
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 2244

Exploring ventilation during
cardiopulmonary resuscitation

Experimental and clinical insights

JOHAN MÄLBERG

ACTA UNIVERSITATIS
UPSALIENSIS

2026



Dissertation presented at Uppsala University to be publicly examined in H:son
Holmdahlsalen, Akademiska sjukhuset ing 100, Dag Hammarskjölds väg 8, Uppsala,
Friday, 8 May 2026 at 13:00 for the degree of Doctor of Philosophy. The examination
will be conducted in Swedish. Faculty examiner: Professor Markus Skrifvars (Helsingfors
universitet).

Abstract
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Ventilation during cardiopulmonary resuscitation remains understudied with current guideline
recommendations for the treatment relying on low level evidence and expert opinion. The aim
of this doctoral project was to explore ventilation during cardiopulmonary resuscitation, both
in the experimental and clinical setting.

Study I investigated whether a suction cup on a mechanical chest compression device intended
to assist chest recoil affected the haemodynamics and ventilation in an experimental porcine
model. No difference in EtCO2, as a measurement of cardiac output, or ventilation could be
found, although the suction cup increased the coronary perfusion pressure.

In study II, ventilation parameters, haemodynamics, blood gases and lung injuries were
compared between ventilation during continuous chest compressions and ventilations given
during a pause of the chest compressions (30:2) in an experimental porcine model. Continuous
chest compressions were associated with higher peak inspiratory pressure, lower EtCO2 and
PaCO2. No differences were found with regards to lung injuries between the groups.

Study III aimed to develop and test a novel algorithm designed to extract accurate ventilation
parameters from ventilation waveform signals, gathered during experimental CPR, in the
presence of chest compression artefacts in the signal, that otherwise interferes with the
parameter extraction. The algorithm was tested with a pneumotacography device and with
mechanical ventilators giving ventilation parameters with known values. The algorithm deviated
only slightly from the ventilator settings and outperformed the standard software of the
pneumotachograph.

Study IV was an observational multicentre study that aimed to describe ventilation parameters
during cardiopulmonary resuscitation. Patients were included from five sites, four out of
hospital and one in hospital. Included in the study were 241 patients and 28120 ventilations.
The ventilations were heterogenous and varied with airway modality and ventilation mode.
Bag-valve-mask ventilations were associated with large levels of leakage and asynchronous
ventilations with endotracheal tubes with high airway pressures. No obvious signs of
hyperventilation were found.

Future research on cardiopulmonary resuscitation should when possible include
measurements of ventilation, in order to deduce if the varying ventilation parameters affects
outcomes and to decide optimal ventilation strategies for survival.
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Remember,
When tomorrow feels like a rainy day

That today was tomorrow yesterday
And that worked out too

– Povel Ramel
(freely translated)
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ABG Arterial blood gas 
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CRALE Cardiopulmonary resuscitation associated lung oedema 
CVP Central venous pressure 
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ITD Impedance threshold device 
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LMA Laryngeal mask airway 
MCC Mechanical chest compressions 
Mve Expiratory minute volume 
Mvi Inspiratory minute volume 
OHCA Out-of- hospital cardiac arrest 
PaCO2 Partial pressure of arterial carbon dioxide 
PALI Post-arrest lung injury 
PaO2 Partial pressure of arterial oxygen 
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PEA Pulseless electrical activity 
PECO2 Peak expired carbon dioxide 
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RCT Randomized controlled trial 
ROSC Return of spontaneous circulation 
SAD Supraglottic airway device 
SCA Sudden cardiac arrest 
Te Duration of expiration 
Ti Duration of inspiration 
Vdiff Difference between inspiratory Vti and Vte 
VF Ventricular fibrillation 
VT Ventricular tachycardia 
Vte Expiratory tidal volume 
Vti Inspiratory tidal volume
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Preface 

Donald Rumsfeld (1932-2021), the former US secretary of defence, was a man 
who in his political life maybe did not do humanity that many favours (and is 
perhaps rarely mentioned in a thesis from the domain of medicine). He did, 
however, gift the world with one rather unforgettable quote during a hearing 
in 2002 on the lack of evidence of the Iraqi government supplying terrorist 
groups with weapons of mass destruction:  

“…as we know, there are known knowns; there are things we know we know. 
We also know there are known unknowns; that is to say we know there are 
some things we do not know. But there are also unknown unknowns—the ones 
we don't know we don't know…” 1. 

This quote has stuck with me for quite some time while working on this thesis 
concerning ventilation during cardiac arrest. As one digs deeper into the sub-
ject, the sheer number of known unknowns can be overwhelming. It soon also 
dawns on you that with this many known unknowns, there must be many more 
unknown unknowns. All this leads to an important question: How can we 
know so little about something so fundamental in the treatment of what is ar-
guably the most dramatic medical emergency there is, sudden cardiac arrest? 
Something that has been performed for centuries and to this day is highly pri-
oritized during cardiopulmonary resuscitation.  

This thesis aims not to answer all of these known unknowns, but hopefully 
turn some of them into known knowns, and perhaps, along the way, also dis-
cover some unknown unknowns, and by doing so transform them into known 
unknowns, to be explored further in the future. 
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Background 

Sudden cardiac arrest 
Pathophysiology 
Sudden cardiac arrest (SCA) is a condition where the hearts ability to pump 
blood throughout the body suddenly ceases or is severely impaired. When this 
occurs, the blood pressure drops to inadequate levels, and there is insufficient 
cerebral circulation of blood and oxygen. Therefore, all of the brains func-
tion’s ceases and with them the ability to maintain consciousness and control 
respiration, hence the cardinal symptoms of SCA: sudden loss of conscious-
ness and abnormal or absent breathing 2. 

Untreated SCA results in global cerebral ischemia with cell death occurring 
within a few minutes. If left untreated SCA almost always results in death due 
to irreversible brain damage. 

The primary mechanism causing SCA in adults is cardiac arrythmias 3. In a 
healthy heart, the contraction of the heart is controlled by the cardiac conduc-
tion system. This system ensures that the heart contracts in a very specific and 
organized manner. The signal to start a contraction originates in the sinoatrial 
node (the pacemaker) in the right atrium of the heart. From there the signal 
spreads through both the right and left atrium, causing them to contract and 
subsequently fill the ventricles with blood. The signal then reaches the atrio-
ventricular node, where it is shortly delayed in order to facilitate proper filling 
of the ventricles with blood. After this the signal goes through the bundle of 
His and into the Purkinje fibres in the walls of the ventricles, which causes 
them to contract and eject blood into the pulmonary and systemic circulation 
4. If parts of the heart are damaged, the myocardial cells can become hyperir-
ritable and start producing their own pacing signals. This leads to the ventri-
cles receiving multiple pacing impulses, leading to an electrical chaos in the 
heart. The ventricles start to quiver, or fibrillate, and a ventricular fibrillation 
(VF) has occurred. As there is no proper contraction of the ventricles, no, or 
very little, blood is being ejected and SCA ensues. On rarer occasions, the 
same mechanisms can instead lead to ventricular tachycardia (VT), where the 
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ventricles contract very rapidly. If the contractions become too rapid, the ven-
tricles will not have the time to fill with blood, also leading to no or very little 
blood being ejected from the heart 5. If the VF/VT is not treated, it can lead to 
pulseless electrical activity (PEA), where there is electric activity in the heart, 
but no contractions 6, or to asystole, where there are no electrical signals in the 
heart and no contractions. 

