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Abstract 

Emanuel M. Dogan (2021): Endovascular occlusion methods in non-traumatic 
cardiac arrest. Örebro Studies in Medicine 249. 

Approximately 10% of out-of-hospital cardiac arrest patients survive to hos-
pital discharge. An important factor for survival is perfusion to the coronary 
and cerebral circulations during cardiopulmonary resuscitation (CPR). Resus-
citative endovascular balloon occlusion of the aorta (REBOA) is an endovas-
cular method used to centralize the circulation and augment blood flow to 
the heart and brain. REBOA is mostly used in trauma patients but its use in 
non-traumatic cardiac arrest (NTCA) is evolving. The effects and optimal 
location of REBOA during CPR are, however, not well-known. Intra-aortic 
balloon pump (IABP) is another endovascular method which, unlike REBOA, 
inflates and deflates in correlation with the heart’s contraction and relaxation 
cycles. IABP is mostly used in patients with cardiogenic shock and its usage 
has been sparsely studied in NTCA. In addition, there are no studies evaluating 
if an intra-caval balloon pump (ICBP) could increase venous return during 
CPR. The aim of this thesis was to investigate endovascular occlusion methods 
in NTCA and how they influence the hemodynamic parameters during CPR. 
All studies were experimental where a total of 133 pigs were included. 

In Study I, REBOA increased systemic blood pressures while causing an is-
chemic insult to organs distal to the occlusion, already at 30 min of occlusion. 

Study II showed that a REBOA placed below the heart and outside of the 
compression field increased arterial blood pressures more than if the REBOA 
was placed behind the heart during NTCA and CPR. 

Study III compared REBOA in zone I (thoracic) with REBOA in zone III 
(infrarenal) during experimental CPR. Zone III REBOA did not yield the 
same favorable circulatory response as zone I REBOA. 

Study IV showed that IABP increased hemodynamic values if it was inflated 
before the chest compression. An ICBP did not improve hemodynamic values. 

Conclusion: REBOA caused a time-dependent ischemic insult, a maximum to-
tal occlusion time of 15-30 min is suggested. When an optimally placed REBOA 
and an optimally synchronized IABP are used in NTCA and CPR, they improve 
hemodynamic variables. 

Keywords: Cardiac arrest, cardiopulmonary resuscitation, REBOA, intra-aortic 
balloon pump. 

Emanuel M. Dogan, School of Medical Sciences, Örebro University, 
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Abbreviations
ACD Active compression-decompression 
ACLS Advanced cardiac life support 
AED Automated external defibrillator 
CBF Carotid blood flow 
CorBF Coronary blood flow 
CPP Coronary perfusion pressure 
CPR Cardiopulmonary resuscitation 
CVP Central venous pressure 
DBP Diastolic blood pressure 
ECMO Extracorporeal membrane oxygenation 
ECPR Extracorporeal cardiopulmonary resuscitation 
EDT Emergency department thoracotomy 
EVTM Endovascular resuscitation and trauma management 
IABP Intra-aortic balloon pump 
ICBP Intra-caval balloon pump 
IHCA In-hospital cardiac arrest 
ITD Impedance threshold device 
LAD Left anterior descending artery 
MAP Mean arterial blood pressure 
MCC Mechanical chest compression 
NTCA Non-traumatic cardiac arrest 
OHCA Out-of-hospital cardiac arrest 
PCI Percutaneous coronary intervention 
REBOA Resuscitative endovascular balloon occlusion of the aorta 
ROSC Return of spontaneous circulation 
SBP Systolic blood pressure 
SMA Superior mesenteric artery 
SMV Superior mesenteric vein 
TTM Target temperature management 
VF Ventricular fibrillation 
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Prologue 
I started my career in health care as a registered nurse on the emergency ward at 
Örebro University Hospital. There I met Tal Hörer. He encouraged me to go to 
medical school, which I did after two years working as a nurse. Five years later, I 
contacted Tal regarding my degree project in medicine. Tal immediately made me 
part of his and Kristofer Nilsson’s research group. We studied the physiological 
impact of REBOA (resuscitative endovascular balloon occlusion of the aorta) in 
pigs (Study I). For me, as a young medical student, this gave me a fantastic oppor-
tunity to take part in research. I also began thinking that REBOA could have an 
interesting potential in changing hemodynamic parameters. During the same time 
period that we were conducting these experiments, I worked some extra shifts as a 
nurse on the emergency ward. One day, a cardiac arrest patient arrived with ongo-
ing cardiopulmonary resuscitation (CPR). We were unfortunately unable to save 
the person’s life, as is the case with many other cardiac arrest patients, but I started 
to consider whether REBOA could have a role in changing the outcome for these 
patients through centralizing the blood to the heart and brain during CPR. I con-
tacted Tal and Kristofer and my scientific journey began. 
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Introduction 

Cardiac arrest 

History of cardiopulmonary resuscitation 
The definition of cardiac arrest has changed throughout history. One of the most 
recent definitions describes it as “the cessation of cardiac mechanical activity as 
confirmed by the absence of signs of circulation” (1). Without interventions, the 
outcome is death. This will happen to all human beings; however, if it occurs prem-
aturely or unexpectedly, we strive to reverse the outcome. The art and concept of 
restoring life has also changed throughout history. The first efforts were focused on 
restoring breathing. Isis, the Egyptian goddess of life and magic, who lived around 
2500 B.C, resuscitated her husband by breathing air into his mouth (2). The focus 
on breathing continued over time and artificial breathing developed during the 16th 
century with the use of fireside bellows to blow air into the nostrils of humans. 
Later, during the 18th century, mouth-to-mouth resuscitation was developed (3). In 
addition, during the 18th century, techniques such as “the barrel method” and “the 
trotting horse method” were introduced (see Figure 1). The victims, who were often 
victims of drowning, were rolled on a barrel or placed on a trotting horse, in the 
prone position, in order to inflate and deflate the lungs by compressing the chest 
(4). At this time, the circulatory effects of chest compressions were not known.  

The first report concerning the circulatory effects of heart compression was by 
the German physiologist Moritz Shiff who, in 1874, described carotid pulsations 
when compressing the heart of a dog and named this “cardiac massage”. This 

Figure 1. The "barrel" (A) and "the trotting horse" (B). Reprinted with permission from 
JAMA. 1974; 227:834-68. American Medical Association. All rights reserved. 
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method returned the dog to spontaneous circulation (5). Several years later, Frie-
drich Maass, who was a surgical assistant to Professor Franz Koenig, developed 
Koenig’s technique of artificial ventilation, which was to compress the chest in the 
heart region approximately 30-40 times per minute. Maass describes performing 
this on an unconscious 9-year-old boy: “I went to direct compression of the heart 

region and, in my excitement, I worked very fast and vigorously”. The boy recov-

ered and was discharged (6). The work of Maass was not acknowledged until dec-
ades later. However, thanks to Shiff and other scientists, the idea of circulatory 
support when compressing the heart was now evolving.  

The first successful open-chest cardiac massage was performed in 1901 and, in 
the decades that followed, cardiac arrest was only treatable in the operating room. 
An early case report, from 1923, by the anesthesiologist E. Stanley Rowbotham 
describes a patient suffering from cardiac arrest after induction of anesthesia with 
ether (7). Artificial respiration by chest compression was started and the surgeon 
opened the abdomen to reach the heart for cardiac massage. The heart regained 
pumping ability but stiffened after a while. Artificial respiration by chest compres-
sion was then switched to Silvester’s method of respiration, which is flexion and 
extension of the upper arms, and the heart started to beat strongly again.  

It wasn’t until 1958 that closed-chest compression was introduced. Guy Knick-
erbocker, an electrical engineer working in the team of William Kouwenhoven 
(also known as the father of cardiopulmonary resuscitation), discovered that the 
arterial pressure of a dog increased when a copper electrode was pressed on the 
dog’s chest. This led to external cardiac massage, which nowadays is a cornerstone 
of the treatment of cardiac arrest.  

During the time that the circulatory impact of resuscitation increased, the interest 
of the electrical activity of the heart also increased. The idea that an electrical cur-
rent could cause irregularity in the heart was first described in 1850, and in 1889 
Dr John McWilliam reported that death and cardiac standstill is preceded by a 
“fibrillating” heart (8). The first demonstration that an electrical current could re-
verse the fibrillating heart in a dog came in 1899 by Prevost and Battelli (5) and the 
first defibrillation in a human took place in 1947 when Claude Beck successfully 
defibrillated a 14-year-old boy after 45 minutes of open cardiac massage (9). Nine 
years later, Dr Zoll recorded the first closed-chest defibrillation in a human (10, 11) 
and the first portable automated external defibrillator (AED) arrived in 1979 (12). 

The era of modern CPR is considered to have started with the publication by 
Kouwenhoven and colleagues, and closed-chest CPR now replaced open-chest 
heart massage (13). The International Liaison Committee on Resuscitation (IL-
COR – from “ill cor”) was developed in 1992. ILCOR consists of the European 
Resuscitation Council (ERC) and the American Heart Association (AHA). ILCOR 

EMANUEL M. DOGAN Endovascular occlusion methods in non-traumatic cardiac arrest 



14 

provides the different organizations with an opportunity to form consensus and 
guidelines on CPR. In the same year, the first guidelines with the concept “chain of 
survival” were published (14). The concept has since been modified and now con-
sists of: early recognition of cardiac arrest, early cardiopulmonary resuscitation 
(CPR), early defibrillation and post-resuscitation care (15-18) (see Figure 2). This 
sequence of interactions improves survival and, due to early CPR only, survival in 
Sweden has increased in the last two decades from 4% to 10.5% (19). This high-
lights the importance of early and effective circulatory support in the cardiac arrest 
patient. 

Epidemiology 
Out-of-hospital cardiac arrest (OHCA) is a global health problem. In Europe, the 
annual incidence rate is 84 per 100,000 inhabitants and approximately 90% of cases 
are caused by a medical condition (20). In Sweden, almost 6000 people are affected 
yearly, and the survival to hospital discharge is only approximately 10% (19, 21).  

In-hospital cardiac arrest (IHCA) has not been as well reviewed as OHCA. It 
occurs in almost 209,000 patients each year in the United States (22). The initial 
rhythm is often asystole or pulseless electrical activity. During a 9-year period, Giro-
tra et al noted that survival in IHCA increased from 13.7% to 22.3%. This increase 
in survival is thought to depend on the same factors as in "the chain of survival" (23). 

