epinephrine was
sed in the present study since it is a standard protocol of human
PR. Furthermore, our results have demonstrated that significant

ncreases in CPP or CBF were observed in the T-CPR group before
r after the administration of epinephrine during CPR. In addition,

 7-min down time in a healthy porcine model may  not result in
evere ischemia injury.

. Conclusion

T-CPR improves the hemodynamic efficacy of CPR. It may
rovide a new and convenient method to assist CPR.
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