Another mechanism behind SCA is a decreased supply of oxygen to the heart 
muscle, either caused by insufficient oxygenation of the blood, or insufficient 
circulation. The culprit behind this can be lung diseases, asphyxia, trauma or 
internal bleeding. When the hearts consumption of oxygen exceeds the deliv-
ery, the contractions becomes slower (bradycardia). If nothing is done to re-
verse the underlying cause, PEA and eventually asystole ensues 7.  

Epidemiology 
When studying SCA, a distinction is usually made depending on where the 
SCA occurred: out-of-hospital cardiac arrests (OHCA) and in-hospital cardiac 
arrests (IHCA).  

As SCA is not one uniform condition, the epidemiology is very varied. As 
there also exists some heterogeneity in definitions and reporting, the epidemi-
ology comes with some uncertainty 8. However, among adults, the most com-
mon cause of SCA is heart disease. In Europe, 91% of all OHCA:s have a 
medical aetiology 8 and in Sweden, approximately 65% of all SCA:s are 
caused by heart disease 9. The most common heart disease causing SCA is 
coronary artery disease 10 In children up to 17 years old, the most common 
causes of SCA:s are hypoxia, cardiac related issues and drowning 11. The lead-
ing non-medical causes of OHCA in Europe, in descending order, are trauma, 
asphyxia, drug overdose and drowning 12. 

The incidence of SCA varies throughout the world, and is more or less well 
known depending on the region. Some of the regions where the incidence of 
OHCA has been studied in greater detail is Europe and North America. Re-
gions where it is less studied includes Asia and Africa 13. In Europe, OHCA is 
the third leading cause of death with an incidence rate of somewhere between 
31 to 243 per 100 000 inhabitants in 2022 with approximately 65% being male 
and the median age being 67 years 14. In the United states, the incidence was 
379 per 100 000 inhabitants in 2024 15. Due to the inherent uncertainty of these 
figures, it is difficult to make direct comparisons between different regions 16.  
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Survival rates after OCHA also varies depending on the region. In Europe it 
is estimated to be between 8% and 12.7% with great variation between differ-
ent countries 14. In the US 10.5% 15 and in Australia and New Zealand 12%. 
In a study of 7 Asian countries, a survival rate of less than 8% was found 17. 

IHCA remains less studied than OHCA 18. The aetiology also differs from 
OHCA with pulmonary and cardiac aetiologies being comparable in fre-
quency 19. The incidence in Europe is reported as 1.5 to 2.8 per 1000 admis-
sions with a gender distribution comparable to OHCA but with a slightly 
higher median age. The survival rate is somewhere between 27-62% 20–22.  

Concerning risk factors; men are three to four times as likely to suffer a SCA 
compared to women. The risk also increases with higher age. As stated before, 
the most common cause of SCA is coronary artery disease which in turn is 
most commonly caused by smoking, diabetes, dyslipidaemia, obesity and hy-
pertension. Other risk factors include heavy alcohol consumption, anxiety, de-
pression and genetical factors such as a family history of SCA or specific ge-
netical disorders of the heart 16. 

Cardiopulmonary resuscitation 
The treatment for SCA is cardiopulmonary resuscitation (CPR). As the body 
is without functional circulation and breathing during a SCA, the goal is to 
provide this in an artificial manner. This is done by oxygenating the blood and 
facilitating the removal of carbon dioxide via ventilation and establishing cir-
culation with the help of chest compressions. This must continue until spon-
taneous circulation is restored, usually by the means of external defibrillation 
of the heart.  

A brief history of CPR 
The history of CPR is for the most part the history of ventilation. As SCA: s 
always has been present, various methods of resuscitating those who have suf-
fered from it have emerged, regardless of how poorly understood the condition 
was. As unconsciousness and absence of breathing were the most obvious 
signs that something was seriously wrong, naturally people in different ages 
tried to do something about it. 

As far back as the old testament, there are multiple examples of depictions of 
ventilations: God breathing life to Adam through his nostrils (Gen 2:7) 23, the 
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prophets Elijah and Elisha resuscitating children with mouth to mouth breath-
ing (1 Kgs 17:17-24, 2 Kgs 4:32-35) 23. The first scientifically sound study of 
ventilation seems to have been by the physician Galen in ancient Greece, who 
found that if you blew air through a reed down the throat of an animal, its 
chest expanded 24. 

There have also been less (at least by today’s standards) adequate ways of 
attempting resuscitation through the ages: Blowing tobacco up the rectum, 
rolling the person suffering a SCA over a barrel and flogging 25. 

The first documented case of successful resuscitation by means of artificial ven-
tilation was in 1732 when a Scottish surgeon, William Tossach used mouth to 
mouth breathing to resuscitate an apparently dead coal miner, who later made a 
complete recovery. Tossach later published an account of the episode 26. 

Ventilation continued to be the primary focus of resuscitation until the 19th cen-
tury. Different techniques were tried, among them rolling a prone patient up on 
its side and back again or raising and lowering the arms. The intended purpose 
was to expand and contract the chest in order to create ventilation 27. These tech-
niques largely replaced mouth to mouth breathing in resuscitation. It was not 
until the 1950’s that James Elam and Peter Safar demonstrated that mouth to 
mouth breathing was the superior way of achieving artificial ventilation 28 . 

Successful CPR with external cardiac massage was first described in 1892 by 
a German surgeon, Friedrich Maass 29 but was also not fully incorporated in 
resuscitation until the 1950’s, when William Kouwenhoven, Guy Knicker-
bocker and James Jude demonstrated that by compressing the chest of a dog, 
they could get a femoral pulse and later proved that the method could success-
fully resuscitate humans with SCA 30. 

CPR with chest compression and ventilation, as it is known today, was intro-
duced in 1960 when both the above-mentioned teams presented their results 
at a medical conference. 

Modern CPR 
Modern CPR is usually divided into basic life support (BLS) and advanced 
life support (ALS) depending on how and by whom it is performed. 
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Basic Life Support 
BLS represents the first line of defence during a SCA and should be started as 
soon as possible. The aim is to restore circulation and ventilation with little or 
no equipment. BLS is the reasonable level of care that can be provided by 
CPR-trained lay persons and pro-
fessionals with basic training in 
health care, such as security 
guards, police and firefighters 31. 
BLS consist of: 

Chest compressions: adminis-
tered by pushing down firmly on 
the middle part of the chest with 
both hands, roughly between the 
nipples. This should be done at a 
rate of 100-120 compressions a 
minute and with a depth of 5-6 cm 
(Fig 1.) 32. 

Rescue breaths: administered 
with mouth to mouth breathing, 
where the CPR provider pinches 
the nose of the person suffering an 
SCA and blows air mouth to 
mouth. The ventilation should take 
1 second and produce a visible 
chest rise 32 (Fig 2.) A face mask can 
also be used, which is placed over 
the patients mouth and nose, and 
used by either giving the rescue 
breath into the mask (often via a 
one-way valve) or in conjunction 
with a self-inflation bag (see below). 

Adult BLS CPR should be performed in the 30:2 mode: a repeating pattern of 
30 compressions followed by a short pause during which 2 ventilations are per-
formed. If the CPR-provider is not trained in rescue breaths, continuous chest 
compressions can be used, with no interruptions 32. 

Fig 1. Correct hand placement when per-
forming chest compressions. Source: Wiki-
media commons, CC0 

Fig 2. Mouth to mouth breathing. Source:
Rama, via Wikimedia commons, licensed
under CeCILL 
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The definitive treatment for SCA caused by VF/VT is external defibrillation. 
As such it should be included in the CPR-process as early as possible. In BLS 
this is usually done with an automated external defibrillator (AED), which 
automatically interprets the cardiac rhythm present and decides whether to de-
fibrillate or not 32. The function of a defibrillator is to deliver an electric shock 
to the heart with the goal to depolarize the cells in the myocardium in order to 
stop them from producing erroneous pacing signals and allowing the sinoatrial 
node to resume its normal pace-making function. It should be noted that the 
exact mechanism behind defibrillation terminating a VF/VT is not yet fully 
understood 33. 