Despite the advancement in Advanced Cardiac Life Support (ACLS) in recent 
years, cardiac arrest still remains a leading cause of mortality worldwide and the 
average rate of survival with good neurological function remains around 5-10% for 
OHCA and 22% for IHCA (22, 24).  

Figure 2. Chain of survival. Reprinted from: The chain of survival. Nolan J. Resuscitation. 
2006; 71. 270-271, with permission from Elsevier. 
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Physiology 

Cardiac arrest 
A three-phase model of the physiological changes during cardiac arrest was pre-
sented in 2002 by Dr Weisfeldt and Dr Becker (25). During cardiac arrest, the 
heart is believed to undergo three different phases: electrical, circulatory and met-
abolic. The electrical phase constitutes the first 4 minutes following the arrest. In 
this phase, defibrillation is likely to achieve cardioconversion without preceded 
chest compressions. Between minutes 4 and 10, the heart is in the circulatory 
phase. In this phase, depletion of oxygen and metabolites leads to worsened elec-
trophysiological function of the heart and, therefore, interventions to provide oxy-
gen delivery, such as chest compressions, are essential. In the metabolic phase, 
which begins around 10 minutes after the arrest, severe metabolic derangements 
occur due to global ischemia, and the effectiveness of CPR and defibrillation rap-
idly decreases, which subsequently decreases the chance of survival. If CPR is not 
started directly after collapse, the survival decreases by 7-10% for every minute until 
defibrillation (26).  

Coronary perfusion 
Maintaining myocardial blood flow during cardiac arrest is probably the most im-
portant factor for survival (27). A surrogate for calculating the myocardial blood 
flow is the coronary perfusion pressure (CPP), which is the difference between the 
aortic diastolic pressure and the right atrial diastolic pressure. Higher CPP during 
cardiac arrest correlates with a higher rate of ROSC (return of spontaneous circu-
lation) (28, 29). At the onset of a cardiac arrest and ventricular fibrillation (VF), 
CPP rapidly declines from 60 to 15 mmHg within 15 seconds and then reaches 
zero at 4 minutes (30). However, an increase in CPP does not always mean an 
increase in the coronary blood flow. If the autoregulation of the coronary arteries 
is intact, then an increase in CPP may not increase coronary blood flow (CorBF) 
(31); but if the patient is in cardiogenic shock or in cardiac arrest, it is most likely 
that the autoregulation is impaired and an increase in CPP will therefore increase 
the CorBF. Chest compressions, which nowadays can be either manual or mechan-
ical via a mechanical chest compression system, may not yield sufficient blood flow 
and pressure to maintain the oxygen delivery to the heart and brain (32). Therefore, 
adjuncts in the treatment of cardiac arrest are sometimes needed to raise CPP.  

Cardiopulmonary resuscitation 
CPR consists of chest compressions and artificial ventilation. The chest compres-
sions help the heart by creating a forward blood flow and the artificial ventilation 
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delivers oxygen and eliminates carbon dioxide, improving cellular metabolism. 
CPR is crucial in maintaining perfusion to vital organs and to extending the time 
window to successful defibrillation. Although it was introduced in the 1960s (13), 
the mechanism of blood flow during CPR still remains unclear. Two main theories 
have been suggested: the cardiac pump theory and the thoracic pump theory. In 
the cardiac pump theory, antegrade blood flow is due to direct compression of the 
heart between the sternum and the spine. During compression, the atrioventricular 
valves are closed and the aortic and pulmonary valves open due to the rise in the 
ventricular pressures, which exceed the pulmonary and aortic pressures. During 
decompression, the aortic and pulmonary valves close, the pressure in the ventri-
cles decreases and the atrioventricular valves open, which allows the ventricles to 
fill with blood. In addition, there is a change in the ventricular size, resembling the 
systolic pumping and diastolic filling of the cardiac cycle. The cardiac pump theory 
has been the leading explanation of the blood flow during CPR. Nevertheless, some 
evidence points in the direction of the thoracic pump theory. In this theory, the 
heart act as a passive conduit, augmenting blood forward due to changes in thoracic 
pressures. During compression, intra-thoracic pressure increases, forcing blood to 
flow forward. The atrioventricular valves remain open throughout the whole cycle 
but the aortic and pulmonary valves close as in the cardiac pump theory (33-39). In 
both of these theories, retrograde blood flow from the right side of the heart is 
believed to be prevented by the valves of the systemic veins in the thoracic inlet 
(40). However, no valves are present in the inferior vena cava (41) and backflow to 
the vena cava from the right heart during CPR has been identified in previous stud-
ies (39, 40). 

Management of cardiac arrest 

Mechanical chest compression 
Good quality chest compressions are vital to maintain oxygen delivery to the heart 
and brain. Automated mechanical chest compression (MCC) devices, such as LU-
CAS™ (see Figure 3), have been incorporated into today’s emergency medical sys-
tem services. LUCAS™ is an automated piston device using a technique that arose 
from when a man tried to resuscitate his father with a toilet plunger (42). The MCC 
device actively compresses the thorax and then promotes the chest to fully recoil 
during decompression. In large randomized trials, LUCAS™ has not been proven 
to be superior to manual chest compression in terms of survival (43, 44) and recent 
guidelines suggest that automated MCC devices should not be used routinely. They 
should instead be used as an alternative when sustained high-quality manual chest 
compressions are impractical or compromise the providers’ safety (45). Further, a 
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Cochrane review from 2018 did not find any superiority of MCC compared to 
standard CPR (46). However, the inability to perform high quality CPR is com-
monly encountered in the prehospital environment or when the patient needs to 
be transported from the emergency department to the catheterization lab for per-
cutaneous coronary intervention (PCI) or extra corporeal membrane oxygenation 
(ECMO). In these circumstances, automated MCC devices could be of fundamen-
tal assistance (47). Since interruptions to chest compression correlate to a decrease 
in survival (48), it is therefore crucial that these are minimized. 

There are also other kinds of MCC devices, for example the AutoPulse
®
, which

is a load-distributing band that is placed around the thorax. It produces a circum-
ferential chest compression. This principle of chest compression is based on the 
thoracic pump theory (see above). As with LUCAS™, randomized controlled trials 
have not been able to show any difference in outcome from using the AutoPulse

®

compared to manual CPR (49, 50).  
Active compression-decompression (ACD) is another modality that focuses on 

increasing the preload to the heart during CPR. LUCAS™ is a form of ACD but it 
does not have the same force for lifting the chest during decompression as the 
ResQPUMP

®
, which is another type of commercial device. This is a hand-held

suction device that is used to compress the sternum and then actively decompress  
it, promoting a decrease in the intra-thoracic pressure and thereby increasing pre-
load during decompression (51).  

Figure 3. LUCAS™ 3. With permission from LUCAS JOLIFE AB/STRYKER. 
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Ventilation 
Ventilation has become less important in CPR over the years. The focus is now on 
maintaining high-quality chest compressions. However, it is still vital to ensure ad-
equate ventilation in the cardiac arrest patient. Oxygen is needed for cellular me-
tabolism and carbon dioxide needs to be eliminated. Inadequate ventilation will 
lead to hypoxia, hypercapnia and acidosis, which in turn leads to impaired contrac-
tility of the heart, decreased cardiac output, decreased systemic vascular resistance 
and increased pulmonary vascular resistance (52, 53). In addition, if the lungs are 
not ventilated, atelectasis will develop, which also contributes to the deterioration. 
This state will then increase the risk for ventricular arrhythmias and decrease the 
chances for successful defibrillation (54). However, excessive ventilation could also 
be harmful. During inflation, the intrathoracic pressure increases, which leads to a 
decrease in the venous return to the heart and decreased cardiac output (55). When 
the ventilation frequency increases from 12 to 30 breaths per minute, the CPP and 
survival decreases (56). Bag-mask ventilation at a rate of 10 breaths per minute in 
critically ill patients who require endotracheal intubation decreases hypoxic events 
(57). This has formed the current guidelines that state that a ventilatory rate of 
10/min is efficient and should be provided when an advanced airway (supraglottic 
or endotracheal) is secured (58). This can often be difficult to accomplish due to 
the stressful situation, which often leads to even professional rescuers hyperventi-
lating the patient (56). 

An impedance threshold device (ITD) is a new kind of device used to increase 
venous return to the heart. It is a one-way valve, attached between the patient’s 
airway and the airway device, such as a bag-mask, supraglottic airway or endotra-
cheal tube. During chest compression, intrathoracic pressure increases and air is 
forced out of the airway. During chest decompression, the ITD closes its valve, 
thereby preventing air entering the airway, creating a vacuum and thus enhancing 
the negative intrathoracic pressure and, as a result, increasing preload (59). The 
results of clinical use of ITD are, however, conflicting. A meta-analysis of five stud-
ies, by Cabrini et al, found that ROSC significantly increased when using an ITD 
as did 24 hour-survival. The trend was also towards a higher proportion of survivors 
with a favorable neurological outcome (60). However, another meta-analysis of 15 
studies, by Wang et al, did not show any significant differences between ITD and 
standard CPR (61). When an ITD was paired with an ACD-device (called 
ResQCPR

®
), however, survival to hospital discharge with favorable neurological 

function significantly increased and continued to be significantly increased even one 
year after the cardiac arrest (62, 63). ResQCPR

®
 has now been introduced in a 

number of different emergency medical systems and hospitals. An ITD is not 
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recommended for routine use in addition to conventional CPR, but consensus has 
not yet been reached regarding the use of an ITD with an ACD-device (64). 

Defibrillation and Antiarrhythmics 
Defibrillation is defined as termination of VF for at least 5 seconds following an 
electrical shock delivered by a defibrillator (65). In OHCA in Europe, the first de-
tectable rhythm is shockable (VF or pulseless ventricular tachycardia) in approxi-
mately 22% of the patients (20). An AED is crucial in reversing these shockable 
rhythms and using only CPR is unlikely to stop VF (66). The AED delivers an 
electrical current that passes through the myocardium and interrupts disorganized 
cardiac activity and restores an organized cardiac rhythm. The shocks can be deliv-
ered as a fixed energy of 360 joules per shock or starting from 200 joules and esca-
lating to 360 joules, but no difference in survival to hospital discharge has been seen 
between these two strategies (67). 

Early defibrillation improves outcome after cardiac arrest (68) and, nowadays, 
the use of implantable cardioverter-defibrillators (ICD) is increasing, which has led 
to an increase in survival (69).  

Guidelines recommend the use of amiodarone or lidocaine in adults with shock-
refractory ventricular fibrillation or pulseless ventricular tachycardia (70).  

Epinephrine 
Administration of epinephrine has been a central part of the pharmacological treat-
ment of cardiac arrest for many years. It was first described in 1906 by Crile and 
Dolley (71). Through its α-adrenergic effects, epinephrine centralizes the circula-
tion and increases CPP. However, at the same time, through its β-adrenergic effect, 
it increases myocardial oxygen demand and may be proarrhythmic. Epinephrine 
has been incorporated into the ACLS for many years and large randomized trials 
(72, 73) and systematic reviews (74, 75) have concluded that epinephrine increases 
ROSC and survival to hospital discharge. However, no significant benefits have 
been seen in neurological outcome and a large proportion of the surviving patients 
is left with a neurological deficit (76). Experimental studies have shown that epi-
nephrine reduces the cerebral perfusion pressure, the brain tissue oxygen tension 
and microvascular cerebral blood flow during CPR (77-79). 

Buffer solutions 
The cardiac arrest patient develops acidosis due to anaerobic metabolism and im-
paired respiratory gas exchange. The acidosis can be less severe if CPR is per-
formed (80). The arterial blood gas sample, which is usually drawn from the radial 
artery, does not always represent the true acid-base status of the patient, mainly due 
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to the low amount of carbon dioxide in the peripheral artery in contrary to the acid-
base situation in different tissues and in mixed venous blood drawn from the pul-
monary artery (81). The current evidence regarding the use of buffer solutions in 
cardiac arrest is not unanimous. Some studies show beneficial effects with regard 
to ROSC and neurological outcomes (82-84), but the majority of studies failed to 
demonstrate these effects (85-90). The use of a buffer solution, sodium bicar-
bonate, has previously been incorporated in the management of cardiac arrest. 
Nowadays, guidelines state that: "Bicarbonate causes generation of carbon dioxide 
and exacerbates intracellular acidosis; it produces a negative inotropic effect on is-
chemic myocardium; it presents a large, osmotically active, sodium load to an al-
ready compromised circulation and brain; and it produces a shift to the left in the 
oxygen dissociation curve, further inhibiting release of oxygen to the tissues". So-
dium bicarbonate is therefore not routinely recommended during cardiac arrest 
and CPR, unless the cardiac arrest is associated with hyperkalemia (91). Sodium 
bicarbonate is the oldest buffer that is used clinically. Tribonat is a another buffer 
solution that was designed by Wiklund et al in 1985 (92) and is today used mostly 
in the Scandinavian countries. It is a mixture of trisaminomethane, sodium bicar-
bonate, acetate and phosphate. Tribonat is suggested to lead to lower generation of 
carbon dioxide and less negative inotropic effects compared to sodium bicarbonate 
(93). 

ECMO 
Veno-Arterial ECMO is an invasive technique where systemic oxygenation and cir-
culation are supported by an oxygenator and a pump. ECMO is accomplished us-
ing percutaneous techniques and acts as a cardiac by-pass. The current evidence 
for using ECMO during CPR (ECPR) is mostly based on observational studies and 
reviews (94-98). However, the evidence is increasing and the first randomized con-
trolled trial has recently been published and concluded that ECPR significantly in-
creased survival to hospital discharge compared to standard ACLS (99). Recent 
guidelines state that ECPR should be considered as a rescue therapy for selected 
patients with cardiac arrest when conventional ACLS measures are failing (100). 
ECPR is, however, a time consuming and staff-dependent procedure and is associ-
ated with complications (101).  

Post-resuscitation care 
The care of the post-cardiac arrest patient is a crucial component in the chain of 
survival. Development of post-cardiac arrest syndrome is a complex pathophysio-
logical process consisting of brain injury, myocardial depression and systemic is-
chemia-reperfusion injuries (102). What the optimal care for these patients should 
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be is not known or has not been defined and many cardiac arrest patients who 
survive the initial resuscitation later die after withdrawal of supportive treatment due 
to an irreversible neurological injury (103). Therefore, the focus in the post-resus-
citation care is often the optimization of neuroprotective treatments. Prevention of 
hypoxemia, hypotension and acidosis are cornerstones of post-resuscitation care 
(58); target temperature management (TTM) has also been incorporated in recent 
years. Previous trials have indicated an increased survival rate, with good neurolog-
ical outcome, if the patients were exposed to hypothermia at 33˚C (104, 105). 
Guidelines have recommended that TTM be set to between 32˚C and 36˚C for at 
least 24 hours for those patients that remain unresponsive after ROSC (106). How-
ever, in a large international trial (TTM1-trial), the lower target temperature of 
33˚C did not show any survival benefits compared to 36˚C (107). In addition, the 
recently published TTM2-trial, where a TTM of 33˚C was compared to normo-
thermia with early treatment of fever, did not lead to survival benefits (108). The 
TTM2-trial may, therefore, lead to a future shift in recommendations and guide-
lines. 

Historical perspective with a focus on aortic occlusion 
The research activity regarding cardiac arrest increased during the 1950s. At that 
time, the best diagnostic and therapeutic steps for cardiac arrest were to perform a 
thoracotomy and give open cardiac massage (109). In 1955, a group of South Afri-
can cardiac surgeons conducted an animal study where they clamped the aorta dur-
ing cardiac massage. They saw that the coronary and cerebral blood flow increased 
and that the best position for aortic clamping was just proximal to the celiac artery. 
The authors recommended aortic clamping for all patients with cardiac arrest (110). 

For many years, in trauma settings, the golden standard for exsanguinating 
trauma has been to perform a thoracotomy and cross-clamping of the aorta. How-
ever, this has now shifted to a more selective approach for patients with 
penetrating trauma and signs of life (111), since emergency department 
thoracotomy (EDT) can be accompanied by numerous complications and 
requires advanced resources (112, 113).  

During the Korean War (1953), Lieutenant Colonel Carl W. Hughes used an 
intra-aortic balloon occlusion to control intra-abdominal hemorrhage in two se-
verely injured patients. Both patients died but the balloon temporarily stabilized 
the blood pressure in one of the patients (114). In a case-series from the 1980s, 
this technique was used in patients with traumatic shock due to intra-abdominal 
hem-orrhage. Blood pressure increased in almost all of the patients and 7 out 
of 21 survived (115). 
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Intra-aortic balloon pump – IABP 
During the same decades that the use of intra-aortic balloon occlusion in the trauma 
patient was introduced, the intra-aortic balloon pump (IABP) was being investi-
gated. The IABP was first used in 1968 in clinical settings for patients with myocar-
dial infarction and cardiogenic shock (116). Previously, IABP was the most com-
monly used device for mechanical circulatory support of patients with myocardial 
infarction and cardiogenic shock (117). Previous guidelines have recommended the 
use of IABP in patients with myocardial infarction and cardiogenic shock (level of 
evidence A) (118), but nowadays the use of IABP is more restrictive. The American 
Heart Association states that IABP can be useful for patients in cardiogenic shock
after ST-elevated myocardial infarction who do not quickly stabilize with pharma-
cological therapy (level of evidence B) (119) and the European Society of Cardiol-
ogy states that IABP can be used in patients with cardiogenic shock who have a 
mechanical complication (level of evidence C) (120). Recent randomized control 
trials and meta-analyses have not been able to show any benefits from the routine 
use of IABP (121-125) and the usage has been decreasing over the past years (117). 
However, the use of IABP during cardiac arrest and CPR has not been as thor-
oughly studied. One experimental study from 1988 by Emerman and colleagues 
showed that IABP significantly increased the DBP and the CPP during MCC (126). 
A case report from 2018 describes a 49-year-old patient with inferior ST-elevated 
myocardial infarction. During PCI, the patient suffered cardiac arrest and MCC 
was initiated. An IABP was then inserted through the femoral artery and 15 minutes 
later the patient achieved ROSC and survived to hospital discharge (127).  

Figure 4. Intra-aortic balloon pump. Here inflated during diastole causing a diastolic aug-
mentation. With permission from © Getinge 2021. CC BY-NC-ND. 

EMANUEL M. DOGAN Endovascular occlusion methods in non-traumatic cardiac arrest 



23 

IABP - physiology 
IABP is a counterpulsating balloon pump that is inserted in the thoracic descending 
aorta via the femoral artery using an endovascular technique. The tip of the balloon 
is placed distal to the left subclavian artery (see Figure 4). The balloon is connected 
to a console which inflates the balloon with helium. The inflation/deflation of the 
balloon is either triggered from ECG readings or pressure readings from the arterial 
waveform. The balloon is inflated after the closure of the aortic valve and deflated 
prior to the opening of the aortic valve (see Figure 5). Thus, during diastole, the 
inflation of the balloon causes an increased aortic diastolic pressure with subse-
quent increase in CPP. As mentioned earlier, if the autoregulation of the coronary 
arteries is intact, an increase in CPP will not ensure an increase in CorBF. So, if 
IABP is used during preserved autoregulation in the coronary circulation, CorBF 
may not increase; but if the autoregulation is impaired, as it most likely is in cardi-
ogenic shock or in cardiac arrest, IABP, which increases CPP, may also increase 
CorBF. The increase in CorBF consequently increases the myocardial oxygen sup-
ply. This may not be as apparent if there is a coronary artery stenosis (128-131). 
Other important physiological effects of IABP are decreased ventricular afterload 
and therefore decreased workload of the heart. This is believed to be explained by 
the Windkessel effect where a sudden deflation of the balloon causes a vacuum 
effect and a drop in the end-diastolic pressure, which decreases the impedance of 
the left ventricle to open the aortic valve (132). This “systolic unloading” decreases 
the left ventricular wall tension and end-systolic volumes, thus decreasing the myo-
cardial oxygen demand, and also increases the left ventricular stroke volume and 
ejection fraction (133, 134).  