Advanced Life Support 
ALS consists of the more advanced medical interventions that can be used as 
an adjunct to BLS. This is supplied by healthcare professionals with specific 
ALS training, such as doctors, paramedics and nurses. It includes manual (or 
sometimes mechanical) ventilation, advanced airway management, mechani-
cal chest compressions (MCC), manual defibrillation and administration of 
drugs. In OHCA, ALS is usually performed by the Emergency medical service 
(EMS, or ambulance) and in IHCA by specialized emergency teams 34. 

Ventilation: Manual ventilation 
is delivered with a self-inflating 
bag, with a one-way valve and 
often connected to a supply of 
oxygen. It is always connected to 
some form of airway manage-
ment system. It can also be re-
ferred to as a resuscitator or, 
when used in conjunction with a 
mask, a bag-valve-mask (BVM).  

Advanced airway manage-
ment: Refers to different devices used to keep the patient’s airway open in 
order to simplify ventilations and ensure adequate ventilation of the lungs. The 
most commonly used advanced airways are supraglottic airway devices 

Fig 3. Bag-valve-mask (BVM) 
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(SAD), which are inserted into the 
pharynx and can be inserted blindly. 
Of note is that there are many different 
types of SAD: s. One of the most com-
mon types, and used in the studies in 
this thesis, are laryngeal mask airways 
(LMA) which can be seen in Fig. 4. 
Endotracheal tubes (ET) are inserted 
in the trachea and require laryngos-
copy to be placed properly. Inside the 
trachea, they are cuffed, meaning that 
an inflatable balloon fixates the tube 
and also blocks the airway (except for 
the tube itself, which runs through the 
balloon). ET is considered a safe air-
way as it protects the patient’s airway to a larger extent from ingress of fluids, 
such as regurgitations or blood, compared to the other methods. 

Mechanical chest compres-
sions: There are multiple de-
vices in use today designed to 
perform manual chest com-
pressions. This aims to ensure 
standardized compressions, 
lessen the impact of provider 
fatigue and enable high quality 
chest compressions to be per-
formed in situations where it 
could otherwise be difficult, 
such as during transport 35,36. 
The only MCC device used in 
the studies included in this the-
sis is the LUCAS (model 2 and 3) (Jolife AB/Stryker), which is a piston-based 
device equipped with a suction cup to enhance decompression. 
  

Fig 5. LUCAS 3 attached to a CPR mannequin 

Fig 4. Endotracheal tube (left) and Su-
praglottic airway device, i-gel® (right) 
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Manual defibrillation: The de-
fibrillators used in ALS are usu-
ally manual, meaning that the ALS 
provider is responsible for inter-
preting the cardiac rhythm present 
and deciding if a defibrillation is 
adequate or not. Therefore, man-
ual defibrillators are equipped 
with a screen showing an electro-
cardiogram (ECG). Used cor-
rectly, manual defibrillators can 
shorten the pause of compressions 
during analysis and the charging 
of the defibrillator 37,38. Many 
modern manual defibrillators can also perform capnography, measuring the 
end-tidal carbon dioxide (EtCO2). 

Drugs: The two drugs currently 
recommended in CPR guide-
lines are the vasopressor adren-
aline and the antiarrhythmic 
amiodarone, both are adminis-
tered intravenously or in-
traosseous. Adrenaline causes 
vasoconstriction which im-
proves the coronary circulation 
of the heart, thereby increasing 
chances of return of spontane-
ous circulation (ROSC) 39. 
Amiodarone is thought to increase the chances of terminating a VF/VT due to 
its antiarrhythmic properties 40. 

Concerning ventilation in modern CPR 
Ventilation is a fundamental part of CPR during ALS. However, as will be 
discussed frequently in this thesis and the included studies, it remains insuffi-
ciently studied, and comparably less so than chest compressions and defibril-
lations. It should be noted though, that in recent years, there has been renewed 
interest in the field. As the practice of ventilation during CPR is very complex, 
with many distinct but intervening parts, finding direct correlations between 

Fig 6. Manual defibrillator showing ventricu-
lar fibrillation 

Fig 7. Pre-filled syringe with adrenaline and an
ampule of amiodarone 
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ventilation and outcomes can be challenging. Below is a brief overview of 
current clinical practices, their underlying scientific evidence and recommen-
dations in CPR guidelines. 

Airway management 
How to manage the airway is perhaps the most well-studied part when it 
comes to ventilation during CPR, even though the evidence is inconclusive. 
There are numerous different ways to handle a patient’s airways during CPR. 
For this overview, the focus will be on face masks, SAD:s and ET:S, which 
all comes with their advantages and disadvantages: A mask is relatively sim-
ple and quick to apply, but does not prevent regurgitation, leakage or gastric 
insufflation (where the air is ventilated into the stomach instead of the lungs) 
and it can be difficult to maintain a proper seal around the patients mouth and 
nose leading to leakage 41. SAD: s requires a little more training, but are easier 
to use once in place. When used properly, they offer some protection against 
leakage 42,43 gastric insufflation 44–47 and regurgitation 48. ET is by far the most 
complicated method and requires significant training and special equipment, 
but once in place reduces the risk of regurgitation and leakage. How many 
attempts of endotracheal intubation that is needed before proficiency is 
achieved varies, but was found in a review to be around 50 before a 90% suc-
cess rate within two attempts is achieved. However, this greatly increases with 
difficult airways 49. As opposed to masks and SAD: s, when inserting an ET, 
a pause of the chest compressions up to one minute might be necessary in 
order to be able to visualize the trachea 50, although this is not always needed 
51. This pause could potentially have a negative impact as interruptions in CPR 
and can lower the odds of survival 52,53. 

  

Fig 8. Schematic illustration of the mentioned airway devices and how they apply to
the airways. From left to right: Facemask, supraglottic airway device (in this case a
laryngeal mask airway, LMA) and endotracheal tube. The red arrows indicate where
the airstream is supplied into the patient’s airways by the device. Source: Wikimedia 
commons, CC0 



 

 21

A stepwise approach to handling the airway during CPR is usually recom-
mended, where progressively more advanced methods are employed, accord-
ing to the situation. This means that it is reasonable to start with the simplest 
method, a face mask, then switch to a SAD and lastly an ET, if the need arises. 
This could for example be due to airway complications, or circumstances sur-
rounding the SCA necessitating a certain method, such as during transporta-
tion. According to this approach, it might not be necessary to use advanced 
airways if the more basic methods works well 34. 

If there is one particular type of airway management that is superior to others 
in terms of patient outcomes, such as ROSC, survival and favourable neuro-
logical outcome, is hotly debated, and the evidence is inconclusive. Many 
studies have looked into this in OHCA but consensus has not been reached. 
One large randomized controlled trial (RCT) compared rate of survival after 
28 days with favourable neurological outcome between BVM and ET but 
found no difference between the methods (4.3% vs. 4.2%) 54. In one cluster 
RCT, no difference was found in rates of ROSC when comparing a SAD with 
ET (25.8% vs. 26.9%) 55. Another cluster RCT found no difference in neuro-
logical outcome when comparing SAD with ET 56. One cluster RCT that com-
pared ET with laryngeal tube (a type of SAD), did find a higher rate of survival 
after 72 hours in patients who received a laryngeal tube (18.3% vs. 15.4%) 
The difference was modest though and the failure rate of intubation was rather 
high 57. Yet another cluster randomized trial found a higher rate of complica-
tions for laryngeal tubes compared to LMA (odds ratio (OR) 2.82) 58, further 
complicating the picture. Numerous observational studies have been per-
formed in the field, with very heterogenous results. Some studies found fa-
vourable results from using an advanced airway compared to more basic meth-
ods such as BVM 59 while others found the opposite, favouring basic airway 
management over advanced methods 60–62. Some found favourable results for 
SAD 63,64, while others for ET 65–67 or no difference between the methods at 
all 68,69. Due to differences in study design, the included measurements, and 
the risk of bias, comparing these observational studies and drawing conclu-
sions in order to influence clinical practice is challenging 70.  