Figure 5. A pressure-time tracing of an IABP with optimal inflation and deflation in spon-
taneous circulation, here with 1:2 augmentation. Inflation occurs immediately after the clo-
sure of the aortic valve (dicrotic notch). Diastolic augmentation is greater than the unas-
sisted systole. Deflation occurs immediately before the opening of the aortic valve. Assisted 
systolic pressure is less than the unassisted systolic pressure. With permission from © Get-
inge 2021. CC BY-NC-ND. 
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In 1996, Professor Charles D. Deakin and colleagues published the first case 
report with IABP set to be in constant inflation-mode, acting like an intra-aortic 
balloon occlusion, in non-traumatic cardiac arrest (NTCA). They found that the 
occlusion of the aorta during CPR increased systemic arterial pressures and the 
CPP in two patients (135). 

Resuscitative Endovascular Balloon Occlusion of the Aorta - 
REBOA 
At the same time as IABP was gaining usage in the cardiogenic shock patient, re-
searchers were exploring other aspects of endovascular aortic occlusion therapies. 
As mentioned earlier, the use of aortic occlusion had been previously described in 
the trauma patient. However, during the 1990s, researchers started to study aortic 
occlusion in NTCA. Since then, due to the advancement in the endovascular field, 
a new concept for hemodynamic instability has been evolved: EndoVascular resus-
citation and Trauma Management (EVTM) (136). This concept involves REBOA 
– Resuscitative Endovascular Balloon Occlusion of the Aorta (see Figure 6). RE-
BOA is an umbrella term for continuous endovascular aortic occlusion, used both
in trauma and non-trauma patients. REBOA is currently used mostly in the exsan-
guinating trauma patient and in patients with ruptured abdominal aortic aneurysm
to stop ongoing bleeding and to centralize the circulation until sufficient volume
replacement has been given and definitive surgical repair can be accomplished
(137-139). However, new modalities of REBOA are constantly being investigated,
such as in NTCA.

Figure 6. REBOA (Rescue balloon, Tokai) with increasing inflation volumes and diame-
ters. 16 mm in diameter to the left and 40 mm in diameter to the right. With permission 
from TOKAI Medical products, Inc. Japan. 
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REBOA – physiology 
The physiological effects of REBOA are similar to that of aortic cross-clamping, 
therefore, studies of both techniques are analyzed in this section. There are three 
REBOA occlusion zones. Zone I is in the descending thoracic aorta, zone II is 
between the celiac and renal arteries and zone III is above the aortic bifurcation 
(see Figure 7) (140).  

REBOA and aortic cross-clamping cause a mechanical shift of the circulating 
blood volume, which centralizes the blood flow. This increases left ventricular af-
terload and increases systemic arterial pressures, which is more prominent when 
the occlusion is more proximal (140-145). Proximal occlusion initiates the activa-
tion of the renin-angiotensin-aldosterone-system. This induces further elevation of 
preload and afterload (see Figure 8). However, occlusion causes severe disturb-
ances in almost all organ systems in the body and these negative effects are propor-
tional to the duration and proximity of the occlusion (143, 146). The time-depend-
ent ischemic-reperfusion injuries are more prominent when the REBOA is placed 
more proximally. In experimental studies of hemorrhage, 30-40 minutes of zone I 
occlusion has been shown to be a time limit that should not be exceeded (147-149), 
although the optimal time for occlusion is difficult to establish since this depends 
on the vital signs and injury pattern of the patient. In a systematic review of 857 
trauma patients, it was found that the mean occlusion time for zone I REBOA was 
63 minutes and for zone III REBOA 45 minutes (150). 

The unclamping of the aorta causes a significant reduction in vascular resistance 
and a decrease in blood pressure. Ischemic and vasodilating substances, such as 

Figure 7. Different occlusion zones for REBOA. With permission from the Top Stent 
manual, Örebro University Hospital 2017. 
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adenosine, lactate and carbon dioxide, are produced distal to the clamp. After un-
clamping, these substances are washed out into the central circulation, attenuating 
vasodilation (151, 152) and lowering the blood pressure. Experimental studies have 
shown that mean arterial pressure (MAP) can decrease by 70-80% (153) after de-
flation of the REBOA. A study of 12 trauma patients found that, when the REBOA 
was being deflated, hemodynamic shock reappeared in 6 of the patients and two of 
these died (154).  

Figure 8. Physiology of aortic cross-clamping (above) and un-clamping (below). Reprinted 
from: The pathophysiology of aortic cross-clamping. Zammert M. Best practice and re-
search clinical anaesthesiology. 2016; 30:257-269, with permission from Elsevier. 
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Complications 
There are some considerations regarding the complications of REBOA that need 
to be highlighted. Leg ischemia and thrombosis are rare complications and are cor-
related with the size of the sheath (155). One case-report describes a patient who 
developed leg ischemia where subsequent amputation was necessary (156). An-
other study of 24 patients describes three cases of complications: one external iliac 
artery injury and two lower limb ischemia requiring subsequent amputation (157). 
In a study of 46 trauma patients who underwent REBOA, 2.1% developed a pseu-
doaneurysm, 4.3% developed a distal embolism but 0% developed leg ischemia 
(145). In another study of trauma patients, balloon migration occurred in 4% and 
balloon rupture in 3% (144). The overall rate of morbidity correlated to REBOA, 
reported from a systematic review, was 3.7%, (14 complications in a population of 
381). The overall procedure-related arterial injury, amputation and nonfatal em-
bolic events were 2.9%, 0.8 % and 0.5 %, respectively (150).  

Traumatic cardiac arrest 
The management of traumatic cardiac arrest has previously been through the per-
formance of an EDT. However, the utilization of REBOA in this category of pa-
tients is now emerging. Some clinical studies have not been able to show any differ-
ence in mortality rate between REBOA and EDT (145, 158), but other studies have 
found that REBOA improved overall survival rate compared to EDT (159) and 
that REBOA may be more beneficial than EDT in patients who do not require 
CPR (160). REBOA can, therefore, be a more proactive alternative that can be 
performed before the patient develops cardiac arrest (161). Another difference is 
the interruption of cardiac compression during CPR. The interruption time is sig-
nificantly longer in patients receiving EDT compared to REBOA (158). In a study 
by Brenner et al, where 50 trauma patients received REBOA while in cardiac arrest, 
29 achieved ROSC, 20 of those survived to the operating room and 5 survived after 
30 days. The systolic blood pressure increased from 15 mmHg before REBOA to 
71 mmHg after REBOA (162). In an experimental study of traumatic cardiac ar-
rest, REBOA increased the CPP and ROSC compared to the control group (163). 
Thus, there might be a potential use of REBOA during traumatic cardiac arrest.  

Non-traumatic cardiac arrest - NTCA 
REBOA, or aortic occlusion, emerged as a tool to achieve hemodynamic stability 
in trauma patients. Researchers then started to apply the attributes of this technique 
to other diagnoses besides trauma. The interest in aortic occlusion for NTCA in-
creased during the 1990s and a research group from Uppsala, Sweden, led by Pro-
fessor Sten Rubertsson, conducted several animal experiments. This group, and 
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subsequently other researchers, showed that REBOA significantly increased sys-
temic arterial pressures, increased cerebral and coronary blood flow and perfusion 
pressures, and also improved the rate of ROSC (164-177). When compared to 
epinephrine, REBOA also produced a higher cerebral blood flow with the same 
frequency of ROSC (166, 178). Case reports also describes benefits of REBOA 
during NTCA (179-182) and the interest in the clinical application of REBOA in 
this group of patients is now growing.  
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Aims of the thesis 

General 
The overall aim of this thesis was to describe the physiological effects of REBOA 
and to study the hemodynamic outcomes of using REBOA, IABP and intra-caval 
balloon pump (ICBP) during experimental NTCA and CPR. 

Aims of the studies 
The specific aim of each study: 

I. The cardiac arrest patient develops acidosis and REBOA causes time-depend-
ent ischemia-reperfusion injuries in the organs distal to the occlusion. The aim of 
the first study was to examine the physiological and metabolic effects of zone I RE-
BOA in relation to the time of occlusion in a non-shock porcine model. The hy-
pothesis was that a longer duration of REBOA causes a higher burden of ischemia-
reperfusion injury. 

II. Due to the proximity to the heart of the descending thoracic aorta, the exact 
position of REBOA in zone I could be of importance in CPR with chest compres-
sions. The aim of the second study was to determine if the exact position of RE-
BOA in zone I was important for generating an increase in systemic arterial pres-
sures in a non-traumatic porcine model of CPR. 

III. A consequence of zone I REBOA is the ischemic insult to the organs distal 
to the occlusion. The aim of the third study was to investigate if the improved cir-
culatory response of zone Ic REBOA could be achieved with zone III REBOA in 
a non-traumatic porcine model of CPR. 

IV. The physiology of blood flow during CPR is not fully understood. An intra-
aortic balloon pump is used to increase CPP in spontaneous circulation. In addi-
tion, there is a possible backflow of blood in the systemic veins during the compres-
sion phase of CPR. The aim of the fourth study was to evaluate if manipulation of 
forward and backward pressures and flow, and preload with an IABP and an ICBP 
during experimental CPR, could improve hemodynamic outcome. The balloon-
pumps were set to inflate and deflate during different phases in the CPR-cycle while 
blood flows, CPP and systemic arterial pressures were measured.  
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Material and methods
In general, the overall methodology did not differ between the studies. Some inter-
ventions varied and these are described below. In all studies, pigs of Swedish coun-
try breed (Hampshire and Yorkshire, 3-4 months old, mean weight around 30 kg) 
were used. The animals were bred and housed at a local farm in a 16 hour/8 hour 
day/night cycle with free access to fodder and water until the morning of experi-
mentation. The experiments were performed by an experienced research team, 
and supervised by a licensed veterinarian, in a laboratory equipped for animal ex-
perimentation at the Örebro University Hospital, Örebro, Sweden. Two to three 
experiments were performed each day. All the animals were collected each day 
from the farm, where they received intramuscular sedatives and were then trans-
ported to the laboratory. In the laboratory, general anesthesia was induced and the 
pigs were orally intubated before surgical preparation was initiated. A more detailed 
description of the methodology is given below. Briefly, the pigs received arterial 
and venous catheters for pressure measurements and blood sample collection. 
Flow probes were attached around designated vessels. In some animals, a midline 
laparotomy was performed.  