In IHCA there are very few studies on airway management. One large obser-
vational study found that the use of ET was associated with lower survival 
rates compared to not using ET (16.3% vs. 19.4%) 71. 

Based on the current evidence when ventilating during ALS, the recommen-
dations are to either use a BVM or an advanced airway (such as a SAD or an 
ET). If an advanced airway is used, it is only recommended to use an ET in 
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settings where the success rate of insertion is high, otherwise, a SAD should 
be used 34,72. 

Tidal volume 
The tidal volume is the volume of gas (ambient air or air/oxygen mixture) 
given to the patient with every ventilation. A distinction is made between in-
spiratory volume (Vti), which is the volume given to the patient and expiratory 
volume (Vte), which is the volume exhaled by the patient. Vte is thought to 
best represent the actual ventilation of the lungs, as parts of the Vti can leak 
before reaching the lungs, for example due to insufficient airway seal 73. The 
total volume given during one minute is called minute volume (MV). MV can 
also be divided into inspiratory (MVi) and expiratory (MVe) volumes 74. Tidal 
volumes in ventilations during CPR is insufficiently studied and its effect on 
patients’ outcomes is not fully understood. During mechanical ventilation in 
intubated patients in other severe conditions, such as acute respiratory distress 
syndrome (ARDS), a clear link has been found between large tidal volumes 
and increased mortality 75,76. If this is also the case during CPR is unknown, 
although ARDS appears to be common after CPR 77. On the other side of the 
tidal volume spectrum, low tidal volumes (less than 250 ml) or insufficient 
lung inflations seems to be connected to worse outcomes such as ROSC and 
survival 78. The use of a smaller self-inflating bag was also found to have an 
adverse effect on ROSC in one study, possibly due to lower tidal volumes 
being administered 79. This could be due to the dead space volume, which is 
the volume in the airways that does not participate in the gas exchange. During 
ventilation, this volume needs to be exceeded in order for oxygen-rich gas to 
reach the alveoli and for CO2 to be effectively eliminated. Small tidal volumes 
could lead to retention of CO2, with potentially negative consequences 80. The 
volume of anatomical dead space can be roughly estimated as 2.2 ml per kg 
bodyweight 81. 

As such, current guidelines take a careful approach to tidal volume recom-
mendations with the aim of neither giving to large nor to small volumes, alt-
hough this is mostly based on expert opinions and not scientific evidence. Eu-
ropean guidelines recommend a tidal volume delivered manually over 1 sec-
ond producing a visible chest rise. For mechanical ventilation, their recom-
mendations are 6-8 ml/kg-1 predicted body weight 34. The American guidelines 
recommend a tidal volume of 500-600 ml, or enough to produce a visible chest 
rise when ventilating manually and to avoid large tidal volumes.82. 
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The tidal volumes actually given during CPR have long been unknown. There 
have been prior studies investigating this though. One pilot study found that 
the mean tidal volume given to intubated patients in the pre-hospital setting 
was 435 ml. The patients included were a mix of patients receiving CPR, al-
ready having achieved ROSC and those ventilated for other reasons 83. A 
larger clinical observational trial measured tidal volumes in ventilation during 
30:2 BLS CPR with BVM’s and found Vti in line with guideline recommen-
dations (median 525 ml for the first ventilation and 531ml for the second). 
However, the Vte was significantly lower than the Vti (median 273 ml for the 
first ventilation and 327 ml for the second), indicating issues with BVM’s, 
either due to leakage or gastric insufflation 41. 

Airway pressure 
The pressure with which ventilations are given during CPR is not often meas-
ured and its interactions are poorly understood. As airway pressure is a central 
part in mechanical ventilation of sedated, intubated patients, there are numer-
ous studies concerning the subject in that particular field. Findings from these 
studies are often discussed in the context of ventilation during CPR, but doing 
so comes with some caveats that are necessary to address. First, the studies 
are from patients suffering other conditions than SCA. Second, these patients 
are usually ventilated for hours or days, compared to a typical episode of CPR 
which is often well under one hour 84,85. Third, ventilation during CPR is often 
performed manually and not mechanically, especially when not using an ET 
86. This distinction is important as many variables measured during mechani-
cal ventilation cannot be measured (or simply are not present) in manual ven-
tilation. Airway pressure measurements during CPR can also be further com-
plicated by chest compression artefacts 73 (discussed later under On the issue 
of measuring ventilation during CPR). Fig 9 illustrates pertinent differences 
in hypothetical curves of airway pressure over time in mechanical and manual 
ventilation, with important points of measurements annotated 83,87. 
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Fig 9. Pressure-time curves in mechanical (left) and manual (right) ventilation. 
PEEP: Positive end expiratory pressure; PIP: Peak inspiratory pressure; Pplat: Plat-
eau pressure 

PIP is the highest pressure during an inspiration, Pplat is the pressure meas-
ured during a pause directly following the inspiration when there is no flow, 
but the pressure remains and is allowed to equalize over the lungs and venti-
latory circuit. This represents the alveolar pressure at the end of the inspira-
tion. Measuring Pplat requires the ventilator to perform an inspiratory hold 
manoeuvre and is as such not measurable during manual ventilation. PEEP is 
the pressure maintained by the ventilator in the ventilatory circuit between 
ventilations. It serves to keep the alveoli in the lungs from collapsing (atelec-
tasis) 87. PEEP can be achieved in manual ventilation with a PEEP-valve 
which retains a certain pressure in the airway during ventilation pauses. 

Two of the most important studies on airway pressures were published around 
the turn of the 21st century and both found significantly better survival for 
ARDS patients in the intensive care unit ventilated with lower tidal volumes, 
Pplat and PIP, compared to higher. The first one found a Vti of 6ml/kg pre-
dicted body weight (PBW) and a PIP of <40 cmH2O to be superior compared 
to a Vti of 12ml/kg PBW 76. The later, larger study found a Vti of 6ml/kg PBW 
and a Pplat of 30 cmH2O superior to a Vti of 12ml/kg PBW and a Pplat of 45 
cmH2O 75. This lung protective strategy of ventilation has been in use ever 
since and has been shown to be beneficial in ventilation during other condi-
tions and in other settings as well 88,89. These studies are often mentioned in 
the context of airway pressure (and tidal volumes) during CPR. The relevance 
of these studies for ventilation during CPR is unknown, due to the previously 
mentioned factors. However, they do serve as hypotheses generating for ven-
tilation during CPR, namely, if high airway pressure is detrimental for the 
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patient or if it could in fact have some benefits, if applied at the right time 
during the compression/decompression cycle. 

PEEP has been found to improve ventilation and reduce lung damage during 
CPR in animal studies 90,91, and some observational studies in humans have 
shown potential benefits of applying PEEP during CPR 92,93. No major RCT 
has to this day been performed on the subject. 

The research on airway pressures during CPR is very limited. One small pilot 
study found that the PIP was higher in ventilations performed during chest 
compressions compare to ventilations when no chest compressions were given 
(absolute difference 32 cmH2O) 83. There are currently no recommendations 
for airway pressure in neither the European nor the American CPR guidelines. 
Although of note is that the European guidelines did in their most recent (2025) 
edition include recommendations for mechanical ventilation where it is stipu-
lated to use a PEEP of 0-5 cmH20 and set a pressure alarm at 60 cmH2O 34,82. 