The pig as a model for cardiac arrest 
Cardiac arrest and CPR are very complex in their pathophysiology and mecha-
nisms. Good quality clinical research is difficult due to the heterogeneity of the 
patients and the need for patient consent makes gaining ethical approval problem-
atic. Well-developed animal models are, therefore, required so that the degree of 
transferability of the results to clinical practice in humans is as large as possible. 
The pig is commonly used in research, especially within cardiovascular research, 
due to the similarities with human cardiovascular anatomy and physiology (183, 
184) (see Figure 9). Cherry and colleagues list a number of attributes that make the
pig the ideal model for cardiac arrest; it is a large mammal that requires the same
invasive instrumentation as humans, the pig tolerates anesthesia and surgical pro-
cedures well, the vital signs and blood chemistry are similar to those of humans,
and the large chest of the pig tolerates chest compressions and defibrillations (185).
There are, however, small differences that are worth mentioning. For example, the
thoracic cage in the pig is more cone-shaped, which makes MCC more problem-
atic; the pig heart is located more centrally in the thorax and is more of a valentine
shaped heart unlike the trapezoidal shaped heart in humans; and the aortic arch
gives rise to two branches in the pig and three in humans (186).
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Study I 
This was a randomized experimental prospective study where a total of 25 pigs were 
used. A midline laparotomy was performed to facilitate catheterization of the uri-
nary bladder and to place an ultrasonic flow probe around the superior mesenteric 
artery (SMA); a probe was also placed around the common femoral artery (CFA). 
A catheter was inserted into the superior mesenteric vein (SMV) for blood pressure 
monitoring and blood sampling, and a laser Doppler probe was placed in the jeju-
num for measuring the microcirculation. 

Microdialysis, a technique to monitor visceral ischemia, was used to analyze the 
concentration of substances in the extracellular space. Driven by a concentration 
gradient, the substances passively diffuse across a semi-permeable membrane. The 
concentrations of glucose, glycerol, lactate and pyruvate were measured in the in-
traperitoneal (i.p.) fluid and intrahepatic tissue (i.h.) (187-189).  

After the surgical preparations, the animals rested for one hour. They were then 
randomized to four different groups: 15 minutes of REBOA (REBOA-15, n=6), 
30 minutes of REBOA (REBOA-30, n=6), 60 minutes of REBOA (REBOA-60, 
n=6) or no REBOA (control, n=6). After deflation of the REBOA, hemodynamic, 
respiratory and metabolic measurements continued for 3 hours during the reper-
fusion time. At the end of the experiment, a 2×2 cm piece of jejunum was surgically 

Figure 9. REBOA in pigs. The balloon is placed in zone I. Reprinted from: Resuscitative 
endovascular balloon occlusion of the aorta (REBOA) in a pediatric swine liver injury 
model: A pilot study. Yamashiro KJ. Journal of pediatric surgery. 2020; 55. 346-352, with 
permission from Elsevier. 
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extracted for histopathological examination and the animals were euthanized with 
potassium chloride. 

Study II 
This was an experimental, prospective study which included a total of 28 pigs. One 
animal died during instrumentation. The methodology was similar to that in study 
I, although with some exceptions.  

To induce cardiac arrest, a guidewire was inserted into an arterial introducer in 
the left femoral artery to reach the left anterior descending artery (LAD) of the 
heart. A balloon was inflated to produce a myocardial infarction and subsequently 
VF. If VF was not produced within 15 minutes, it was induced by applying a voltage 
of 9 V using a bipolar pacemaker electrode inserted into the right ventricle. The 
duration of circulatory arrest was between 2 and 8 minutes.  

At the start of CPR, MCC was initiated using a device (LUCAS™). The CPR 
followed an algorithm with electrocardiogram analysis and defibrillation every sec-
ond minute and adrenaline administration every fourth minute, starting after 6 
minutes of CPR (see Figure 10). Based on fluoroscopic appearance, the thoracic 
descending aorta was divided into three subzones: Ia - above the upper heart mar-
gin, Ib - behind the heart contour, and Ic - below the lower heart margin (see Figure 
11). After 7 minutes of CPR, the REBOA was inflated in either zone Ib (n=9) or 
zone Ic (n=9); no aortic occlusion was performed in the controls (n=9). CPR was 
continued for at least 30 minutes. During CPR, hemodynamic and respiratory data 
were collected, and arterial blood was analyzed intermittently.  

Figure 10. Study protocol from study II. A = adrenaline. 
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Study III 
The methodology of study III was similar to that of study II, with a few exceptions. 
A total of 64 pigs were used and the animals were divided into a "flow study" and a 
"hemodynamic study". Three animals were excluded, two due to cardiac tam-
ponade during CPR and one due to ROSC before intervention. The primary out-
come in the flow study was the evaluation of blood flow to the visceral organs, and 
the primary outcome in the hemodynamic study was systemic arterial pressures 
during CPR. A midline laparotomy was performed in animals in the flow study to 
facilitate catheterization of the urinary bladder, to place an ultrasonic flow probe 
around the SMA, and to insert a catheter in the SMV for blood sampling. Only a 
minimal laparotomy was performed in the animals in the hemodynamic study to 
facilitate catheterization of the urinary bladder. Cardiac arrest was induced by a 
bipolar pacemaker electrode using a 9 V battery. The duration of circulatory arrest 
was 7-8 minutes. After 7 minutes of CPR, the animals were randomized to REBOA 
in zone Ic (REBOA-Ic), REBOA in zone III (REBOA-III) or no REBOA in the 
controls (see Figure 12). The animals in the hemodynamic study were all given a 
buffer solution at the start of CPR and if pH was lower than 7.10 during CPR. 

Figure 11. Different occlusion zones of REBOA. Zone I is divided into three different sub-
zones for occlusion. 
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Study IV
The methodology of study IV was similar to that of studies II and III, with some 
exceptions. An IABP or ICBP was placed in the aorta or vena cava respectively. A 
midline laparotomy was not performed. Flow probes were placed around the left 
internal carotid artery and the left external jugular vein. Twenty pigs were used, one 
died during surgical instrumentation due to bleeding and one animal was excluded 
due to malfunction of a ventilator. Six animals were used for model development, 
six received an IABP, and six received an ICBP. MCC was started after 10 minutes 
of cardiac arrest. The frequencies of MCC and IABP/ICBP differed slightly result-
ing in a progressive phase shift between the devices during the periods of simulta-
neous MCC and IABP/ICBP. This progressive phase shift was used in the data 
analysis (see Figure 13).  

Figure 12. Study protocol from study III. A = adrenaline. 

Figure 13. Systemic arterial pressure (SAP) measurements in an anesthetized pig receiving 
MCC after circulatory arrest (CA) with concurrent IABP. Time 0 on the x-axis shows the 
time for initiation of ventricular fibrillation. 
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Statistical analyses 
SPSS version 23 (Armonak, CA, USA) was used for statistical analysis. A p-value 
of ≤0.05 was considered statistically significant and p<0.1 was considered a trend. 

Study I - III 
The data were tested to meet the assumptions of a normal distribution, no signifi-
cant outliers and homogeneity within the different groups using SPSS. If the data 
did not strongly violate these assumptions, they were analyzed using a linear mixed 
model with dependent variables of time (repeated factor), group (factor) and the 
interaction between group and time. If the linear mixed model identified a signifi-
cant type III effect of the interaction between group and time, estimated marginal 
means between groups at different time points were compared with Bonferroni as 
posthoc adjustment.  Normal distribution was investigated with the Shapiro-Wilk 
test. For non-normal distribution, log10 transformation was used. Data are pre-
sented as mean values with 95% confidence intervals. 

Study IV 
Comparison of balloon inflation time and baseline values was made by repeated 
measures ANOVA. Data are presented as mean values and standard deviation or 
standard error. 

Ethical considerations 
The Regional Animal Ethics Committee in Linköping approved the studies prior 
to experimentation (study I; dnr 59-14, study II-III; ID 418, study IV; dnr 17619-
2020). The animals were handled in accordance with the European Convention for 
Protection of Vertebrate Animals used for Experimental and Other Scientific Pur-
poses. The ethical regulation in animal research derives from the 3Rs. This princi-
ple is more than 60 years old and is now incorporated as guidelines (190). The 3Rs 
consist of: 

- Replace: why are animals used and why is an animal-free alternative not
an option?

- Reduce: use the minimum number of animals possible.
- Refine: use methods and procedures that render the least pain and dis-

comfort.

Studies having aims such as in studies I-IV cannot be conducted in single organs 
or tissues. An intact cardiovascular system is necessary to study the interaction be-
tween the heart, circulatory system, REBOA, IABP, ICBP and the ongoing 
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advanced CPR. A large animal is needed to achieve this goal. The pig is a suitable 
animal due to the anatomical and physiological similarities to humans. In total, 138 
male and female pigs (3-4 months old) were used in the studies (133 included). 
Due to the novelty of the research questions, some animals were used for model 
development. Each animal was bred and housed at a local farm until the morning 
of experimentation. At the farm, the pigs received sedation by intramuscular injec-
tion. The pigs were then transported for 30 minutes to the laboratory where they 
were anesthetized to a depth of surgical anesthesia. If the pigs showed any signs of 
pain or awareness, the depth of anesthesia was increased. The animals were eu-
thanized at the end of the experiment with potassium chloride. 

Results

Study I 
A total of 24 animals were included in the experiments. One died after deflation of 
REBOA. Systemic arterial pressures and cardiac output increased in all REBOA-
groups during occlusion. Arterial pH was lowest in REBOA-60 at the end of occlu-
sion (see Figure 14). Arterial lactate and potassium were increased in all REBOA-
groups with the highest values in REBOA-60 during occlusion. Arterial pH and 
lactate normalized in REBOA-15 during reperfusion. Arterial potassium was in-
creased in REBOA-60 at the end of reperfusion.  

Mesenteric venous pH (see Figure 14), lactate and potassium increased in all 
REBOA-groups during occlusion and did not reach normal values in REBOA-30 
and REBOA-60 at the end of reperfusion.  

The intraperitoneal and intrahepatic concentrations of lactate increased in all 
REBOA-groups, but returned to normal values only in REBOA-15 during reper-
fusion. Histopathological examination of the intestines revealed significant mucosal 
damage in REBOA-30 and REBOA-60. 

Plasma creatinine, aspartate aminotransferase, lipase and pro-inflammatory in-
terleukins were all increased in REBOA-30 and REBOA-60 at the end of reperfu-
sion. 
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Study II 
A total of 27 animals were included in the experiments, nine animals were allocated 
to REBOA in zone Ib (REBOA-Ib), nine animals to REBOA in Ic (REBOA-Ic) 
and nine animals to no REBOA (control). At baseline, the diastolic blood pressure 
(DBP) was slightly lower in REBOA-Ib, but no differences were detected between 
the groups after the start of CPR. During CPR, the systolic blood pressure (SBP), 
DBP and MAP significantly increased in REBOA-Ic compared to REBOA-Ib and 
the control group (see Figure 15). In addition, the arterial pH maintained a value 
closer to baseline in both REBOA-groups during CPR but decreased significantly 
in the control group. The lactate level increased more in REBOA-Ib than REBOA-
Ic, and PCO2 decreased in both REBOA groups compared to the control group. 
Two animals in REBOA-Ic and one animal in REBOA-Ib achieved ROSC (see 
Figure 15). 

Figure 14. Systemic (panel A) and mesenteric venous (panel B) pH in anesthetized pigs subjected to 
zone I REBOA for 15 minutes (REBOA-15), 30 minutes (REBOA-30), 60 minutes (REBOA-60) and 
control conditions (no occlusion) and reperfusion for 3 hours (n=6 per group). Data are means and 
95% confidence intervals. a. Statistically significant difference compared to control. b. Statistically sig-
nificant difference compared to REBOA 15minutes. c. Statistically significant difference compared to 
REBOA 30minutes. d. Statistically significant difference compared to REBOA 60minutes. 
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Figure 15. Systolic blood pressure (panel A), diastolic blood pressure (panel B) and mean arterial 
pressure (panel C) during CPR in anesthetized pigs. REBOA at heart level (REBOA- Ib), diaphrag-
matic level (REBOA- Ic) and control (no aortic occlusion). Values are displayed as means with 95% 
confidence interval. P<0.05 was considered statistically significant. * indicates a significant difference 
between control and REBOA- Ib. # indicates a significant difference between control and REBOA- Ic. 
¤ indicates a significant difference between REBOA- Ib and REBOA- Ic. § indicates a significant differ-
ence between the measurement before intervention (6 min) and the time points thereafter within each 
group. ▲ indicates ROSC in an animal with REBOA- Ic and ■ indicates ROSC in an animal with RE-
BOA- Ib. 
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Study III 
A total of 61 animals were included. 29 animals were allocated to the flow study 
and 32 animals to the hemodynamic study. No statistically significant differences 
were detected during baseline. During CPR, values for SBP, DBP and MAP were 
statistically significantly increased in REBOA-Ic compared to the control group and 
DBP and MAP were statistically significantly higher in REBOA-Ic compared to 
REBOA-III (see Figure 16). The flow in SMA transiently increased when REBOA 
was inflated in zone III, but not statistically significantly different from the control 
group. The flow in SMA in REBOA-Ic dropped to zero (see Figure 16). 

Study IV 
A total of 12 animals were used in the experiment; six in the IABP-group and six 
in the ICBP-group. No differences were seen in the animals prior to cardiac arrest 
or with MCC only. Inflation of IABP ≈ 0.15 seconds before MCC peak pressure 
caused a statistically significant increase in MAP and mean CBF (mCBF) compared 
to IABP-inflation after MCC peak pressure and to MCC only. CPP was statistically 
significantly increased when IABP was inflated ≈ 0.25 seconds before MCC peak 
pressure compared to when the inflation occurred at MCC peak pressure (see Fig-
ure 17). When ICBP was inflated before MCC peak pressure, MAP and mCBF 
increased statistically significantly compared to when ICBP was inflated after MCC 
peak pressure, but no statistically significant differences were seen when compared 
to MCC only (see Figure 18). 

Figure 16. Mean arterial pressure (left panel) and superior mesenteric artery flow (right panel) during 
CPR in anesthetized pigs. REBOA-Ic, REBOA-III or control group. Values are displayed as means 
with 95% confidence interval. P<0.05 was considered statistically significant. a. indicates a significant 
difference between REBOA-Ic and control. b. indicates a significant difference between REBOA-Ic 
and REBOA-III. c. indicates a significant difference between REBOA-III and controls. 
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Figure 17. MAP (left), CPP (middle) and mCBF (right) for all Δt during MCC with IABP. 
Bars and whiskers denote mean values ± SE. Each individual data point is aggregated from 
6 animals, with each animal contributing 8-12 samples per Δt. 

Figure 18. MAP (left) and mCBF (right) for all Δt during MCC and ICBP. Bars and 
whiskers denote mean values ± SE. Each individual data point is aggregated from 6 
animals, with each animal typically contributing 8-12 samples per Δt. 
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General discussion 
What happens when we die and can we prevent death? Researchers, professionals 
and amateurs have tried to solve these questions through different methods. Some 
have believed that persons with connections to the religious or spiritual worlds 
could possess the power of altering death, either by inducing it or delivering from 
it. Death and dying will probably always remain a mystery. For many years, the 
cause of death was believed to be lack of breathing. Nowadays, we have a much 
better understanding - all people who die suffer cardiac arrest. It may not be the 
primary reason for death, but it is, undoubtedly, the ultimate outcome. As with 
death, there has been an ongoing interest in understanding cardiac arrest. The aim 
of this thesis was to shed some light on the still unknown path of cardiac arrest. 
Mankind has managed to improve the outcome by developing the care of the car-
diac arrest patient, but the survival rate is still very low. This thesis does not provide 
any solutions, but it may lead to a step in the right direction. Over the past few 
decades, devices to improve the outcome in CPR have been designed and tested, 
none with convincing results. This thesis provides insight into two new endovascular 
modalities and their impact on CPR.  

REBOA has, by some, been seen as the new kid on the block, but its functions 
have been practiced previously, just in other ways, e.g., aortic cross-clamping or 
intra-aortic balloon occlusion, which was first used in the 1950s, is just another 
name for REBOA. With the emergence of the endovascular era, recent years have 
yielded many new insights into the role of REBOA in trauma, but also in non-
traumatic conditions. The interest in REBOA in NTCA has increased over the past 
decade and randomized clinical trials are now in progress.  

Physiology and occlusion time with REBOA 
During 2014, when the first study in this thesis was projected, a PubMed search of 
"REBOA" resulted in 11 articles. Today, the result is 438, showing the magnitude 
of recent research. At the start of the work in this thesis, the physiological impact 
of REBOA, in the normovolemic state, was rather unclear and through the first 
study we might have provided a few answers. REBOA, as expected, significantly 
increased systemic blood pressures and cardiac output. However, as also expected, 
it caused ischemia-reperfusion injuries distal to the occlusion. This was prominent 
even after 30 minutes of occlusion. During reperfusion, when ischemic and vaso-
dilating substances were washed out into the systemic circulation, profound acido-
sis, and subsequently hypotension, occurred in the animals that received REBOA 
for 30 and 60 minutes. Only animals receiving 15 minutes of occlusion returned to 
baseline values during reperfusion. It must, however, be noted that the rather short 
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reperfusion time (3 hours) could be the reason why the animals receiving 30 and 
60 minutes of occlusion did not return to baseline values. As mentioned, this was 
in a normovolemic and non-traumatic healthy pig model. The aim was to study the 
physiological impact of REBOA itself without any other variables affecting the out-
come. To what extent these time limits can be transferred to the clinical situation is 
a more difficult question. All patients that receive REBOA are in a severe and per-
haps life-threatening condition. REBOA should therefore be inflated only for as 
long as it is needed. When REBOA was inflated for 30 minutes or more, acidosis, 
hyperkalemia, hyperlactemia, intestinal ischemia and markers for organ damage 
were present with, presumably, ischemia-reperfusion injuries. The severely ill pa-
tient is most likely already in a metabolically deranged condition and this may be 
aggravated by REBOA. Our study used total REBOA in zone I. The goal with 
REBOA must be to centralize the blood volume in order to maintain an acceptable 
perfusion in the coronary and cerebral circulations, and also to stop possible distal 
bleeding. This is mostly evaluated clinically by the MAP and, nowadays, a MAP 
over 65 mmHg is believed to permit acceptable organ perfusion in the severely ill 
patient (191). With REBOA, MAP only reflects the perfusion proximal to the oc-
clusion. In our study (normovolemic pigs), MAP rose to circa 150 mmHg after 
inflation of the REBOA. This supraphysiological increase is unnecessary high and 
could even be detrimental (192). A partial REBOA, which is a REBOA that is not 
fully inflated, could therefore be more appealing in some situations. The degree of 
aortic occlusion can be reflected by the end-tidal carbon dioxide (193). Partial RE-
BOA allows for blood pressure titration while at the same perfusing organs distal 
to the occlusion. In this way, it improves hemodynamic parameters while reducing 
the ischemic insult and organ dysfunction (155, 194-196). The occlusion time of a 
totally inflated REBOA in zone I should be set to as short a time as possible. Ac-
cording to study I, 15 minutes of occlusion does not generate a severe ischemic 
insult in the normovolemic condition. We suggest, therefore, that a maximum of 
15-30 minutes of occlusion may be safe to implement in clinical cardiac arrest stud-
ies to avoid additional harm being caused by the REBOA. Longer occlusion times
are sometimes needed, and if so, partial REBOA, if possible, may be more prefer-
able.