Ventilation rate 
Along with airway management, ventilation rate has perhaps been the most 
discussed topic in ventilation during CPR. Due to ease of measuring (usually 
via a capnograph 94), the area is relatively well investigated, although without 
clear consensus. It was long feared that hyperventilation (meaning either to 
ventilate to fast, or with large tidal volumes, or a combination of both) was 
common during CPR, mainly due to two influential studies published in 2004 
that found hyperventilating to be both common and detrimental to outcomes 
95,96. The sample size and methodology of these studies have later been ques-
tioned. Newer studies have found hyperventilation to not be as prevalent as 
once thought 97–99 and have failed to show clear effect on outcomes and also 
questioned the reliability of capnography as a mean to measure ventilation rate 
97,100,101. One IHCA study on ventilation frequencies found that they were often 
above the recommendations, but also that higher ventilation rates (> 12/min) 
were associated with improved ROSC (45% compared to 24% for ventilation 
rates of 6-12/min) 102. This study needs replication though as the results could 
be due to chest compressions being registered as ventilations in the capnogra-
phy signal, further questioning the reliability of capnography to measure ven-
tilation rate (at least in the absence of specialized tools for analyses of venti-
lation during CPR, as described later in this thesis). 

The current recommendations for ventilation rates are 10/min when an ad-
vanced airway has been placed. When using BVM or rescue breaths, a 30:2 
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compression to ventilation ratio can also be used 34,82. If performing CPR with 
110 compressions/min and utilizing a 3 second pause for ventilations, this 
equates to a ventilation rate of approximately 6/min. 

Compression to ventilation ratio 
Ventilations during CPR can be given asynchronous to chest compressions, 
meaning that the ventilations are given during ongoing continuous chest com-
pressions. The other commonly used method is to perform ventilations syn-
chronous to chest compressions. In practice, according to current guidelines, 
this means that 30 chest compressions are given, followed by a pause during 
which two ventilations are performed, afterwards the chest compressions are 
resumed. This pattern is then repeated. A large cluster randomized trial com-
pared synchronous and asynchronous ventilations during CPR when using 
BVM and found no differences in survival or favourable neurological outcome 
(9.7% vs. 9.0% and 7.7% vs. 7.0% respectively). However, there were some 
per-protocol outcomes that favoured synchronous ventilations such as admis-
sion to hospital (25.9% vs. 24.6%) and hospital free survival days (1.5 vs. 1.3) 
103. One perceived risk with asynchronous ventilations was previously that it 
could increase the rate of regurgitations. This was not found in this study. As 
such, in the American CPR guidelines, when using BVM, both methods are 
recommended 82. The European guidelines are less specific about this 34 but 
both guidelines recommend using asynchronous ventilations when an ad-
vanced airway is placed unless there is excessive leakage leading to inade-
quate ventilation of the patients lung. What constitutes as excessive leakage 
and inadequate ventilation is not further specified. The rationale behind rec-
ommending advanced airways during continuous chest compressions can per-
haps be questioned as the research directly informing this guideline was con-
cerning BVM: s and not advanced airways, such as SAD: s or ET: s. 

Physiological effects of CPR and ventilation  
How chest compressions and ventilation affect the circulatory and respiratory 
systems, and the interaction between the two is very complex and not yet fully 
understood. As measuring pressure and flow in the circulatory system (hae-
modynamics) requires special equipment and invasive procedures, it is not 
often done in the field. Therefore, most of the research underlying the evi-
dence comes from animal studies. To discuss the physiological effects of ven-
tilation during CPR, some fundamental properties are worth highlighting: 
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• Ventilation during CPR is an example of positive pressure ventila-
tion where air is delivered to the lungs by means of an external posi-
tive pressure as opposed to normal breathing, where air is drawn into 
the lungs by a negative pressure caused by the expansion of the 
thorax during inhalation. 

• The purpose of ventilation during CPR is to oxygenate the blood and 
enable elimination of CO2. 

• Insufficient oxygen levels in the blood leads to ischemia in the brain, 
irreversible brain damage and death. It can also cause constriction of 
the pulmonary arteries, which inhibits blood flow in the pulmonary 
circulation 104,105, potentially reducing the blood flow to the left side 
of the heart and making chest compressions less effective due to de-
creased volumes of blood being ejected from the heart, or cardiac 
output (CO). 

• Increased CO2 levels causes the body to become acidic, which inhib-
its important vital functions like the binding of oxygen to haemoglo-
bin. It can also negatively affect the success rate of defibrillations 
106,107. Decreased CO2 levels can cause constriction of arteries in the 
brain, with impaired cerebral circulation as a consequence 108. 

• To enable adequate ventilation, the inspired oxygen must reach the 
alveoli where the gas exchange takes place, meaning that both the 
upper airways and the lower, smaller airways (such as the bronchi-
oles and alveoli) needs to be open. 

• The blood must be circulated, both in the pulmonary circulation, in 
order to reach the alveoli and participate in the gas exchange, and in 
the systemic circulation, on order to reach the tissues, oxygenate 
them and facilitate the removal of CO2. 

• During normal inhalation, the negative pressure in the thorax draws 
venous blood to the heart (increasing the venous return) and helps to 
ensure adequate CO. 

Immediately following a SCA, the blood is already oxygenated to a certain 
degree (depending on the aetiology of the SCA). If this is enough to prevent 
ischemia in the brain with only chest compressions in the first few minutes 
after a SCA is debated with studies coming to different conclusions, some 
found chest-compression only CPR to be beneficial 109–111 while others failed 
to detect a beneficial effect 112,113. Previous studies have also found that ab-
sence of ventilation can negatively affect the lung physiology, by increasing 
the formation of atelectasis 114,115.  
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If the SCA is not reversed quickly, ventilation becomes increasingly important 
as the oxygen levels drops and CO2 levels increases.  

Once ventilation starts during CPR, a complicated interaction takes place be-
tween the ventilations and the chest compressions. Traditionally, blood flow 
during CPR has been described by one of two theories, the cardiac pump the-
ory and the thoracic pump theory, both of which relate to ventilation in differ-
ent ways, mainly due to how ventilation alters the intrathoracic pressure. 
 

• The cardiac pump theory postulates that the circulation is driven by 
the direct compression of the heart between the sternum and the spine, 
mimicking an actual contraction of the heart. During decompression 
(the up-stroke of a chest compression), the pressure inside the heart 
falls, allowing blood to fill it again 116.  

• The thoracic pump theory arose when coughing during VF was found 
to prolong the duration of consciousness directly following the onset 
in a handful of patients undergoing angiography. The pressure in the 
aorta was found to be higher during a cough than what was achieved 
with chest compressions 117. As the heart was not directly compressed 
during the coughing, this cast doubt on the cardiac pump theory as the 
sole explanation for circulation during CPR. In the thoracic pump the-
ory, it is the pressure inside of the thorax that is driving the circulation. 