REBOA in NTCA 
Since REBOA centralized the circulation and improved hemodynamic parameters, 
more questions arose concerning the hemodynamic profile during its use. Are 
there other applications of REBOA besides trauma? The question of its use in 
NTCA was not so far-fetched (see prologue) and so the second study was formed. 
REBOA placed in zone Ic (see Figure 19), below the heart margin, increased 
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systemic blood pressures more than when placed in zone Ib, behind the heart. The 
hypothesis was that the inflated balloon interfered with the external mechanical 
working of the heart. This finding could also be applied to traumatic cardiac arrest. 
If the balloon is placed outside of the compression field of the heart, hemodynamic 
variables could improve. To reach zone Ic, the balloon-catheter has to be measured 
on the outside of the body so that it reaches the xiphoid process of the patient (197). 
Previous studies of REBOA in NTCA have not mentioned exactly where the bal-
loon was placed in relation to the heart. There were, however, some questions from 
the second study that were of concern. The number of animals achieving ROSC 
was not large and the reason for this is unclear. One explanation could be that the 
duration of cardiac arrest was too long, averaging 6.7 minutes, and if the three-phase 
model of cardiac arrest in humans corresponds to pigs, the hearts of the pigs were 
in the circulatory phase where the metabolic derangements occur, aggravating suc-
cessful cardioconversion (25). Additionally, the anesthetic agent (propofol), which 
continued to be administered throughout the whole experiment, may depress the 
myocardial contraction, which could result in a decrease in the chances of ROSC 
(198). Another question of concern was that the REBOA was totally occluded in 
zone I. In some animals, when ROSC was achieved, the afterload of the heart in-
creased greatly momentarily, which increases the work load and oxygen demand of 
the myocardium (192). This resulted in reoccurring cardiac arrest and should there-
fore be prevented. When and how should REBOA be deflated if the patient 
achieves ROSC? It is most likely that the REBOA must be deflated as soon as 
possible. However, deflating the REBOA too quickly could also be detrimental due 
to the pronounced decreased MAP and subsequent decrease in coronary perfusion 
during deflation (154). It is, therefore, of utmost importance that knowledge of the 
physiological impact upon deflation, in addition to inflation, of REBOA is gathered 
in upcoming clinical trials. REBOA also causes ischemic insult to the organs distal 
to the occlusion. The cardiac arrest patient is already in a severe ischemic and met-
abolically deranged condition. Could REBOA aggravate this? With these concerns 
in mind, the third study was planned. REBOA in zone Ic was compared to REBOA 
in zone III. Was it possible to achieve the same beneficial circulatory response with 
zone Ic-REBOA as with zone III-REBOA, and would a zone III-REBOA increase 
the chances of ROSC by reducing afterload and maintaining visceral circulation? 
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We divided the third study into a flow part and a hemodynamic part. In an attempt 
to improve the chances of ROSC, we did not perform a midline laparotomy in the 
animals in the hemodynamic study to minimize the surgical trauma. The animals 
in the hemodynamic part also received buffer solution to maintain acceptable levels 
of pH. In conclusion, systemic blood pressures increased statistically significantly 
in zone Ic-REBOA compared to zone III-REBOA and controls. The reason for 
this could be the vast amount of blood that can be pooled in the intestinal circula-
tion with a zone III-REBOA, and the increase in afterload is therefore not as evi-
dent as with zone Ic-REBOA. However, systemic blood pressures also increased 
in zone III-REBOA compared to controls, although not significantly. The blood 
flow in the SMA statistically significantly increased initially with zone III-REBOA 
when compared to zone Ic-REBOA, but not compared to the control group. The 
increase in the SMA blood flow then gradually decreased to reach the same levels 
as the control group. This could be due to the initial centralization of blood volume 
which increases preload and forward flow, and then, when more blood is being 
pooled in the intestinal circulation, a form of steady-state is formed leading to a 
reduced blood flow. This pattern of decline in flow and blood pressures was seen 

Figure 19. REBOA during CPR. Here placed in zone Ic, outside of the compression field 
of the heart. 
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throughout the experiments in most variables. MCC became less effective as time 
went on. This could be explained by deteriorating ischemia in the animals and also 
worsening in the function of the rib cage with MCC. With conventional CPR, car-
diac output does not reach pre-arrest values and it generally decreases during pro-
longed CPR (199, 200). The results of this study are in line with a later published 
experimental study that compared zone I-REBOA with zone III-REBOA (201). 

Although measures were taken to increase the chances of ROSC, most animals 
did not reach ROSC. However, 5/10 in REBOA-Ic, 2/10 in REBOA-III and 1/9 
in the control group achieved regular QRS-complex with a pulse for 2 minutes or 
less after intervention, indicating beneficial effects of REBOA-Ic. It is important to 
note that a zone III-REBOA may have a larger effect in humans due to the larger 
size of the vasculature in the lower extremities than in pigs.  

Taken together, studies II and III suggest that, in NTCA, REBOA should be 
placed in zone Ic (see Figure 19). 

IABP and ICBP in NTCA 
If the optimal placement of REBOA in NTCA is in zone Ic, the fact still remains 
that distal ischemia is probably aggravated during balloon occlusion and CPR. This 
is, however, not well-studied. Another concern is the increase in afterload and my-
ocardial injury that could be significant if the patient achieves ROSC. With that in 
mind, together with the fact that the blood flow in the heart during CPR is still 
unknown, the fourth study was initiated. Could an IABP, through the manipulation 
of forward pressure and flow, improve central hemodynamics while permitting dis-
tal blood flow, and could the same balloon catheter, placed in the vena cava, ma-
nipulate preload and backward pressure and flow during chest compression? 

The use of IABP during CPR is not well studied and therefore it is not known 
where in the CPR-cycle the IABP-inflation should occur. So, the aim of the fourth 
study was to investigate this optimal timing with regard to hemodynamic parame-
ters. The CorBF is maintained during the decompression phase of CPR (30, 202, 
203) and CPP is one of its major driving forces (204, 205). The CPP is calculated 
by the difference between aortic diastolic pressure, DBP in our studies, and right 
atrial diastolic pressure, CVP in our studies. The results of the last study in this 
thesis showed that the CPP, and perhaps also CorBF, increased the most when the 
IABP inflated approximately 0.25 seconds before MCC peak pressure, that is when 
the IABP inflated in the decompression phase. The highest values for MAP and 
mCBF, and perhaps also cerebral circulation, occurred when the IABP inflated 
approximately 0.15 seconds before MCC peak pressure, thus being inflated before 
the start of chest compression. As mentioned before, the aim of CPR must be to 
enhance the coronary and cerebral circulations so that the chances for survival with 
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good neurological function increase. So, therefore, an inflation of the IABP ap-
proximately 0.2 seconds prior to MCC peak pressure might be a reasonable trade-
off with regard to cardio-cerebral perfusion. The reason for the improved hemody-
namic variables when IABP inflation occurred prior to MCC-peak, and the wors-
ening of the hemodynamic variables when the IABP inflation occurred at or after 
the MCC peak pressure, could be correlated to the opening and closure of the 
aortic valve. When IABP inflation occurred before the opening or after the closure 
of the aortic valve, hemodynamic parameters increased. When the IABP inflation 
occurred during the time when the aortic valve was open, hemodynamic parame-
ters decreased. This is not surprising since this pattern is also seen in spontaneous 
circulation where too early inflation of IABP causes a premature closure of the 
aortic valve and decreases left ventricular ejection (206, 207). It still remains to study 
the effects of blood flow and metabolism distal to the balloon pump in relation to 
the phase shift between the balloon pump and MCC.  

An essential element for maintaining forward flow in the heart is to maintain 
venous return. It seems a minor concern but it is often the lack of venous return 
that significantly decreases the blood pressure in the severely ill patient. What 
pumps out of the heart must come back. Attempts to increase the venous return to 
the heart during CPR have been studied and many devices or methods have im-
proved hemodynamic variables during experimental CPR, but not in the clinical 
setting. Passive leg raise during CPR has been suggested to improve coronary and 
cerebral perfusion experimentally (208), but clinical studies show no difference 
compared to standard CPR (209, 210). As mentioned before, when an ITD and 
an ACD-device are used separately, the outcome was not affected, but when used 
together, survival to hospital discharge, and one year after discharge, significantly 
increased (62, 63). This shows the potential benefits of improving preload to the 
heart during CPR. Previous studies have suggested that there is a backward blood 
flow from the right side of the heart during chest compression (39, 40). In our study, 
an ICBP was used in an attempt to prevent this pendular blood volume and, by so 
doing, increase preload and forward flow from the right ventricle. When the ICBP 
inflated 0.1 seconds before MCC peak pressure, thus being inflated during the 
compression phase, MAP increased significantly when compared to inflation 0.2 
seconds after MCC peak pressure, thus being inflated during the decompression 
phase. mCBF trended towards the same values as MAP. CPP was more difficult to 
analyze due to the interference of ICBP with the CVP measurements. No signifi-
cant changes were seen when the highest values during ICBP were compared to 
MCC only, indicating the lack of improvement with an ICBP during CPR. This 
does not exclude the possibility of a pendular volume, however, reducing this vol-
ume with an ICBP does not seem to effect forward flow. The goal of this research 
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question was not to be able to study if an ICBP could be applied in the clinical 
setting; the goal was to study if an occlusive balloon during the compression phase 
of CPR could improve hemodynamic variables by redirecting the “wasted” pendu-

lar volume forward. This seems not to be the case.  
Taken together, we suggest that more experimental studies are needed before 

IABP can be investigated in human cardiac arrest and CPR. 

Clinical and future aspects 
The research in endovascular methods is evolving at a rapid pace. Techniques and 
procedural safety are improving. The hemodynamic effects of REBOA during ex-
perimental NTCA may be considered established and REBOA is now emerging 
as a potential for the management of cardiac arrest. In a review from 2017 it was 
suggested that REBOA could be incorporated in the treatment of NTCA (211). 
The first clinical pilot study of REBOA in NTCA came in 2019 from Norway 
where 10 prehospital patients successfully received REBOA (probably in zone Ib) 
without interfering with ACLS (212). This same research group has published an 
educational program for the implementation of REBOA in NTCA (213) and has 
also performed a nationwide study to investigate the potential patients who are eli-
gible to benefit from REBOA. They found that 9% of ambulance treated OHCA 
were eligible to benefit from REBOA (214) and a randomized clinical trial (RE-
BOARREST) is now ongoing (215). An Italian research group performed a case 
series this year where they performed REBOA in traumatic cardiac arrest and 
NTCA patients. The mean time from ambulance dispatch to REBOA was 46 
minutes and REBOA was successfully placed (probably in zone Ib) in 18/20 pa-
tients, of which 4/11 non-trauma patients achieved ROSC, although none of the 18 
patients survived to hospital discharge (216). This research group now has a large 
clinical trial in progress where they want to evaluate the clinical outcomes after im-
plementation of REBOA (217). Another case series was performed by a research 
group from Switzerland. They successfully placed REBOA (in the 4th intercostal 
space, probably zone Ib) in 9/15 NTCA patients. The median time from ambu-
lance dispatch to REBOA exceeded one hour. Two patients achieved ROSC im-
mediately after REBOA; however, they both later died (218). The same research 
group is now also conducting a clinical trial to investigate the hemodynamic out-
comes of using REBOA during NTCA (219). The fourth ongoing clinical trial is 
by an American research group. They have completed their feasibility study and 
are now in the process of enrolling patients to investigate procedural performance 
and hemodynamic outcomes of using REBOA in NTCA (220).  

REBOA is a tool for circulatory support. Cannulation can be accomplished by 
any physician with proper training and it should be considered a low risk–high 
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benefit procedure during CPR. If REBOA is placed during NTCA, it should be 
inflated in zone Ic, and for as short time as possible. If the patient has ROSC, the 
use of partial REBOA or replacing zone Ic with a zone III REBOA could be a 
possibility. This would be to prevent severe hypotension upon balloon deflation 
and also to minimize the increase in afterload with totally occlusive zone I REBOA. 

The role of ECPR in NTCA may be expanding, but it is still a staff-dependent 
and time-consuming procedure. REBOA could be seen as a bridge to ECPR since 
it could augment central circulation while preparing for ECPR. If the patient with 
ongoing CPR and REBOA is eligible for ECPR, then an arterial canula is already 
in place. However, cannulation for REBOA should not delay the start of ECPR, 
since ECPR is a time-consuming procedure itself. REBOA, unlike ECPR, is feasi-
ble in the prehospital environment.  

This thesis provides an insight into the application and potential of IABP in 
NTCA. It is a well-known procedure in the cardiogenic shock patient but not in the 
cardiac arrest patient. The improved hemodynamic variables during CPR and after 
ROSC could be of great interest and one important factor to bear in mind is the 
correlation of IABP to the opening and closure of the aortic valve. Optimal syn-
chronization is crucial in improving the outcome and future studies are warranted 
to evaluate the effects on optimal synchronization with regard to ROSC. 
    This thesis did not show any beneficial effects of ICBP during CPR and its clinical 
implication is therefore limited, but the role of preload augmentation can play an 
important part in the cardiac arrest treatment.  

It is important to consider the ethical difficulties that arise with improved tools 
for resuscitation. If these mechanical devices improve the rate of ROSC, potential 
survivors, who would otherwise not have survived, can be left with poor neurologi-
cal outcomes. We, as healthcare providers, must have strict inclusion criteria for 
these types of resuscitation methods. The global population is becoming older and 
the survival rate from OHCA is extremely poor in the elderly patient (221). A large 
observational study from Sweden showed that the incidence of OHCA in patients 
over 90 years more than doubled between 1992 and 2013 (222). However, for pa-
tients between 70-80 years old, when the resuscitation factors were favorable, (i.e., 
witnessed OHCA, cardiac etiology and VF as the first rhythm) the thirty-day sur-
vival was 20% compared to 6.7% if favourable resuscitation factors were lacking. In 
addition, neurological outcome among the survivors did not differ with increasing 
age (222). The endovascular methods described in this thesis may be initiated after 
prolonged CPR. The chance for ROSC is low after prolonged CPR and if favour-
able resuscitation factors are lacking the chances are even worse. It is, therefore, 
crucial to gain as much information as possible during initial resuscitation in order 
to predict the outcome. Risk score models for prediction of neurological outcome 
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can be helpful in this situation (223). It may be troublesome to regard the death of 
a patient as a defeat and the principle objective as prevention of death. It could also 
be unethical to not urgently provide resuscitation measures to a patient simply due 
to their age. However, the sum of age, co-morbidities and favourable resuscitation 
factors should guide the decision-maker. If an older patient with co-morbidities and 
unfavourable resuscitation factors has a cardiac arrest, it seems unethical to initiate 
CPR and even more unethical to intervene with endovascular methods. 
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Conclusions

• Total REBOA in zone I caused severe systemic and intra-abdominal met-
abolic disturbances and organ damage as well as inflammatory activation
at 30 minutes of occlusion in a non-hemorrhagic porcine model. There-
fore, a maximum total occlusion time of 15-30 minutes is suggested in
clinical cardiac arrest studies to limit additional harm that may be caused
by the REBOA.

• In NTCA porcine models, REBOA-Ic (below the heart) generated higher
systemic arterial pressures than controls, REBOA-Ib (behind the heart)
and REBOA-III (infrarenal) during CPR. Notably, the visceral blood flow
was only momentarily increased with REBOA-III. Therefore, the most
favorable position for REBOA in NTCA may be zone Ic and we suggest
using this position in clinical cardiac arrest studies.

• In a NTCA pig model, IABP and ICBP clearly affected the hemodynamic
response during CPR and the effects were dependent on the phase shift
between the balloon pump devices and the MCC. Inflation of the IABP
before the peak pressure of the MCC enhanced cerebral and coronary
circulatory variables, whereas ICBP did not improve these variables com-
pared to MCC alone. More experimental studies are warranted before
clinical studies on IABP in cardiac arrest can be initiated.

• Taken together, this thesis encourages further development of endovas-
cular methods in cardiac arrest and CPR.
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Populärvetenskaplig sammanfattning på svenska 

Bakgrund 
Endast ca 10 % av patienter som drabbas av hjärtstopp överlever fram till utskriv-
ning från sjukhus. Centrala fysiologiska faktorer som påverkar överlevnad vid 
hjärtstopp är genomblödningen i hjärtat och hjärnans kärl. Vid enbart 
bröstkompressioner genereras sannolikt ej tillräckligt högt blodflöde till hjärta och 
hjärna och därför behövs nya metoder för att förbättra utgången vid hjärtstopp 
och pågående hjärt-lungräddning (HLR). REBOA (Resuscitative endovascular 
balloon oclusion of the aorta) är en ocklusionsballong som förs in i stora 
kroppspulsådern (aorta), via ljumsken, och förhindrar blodflöde nedom 
ballongen. På så sätt ökar blodflödet till hjärta och hjärna. Idag används REBOA 
på människor vid svåra olycksfall för att tillfälligt stoppa en pågående livshotande 
blödning. REBOA blåses upp kontinuerligt i bröstkorgsnivå eller i låg buknivå 
beroende på var blödningen finns. Organ nedanför REBOA drabbas av en 
tidsberoende syrebrist men de fysiologiska effekterna är inte helt klarlagda. 
Djurexperimentella studier visar även att REBOA förbättrar genomblödningen i 
hjärtat och hjärnan och ökar antalet djur som återfår egen cirkulation vid icke-
traumatiskt hjärtstopp. Aortaballongpump (IABP-intraaortic balloon pump) är 
en annan metod för att förbättra genomblödningen i hjärtat. IABP blåses upp när 
hjärtat är i relaxationsfas (diastole) och blåses ur när hjärtat är i kompressionsfas 
(systole). IABP är väl studerat när hjärtat har en egen spontan cirkulation men 
studier på IABP vid hjärtstopp saknas. Det är således oklart när i HLR-cykeln 
som IABP ska blåsas upp och ur för att åstadkomma bästa effekt. Hur blodet 
flödar i hjärtat under HLR är ej helt klarlagt. Det finns studier som visar att 
blodflödet kan flöda baklänges ut i vensystemet, till den stora hålvenen, vid 
bröstkompression.  

Syftet med de olika studierna var att: 
I. Studera de förändringar som sker i kroppen, både fysiologiska och meta-

bola, i förhållande till tid, vid användning av REBOA
II. Studera cirkulatoriska förändringar vid användning av REBOA vid icke-

traumatiskt hjärtstopp samt att studera vart i bröstkorgsnivån REBOA ska
placeras för bästa effekt.

III. Jämföra placering av REBOA i bröstkorgsnivå mot låg buknivå vid icke-
traumatiskt hjärtstopp.
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IV. Studera effekter av IABP och ballongpump i hålvenen (ICBP – intra-caval
balloon pump) under pågående HLR samt att studera när i HLR-cykeln det
är bäst för IABP och ICBP att blåsas upp.

Metod/Resultat 
Svensk tamgris användes i alla studier. Grisarna var ca 3–4 månader gamla och 
vägde ca 25–35 kg. Grisarna var djupt sövda och de kirurgiska ingreppen utfördes 
under operationsliknande förhållanden. Grisarna instrumenterades med introduk-
törer/katetrar i olika blodkärl för mätning av blodtryck och blodflöden. I studie I 
randomiserades grisarna till REBOA i antingen 15, 30 eller 60 minuter, eller en 
kontrollgrupp utan REBOA med en övervakningstid på 3 timmar efter intervent-
ionen. REBOA åstadkom en stegring av de systemiska blodtrycken samt hjärtmi-
nutvolymen. REBOA orsakade även en svår metabol störning, redan efter 30 mi-
nuter ocklusion. De grisar med REBOA i 15 minuter återgick alla till normalvärden 
efter interventionen. I studie II-IV inducerades ett hjärtstopp med en strömstöt. 
HLR påbörjades med ett mekaniskt kompressionssystem och därefter påbörjade 
olika interventioner med antingen REBOA, IABP eller ICBP i de olika studierna. 
I studie II fann vi att REBOA, under pågående HLR, som placerades i aortan, 
nedanför hjärtat, förbättrade blodtrycken mer än om REBOA placerades bakom 
hjärtat. I studie III fann vi att REBOA i bröstkorgsnivå åstadkom högre blodtryck 
än om REBOA placerades i låg buknivå. I studie IV fann vi att en IABP förbättrade 
blodtryck och blodflöden vid HLR om den blåstes upp innan start av bröstkom-
pression. En ICBP visade inga förbättringar jämfört med enbart HLR. 

Konklusion 
Vi har visat att REBOA orsakar en ökning av blodtryck och hjärtminutvolym samt 
en tidsberoende skada i de organen nedom ocklusionen. Vi har även visat att 
REBOA, vid icke-traumatiskt hjärtstopp, förbättrar blodtrycken och den optimala 
positionen är nedanför hjärtat, för att inte störa den mekaniska fyllnaden och töm-
ningen av blodet från hjärtat. När REBOA placerades i låg buknivå genererades 
inte lika höga blodtryck som när den placerades i bröstkorgsnivå. Slutligen har vi 
visat att IABP förbättrar blodtryck och blodflöden, vid HLR, om den blåses upp 
innan start av bröstkompression jämfört med enbart HLR. ICBP visade sig inte 
förbättra blodtryck eller blodflöden. Sammantaget kan vi konkludera att endovas-
kulära metoder vid icke-traumatiskt hjärtstopp påverkar blodtryck och blodflöden 
och kan på så sätt förbättra genomblödningen i hjärtat och hjärnan så att chanserna 
för överlevnad borde öka. 
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