More modern interpretations see the two theories as not mutually exclusive, 
but both playing an important part in the understanding of circulation during 
CPR and being more or less relevant depending on the situation and patient at 
hand 118,119. However, they do lead to different conclusions regarding the in-
trathoracic pressure (both caused by chest compressions and ventilations) and 
its effect on the circulation. If one solely relies on the cardiac pump theory, 
then an increased intrathoracic pressure due to ventilation could lower the ve-
nous return and thus lowering CO. Therefore, a high airway pressure (such as 
PIP) could lead to negatively affected haemodynamics if the pressure from the 
airway is transferred to the thorax (which is far from certain) 120. An increased 
intrathoracic pressure according to the thoracic pump theory on the other hand, 
could if applied at the right moment in the compression/decompression cycle 
lead to a higher CO, due to more blood being pressed out of the thorax. Efforts 
have been made to implement ideas about altering intrathoracic pressure into 
clinical practice, such as with the impedance threshold device (ITD). It works 
by generating more negative intrathoracic pressure during decompression in 
order to improve the venous return (in line with the cardiac pump theory). The 
use of an ITD showed promising results in animal studies 121,122 but failed to 
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show any benefits in humans in a clinical randomized comparison of a large 
number of patients 123. Another more recent attempt at optimizing the intratho-
racic pressure combining both of theories has been chest compression syn-
chronized ventilations (CCSV) where a small, high pressure ventilation is 
given simultaneously with each chest compression with the aim of increasing 
the intrathoracic pressure only during compression to facilitate higher CO 
(thoracic pump theory) and maintaining a low intrathoracic pressure during 
decompression to facilitate higher venous return (cardiac pump theory). It re-
quires specialized ventilators that use the increased airway pressure during 
chest compressions to trigger the ventilations 124. Initial animal testing showed 
positive results on oxygenation but a later animal study showed an increased 
risk of injuries (pneumothoraces) 125. Observational studies on CCSV in hu-
mans have failed to show survival benefits from CCSV, and have in fact dis-
played conflicting trends for ROSC when CCSV was compared to other ven-
tilations modes, necessitating further investigation 126,127. 

Further complicating the picture is the concept of intrathoracic airway closing. 
During normal respiration, there is a certain volume of air left in the lung at 
the end of the exhalation, the functional residual capacity (FRC). The function 
of this is to keep the small airways from collapsing in-between breaths. During 
CPR, as muscle tonus in the thorax is lost and due to chest compressions, the 
volume at the end of the expiration falls below the FRC, which can cause 
smaller airways to collapse 128. This can lead to the lungs being less aerated, 
impairing gas exchange, and to the formation of atelectasis, which can impair 
oxygenation 129 and increase pulmonary vascular resistance 130. The intratho-
racic airway closing during CPR has also been found to limit the transmission 
of intrathoracic pressure to the pressure measure at the airways 128. This could 
in theory limit the effect of PIP on intrathoracic pressure and by extension 
effects on the haemodynamics. The clinical implications of this remain un-
known. Applying PEEP has been proposed as a method to prevent intratho-
racic airway closing, and has in experiments been shown to be effective 131. 
The research on PEEP in CPR is inconclusive, as discussed before. 

Capnography 
Measuring EtCO2 is one way to try to evaluate the physiological effects of 
CPR. EtCO2 is the partial pressure of CO2 in exhaled air measured at the end 
of expiration and reflects the cellular aerobic metabolism of perfused tissues. 
As such it can theoretically give insight into CO, the perfusion of tissues, pul-
monary and systemic circulation, as well as the ventilation. A normal EtCO2 

is usually between 35-40 mmHg in healthy, spontaneously breathing adults 
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132. Capnography is commonly used in ALS CPR. Four main practical uses of 
capnography during CPR have been proposed: 
 

• Assessment of CPR quality. This incorporates both the chest com-
pressions, where studies have shown that increased chest compres-
sions depth is associated with higher EtCO2 

133,134 and measuring of 
the ventilation rate, in order to avoid hypo-and hyperventilation 
which has been discussed prior. It should be noted though that as 
capnography only measures the rate and not volume given, only ven-
tilation rate-related hypo-and hyperinflation can be assessed. 

• Detection of ROSC. Studies have found that EtCO2 after ROSC can 
be higher than before ROSC, around 10 mmHg 135,136. The timing of 
measurements and clinically usable levels remain unclear. 

• Prognostication of outcome. As CO2 is produced only by living cells, 
a very low (or absent) EtCO2 should indicate widespread cell death. 
As such, a cut-off EtCO2 value of 10 mmHg after 20 minutes has 
been proposed as a criteria for terminating CPR 137. Later studies 
have found that survival is possible even with these low EtCO2 val-
ues 138. Capnography is also sensitive to other influences, such as 
airway potency, intrathoracic airway closure and chest compression 
quality. Therefore, it is not recommended to solely use capnography 
to prognosticate outcome during CPR 

• Confirmation of ET placement in order to avoid oesophageal intuba-
tion. As EtCO2 is produced in the lungs, even a low EtCO2 indicates 
a tracheal intubation, and subsequently, no EtCO2 readings indicates 
an oesophageal intubation. Although there are rare cases where there 
could be some CO2 in the stomach, leading to false indications of 
tracheal intubation 139, capnography is strongly recommended to use 
to confirm correct ET placement 140. 

On the issue of measuring ventilation during CPR 
The art of measuring ventilation during CPR is a complicated and delicate 
procedure. First and foremost, it is a practical issue, SCA: are often very cha-
otic with many people involved in the various tasks surrounding the patient. 
This is especially evident in the beginning of the resuscitation process before 
the defibrillator has been set up, the airway managed, intravenous lines estab-
lished and so on. To initiate an active registration of ventilation during this 
time is fraught with difficulties and is often (understandably) forgotten due to 
other more pressing tasks being prioritized. As such, measuring ventilation by 
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means of devices already in use during CPR is preferable. This probably 
serves as an explanation as to why capnography has been common for many 
years in SCA (as opposed to other ventilation associated measurements). As 
capnography is integrated in many modern manual defibrillators in use during 
ALS it can easily be incorporated in the standard CPR protocol. It should be 
mentioned though that there have been promising developments in this area 
in the last 10 years or so. One manual defibrillator on the market today comes 
equipped with an airflow sensor capable of measuring ventilation volume 
(Zoll X-series, Real BVM Help ©). A separate device for measuring volume 
and ventilation rate has also been developed and is available on the market, 
the (Archeon Medical EOlife). Devices like this could in theory enable meas-
urements of volume to be included in standard CPR protocols the same way 
capnography is. If measuring ventilation is beneficial for the patient during 
CPR is unknown, but simulation studies have shown improvement in the ven-
tilation while using ventilation feedback devices 141–143. A clinical before and 
after study also found better compliance to pre-defined ventilation targets 
when using a feedback device 144. More clinical research is needed and this is 
a developing area of research. 

Once the ventilation data is collected, another issue arises when the data is 
analysed, namely the chest compression artefacts. For detailed analyses of 
ventilation parameters, they are often sampled at a high rate (>25 Hz) and 
compiled into a waveform for visual inspection. As the sensors measure flow, 
pressure and CO2 changes in great detail, they are sensitive to changes in these. 
During a chest compression, air is pushed out of the chest, and during decom-
pression, air is drawn in. This result in air going back and forth through he 
sensors at the rate of the chest compressions. This gives rise, to a varying de-
gree, to sawtooth patterns in the waveform 73 which can interfere both with 
the visual inspection of the waveform and make automatic extraction of indi-
vidual parameters difficult, as the software designed to do this can struggle to 
identify the correct measuring points due to all the artefacts. The amplitude 
and frequency of the artefacts can vary due to airway seal and intrathoracic 
airway closure 131. Fig 10 shows an example of ventilation waveforms with 
and without chest compression artefacts. To extract accurate ventilation data, 
these artefacts need to be taken into consideration and be adjusted for. 
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Fig 10. Ventilation waveforms signals of flow and airway pressure with compression 
artefacts (left) and without (right). 

Animal models in CPR research 
Due to the many inherent difficulties in performing prospective clinical CPR 
studies, especially those requiring invasive procedures, a large amount of the 
evidence that currently exists comes from pre-clinical studies in animal mod-
els. Some of the most seminal research in CPR concerning chest compressions 
and defibrillations were performed in animal models using dogs 145,146. In more 
modern CPR research, the most commonly used animal is the pig 147. The pig’s 
internal anatomy shares many similarities with humans, making them suitable 
for use in experimental CPR research. The heart and lungs of the pig is very 
similar to humans with the coronary artery system being almost identical 148. 
In fact, the anatomy is so similar that transplants of heart and lungs from pigs 
to humans have been performed 149,150. There are differences of note in the 
context of CPR research, apart from the more obvious ones including the pigs 
body orientation, which is horizontal as opposed to human’s vertical orienta-
tion. Regarding the respiratory anatomy and physiology, the pig’s right lung 
has 4 lobes and the left three, compared to humans which have three lobes in 
the right lung and 2 in the left. Pigs also have an additional bronchus stemming 
from the trachea prior to where the trachea divides into the left and right main 
bronchi 151. The thorax of the pig is also more triangular in shape, compared 
to that of humans which is flatter. The heart in pigs is as noted very similar to 
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humans, but with a slightly different shape, being more “heart shaped” com-
pared to humans more trapezoidal shape, and with a more central and horizon-
tal orientation in the thorax 152. As in all translational research, the differences 
between the species used in the research and their differences to humans are 
always important points of consideration. 

Known unknowns 
As is perhaps evident, there are many unanswered questions when it comes to 
ventilation during CPR. On the most fundamental level, it is unclear how ven-
tilation is actually delivered during CPR; what tidal volumes are administered, 
and at what flow rates and pressure. The influence of chest compression on 
ventilation is also not fully understood, nor is the effectiveness of the given 
ventilations; do they reach the lungs and contribute to the gas exchange in a 
meaningful way. This thesis aims to explore these known unknowns and lay 
the foundation for future research to improve the treatment of patients suffer-
ing from SCA. 

Unknown unknowns 



 

 34 

Aims 

The aim of this thesis was to explore and advance the understanding of venti-
lation during cardiac arrest and how it is measured. In the experimental setting 
by describing ventilation, haemodynamics and lung injuries in different ven-
tilation modes, and in the clinical setting by measuring ventilation parameters 
during sudden cardiac arrest across different ventilation modes and airway 
methods. 

The individual aims of the included studies in this thesis were as follows: 

Study I: To investigate whether active decompression by means of a suction 
cup on a mechanical chest compression device aids chest recoil and improves 
haemodynamics and ventilation during CPR in an experimental porcine 
model. 

Study II: To investigate differences in ventilation parameters, haemodynam-
ics, blood gases and lung injuries in experimental CPR given as either contin-
uous chest compressions and ventilations or 30:2 in a porcine model. 

Study III: To develop and evaluate an algorithm to extract ventilation param-
eters from pneumotachography waveform data collected during ongoing sim-
ulated CPR. 

Study IV: To present an extensive description of ventilation parameters dur-
ing CPR given by ALS-providers and to compare them across different venti-
lation modes and airway modalities. 
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Methods 

The measurements in study II-IV in this thesis share the same basis when it 
comes to ventilation parameters of interest and the devices used to capture 
these. They will be described below before the methodologies of the individ-
ual studies are addressed. 

Ventilation parameters 
A parameter is defined as: “any of a set of physical properties whose values 
determine the characteristics or behaviour of something” 153. In the included 
studies, the ventilation parameters are the quantification of the different meas-
urements describing the ventilation. The definition of the included ventilation 
parameters can be seen in Table 1. Of note is that in this thesis, inspiratory 
refers to process of supplying gas to a subject (inhalation in normal breathing), 
and expiratory refers to gas coming from the subject (exhalation in normal 
breathing). 
 
Table 1. Definitions of ventilation parameters 

Parameter Abbreviation Unit Definition 

Inspiratory tidal 
volume 

Vti ml 
Total inspired volume during one 

ventilation 
Expiratory tidal 
volume 

Vte ml 
Total expired volume during one 

ventilation 
Inspiratory minute 
volume 

Mvi ml 
Total inspired volume during one 

minute 
Expiratory minute 
volume 

Mve ml 
Total expired volume during one 

minute 
Duration of inspira-
tion 

Ti Sec 
Duration of positive flow during 

one ventilation 
Duration of expira-
tion 

Te Sec 
Duration of negative flow during 

one ventilation 
Peak inspiratory 
flow 

PIF L/min 
Highest measured inspiratory flow 

during one ventilation 
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Peak inspiratory 
pressure 

PIP cmH2O 
Highest measured inspiratory pres-

sure during one ventilation 
Ventilation fre-
quency 

Freq n/min Number of ventilations per minute 

Peak expired car-
bon dioxide 

PECO2 mmHg 
Highest measured CO2 during expi-

ration 

Pneumotachograph 
The ventilation parameters in Study II-IV, with the exception of the PECO2, 
were measured using a pneumotachograph (Fluxmed GrH, Mbmed, Buenos 
Aires, Argentina). A pneumotachograph is a differential pressure flowmeter 
and works on the principle of Hagen-Poiseuille’s law, which states that in a 
fluid with laminar flow, the flow rate is proportional to the pressure drop over 
a resistive element. In practice, the pneumotachograph measures pressure dur-
ing gas flow on different sides of a mechanical resistance in a hollow tube. By 
comparing these pressure readings, a calculation of flow can be made 154. The 
Fluxmed GrH uses a sample rate of 256 Hz, allowing for very precise meas-
urements of flow and pressure over time. In this thesis, the tube (called flow 
sensor) was connected between the self-inflating bag and the airway device. 
A schematic illustration of the general workings of the flow sensor can be seen 
in Fig 11.  

 
Fig 11. Schematic illustration of a pneumotachograph (not to scale). 1: Gas flow from 
self-inflating bag, 2: Flow sensor, 3: Pressure reading prior to resistance, 4: Resistance 
(narrowing of the tube), 5: Pressure reading after resistance, 6: Pressure sensors on a 
circuit board, 7: Gas flow to airway device 
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Capnograph 
A capnograph measures the partial pressure of CO2 (the proportion of total gas 
pressure that is exerted by carbon dioxide) based on the principle that CO2 

absorbs infrared light at a specific wavelength, 4.3 µm. By passing infrared 
light through expired air and measuring how much of it is absorbed before 
reaching a sensor, the concentration of CO2 can be measured. This can be 
achieved in two ways, either by actively drawing a small volume of gas from 
the respiratory circuit into a sensor unit (side stream capnography) or by plac-
ing the sensor directly into the respiratory circuit, (mainstream capnography) 
155, which was the method utilized in the studies of this thesis where the main-
stream sensor was connected to the flow sensor of the pneumotachograph and 
placed between the self-inflating bag and the airway device. 

In the included studies, the pneumotachograph and capnograph were connected 
to a portable computer, where numerical data of flow, pressure and CO2 in 256 
Hz was stored and could later be shown as waveforms. The assembled devices 
were housed in a bag to aid portability and ease of use. See Fig 12. 

 

 
Fig 12. The setup of the devices used in the studies underlying this thesis 
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Individual study designs and methodologies 
Study I and II 
Study I and II were both experimental animal studies using pigs. Study I aimed 
to explore the effects of a suction cup on a mechanical chest compression de-
vice on haemodynamics and ventilation during experimental CPR. Study II 
aimed to compare ventilation and haemodynamics between CPR performed 
continuously or in the 30:2 mode. They shared the same ethical approval from 
the Animal Ethics Board in Uppsala, Sweden (Dnr. 5.8.18-05377/2021). They 
were conducted using the ARRIVE 2.0 guidelines and checklist 156. Both studies 
were conducted at the Hedenstierna laboratory (Uppsala university, Sweden). 

Animals 
The pigs used were of the Norwegian landrace/Yorkshire/Hampshire mixed 
breed and aged 2-5 months. They were raised at a local, commercial pig farm 
which meant a relatively short transport from the farm to the laboratory. Prior 
to the start of the experiment, they were kept fasting for 12 hours with free 
access to water. All the pigs arrived in the morning to the laboratory. 

Preparation 
The preparation in both studies were the same. At arrival, the pigs were first 
weighed inside their transport box. After that they were anesthetized with a 
subcutaneous injection of tiletamine (6 mg/kg) and zolazepam (2.2 mg/kg). 
The pigs were left undisturbed for 5-10 minutes before checking that the an-
aesthesia was deep enough. If so, the pigs were placed supine on an operating 
table connected to ECG and SpO2 monitoring and an ear vein was cannulated 
in order to first give a bolus of fentanyl (10-20 µg/kg) and then to maintain 
anaesthesia throughout the preparation and experiments. This was done with 
a continuous infusion of ketamine (30 mg kg-1 h-1), midazolam (0.1 mg kg-1 
h 1) and fentanyl (3.75 mg kg-1 h-1). After ensuring that the anaesthesia was 
deep enough to prevent a response to painful stimuli, a bolus, followed by a 
continuous infusion, of rocuronium was administered (50 mg and by 0.15 mg 
kg-1 h-1). To prevent dehydration a continuous infusion of Ringer’s acetate was 
administered at 30 ml kg-1 h-1. An incision was made to access the urinary 
bladder, in which a urinary catheter was placed.  

The pigs were tracheotomized and an ET was inserted. During the preparation 
they were mechanically ventilated in volume-controlled mode with Vt 6-8 
ml/kg, respiratory rate 25, inspiratory: expiratory ratio 1:2, FiO2 0.5 and PEEP 
5 cmH20. After surgical preparations for the monitoring (described below) 
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was finished, the animals were left to rest for at least 30 minutes before the 
start of the experiment. 

Monitoring 
Study I: In order to facilitate aortic pressure (AP) measurement, a neck artery 
was dissected and a catheter was placed and advanced to the ascending tract 
of the aortic arch. On the same side a catheter was placed in the internal jugular 
vein for the purpose of central venous pressure (CVP) measurement. On the 
pig’s forehead, the cranial parietal region was shaved and an incision was 
made to expose the parietal bone, where a hole was drilled to place an intra-
cranial pressure (ICP) sensor. Lastly, defibrillator pads were placed. 

Study II: Monitoring in study II was similar to study I, with the exception of 
ICP, and with the addition of a secondary femoral artery line to enable blood 
gas sampling without interfering with the AP measurement. 

Protocol 
Study I: The animals were randomized into two groups. One group received 
chest compressions with a LUCAS 3 chest compression device with suction 
cup (suction cup group) and the other group received chest compressions with 
the device without the suction cup (No-suction cup group). In the suction cup 
group, the edges of the cup were glued to the animal’s thorax in order for it to 
stay adhered to the skin, as it does in humans. In the no-suction cup group, the 
compressions were done directly by the piston of the device, without a suction 
cup mounted. 

To induce VF, two needles were placed subcutaneously on the chest, creating 
a line passing through the animal’s heart. A device then delivered an alternat-
ing current (80 V-500 VA) through the heart. VF was verified by the absence 
of an AP and a VF on the electrocardiogram. The animals were left untreated 
for 3 minutes before CPR started. It was administered with 30:2 at a rate of 
102/min. Ventilation was performed by the same person in all animals. Ven-
tilation was done manually with a bag on the respiratory circuit which the 
animals remained connected to with 100% O2. During the experiment, hae-
modynamics, NIRS, ICP, PbtO2 and ventilation were sampled continuously.  
After 18 minutes an adrenaline bolus of 0.5 mg was administered and after 20 
minutes a defibrillation with 150 J was given, followed by 2 minutes of CPR 
and then another defibrillation. If no ROSC was detected after 3 defibrillations 
the animal was declared dead. If ROSC was achieved the animal was observed 
and monitored for 60 minutes, followed by euthanasia by an injection of 
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potassium chloride. Autopsy was then performed to assess CPR related inju-
ries. A trial flowchart with a timeline can be seen in Fig 13. 

 

 
Fig 13. Timeline of the protocol. Abbreviations: CPR; cardiopulmonary resuscitation, 
VF; ventricular fibrillation 

Study II: The animals were randomized into two groups. One received venti-
lations during CCC (CCC group) at 10/min. The other group received 30:2 
CPR with two ventilations given during the pause of compressions. In the 
CCC group, a timer was used to give a signal every 6th second to indicate when 
the ventilation was to be given. Both groups received chest compressions from 
the LUCAS 3 device, in the CCC group it was set to continuous mode and in 
the 30:2 group to 30:2 mode. The compressions were given with a rate of 
102/min. The suction cup’s edges were glued to the thorax of the animals. 
Before induction of VF a baseline blood gas sample was taken. 

VF was induced the same way as in study I. After 3 minutes of VF CPR and 
ventilation was started according to the randomization and continued for 20 
minutes. Ventilation was given manually with a self-inflating bag and Flux-
med GrH was used both to record ventilation parameters and to guide the ven-
tilation by providing real time information on the given tidal volume. The goal 
was for every ventilation to be as close to 8 ml/kg as possible. During the 
experiment, haemodynamics and ventilation was sampled continuously. 
Every 5th minute a blood gas sample was taken. After 20 minutes of CPR, the 
animals were euthanized with an injection of potassium chloride. Once the 
animals had been declared dead a post mortem analysis was performed. Inju-
ries to the skin, airway and ribs were noted. This was followed by the removal 
of the heart and lungs in block. The lungs were visually inspected and the 
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occurrence of macroscopic signs of atelectasis, hyperinflation and haemor-
rhages were recorded. After this two samples were taken from 5 locations on 
each individual lung (left and right paracardiac region, upper ventral lobe, up-
per dorsal lobe, lower ventral lobe and lower dorsal lobe). The first set of sam-
ples were used to assess oedema by wet-dry ratio. The samples were weighed, 
then put in a 37 degrees oven for one week after which they were weighed 
again. The other set of samples were put in formaldehyde and sent to a 
pathologist at the National veterinary institute (SVA, Uppsala, Sweden) where 
they were analysed using microscopy. The pathologist graded the extent of 
atelectasis and hyperinflation and signs of oedema and microscopic haemor-
rhages. The timeline of the protocol can be seen if Fig 14. 
 

 
Fig 14. Timeline of the protocol. Abbreviations: CPR; cardiopulmonary resuscitation, 
VF; ventricular fibrillation 

Collected data and data curation 
Study I 

• EtCO2 – mmHg 
• Aortic pressure (AP) – mmHg 
• Coronary perfusion pressure (CPP) (calculated from aortic and ve-

nous pressure at the end of the decompression phase) – mmHg 
• Cerebral perfusion pressure (CerPP) (calculated from aortic pressure 

and ICP at the end of the decompression phase) – mmHg; 
• Compression and decompression (or peak and nadir) aortic pressure 

– mmHg; 
• Central venous pressure (CVP) – mmHg 
• Intracranial pressure (ICP) – mmHg 
• Vti during CPR – ml 
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AP, CVP and ICP were sampled 100 times per second. Tidal volume and 
EtCO2 were registered for each individual breath. For hemodynamic data, the 
experiment was divided into 4 timeframes and a mean value for each param-
eter was calculated for each individual timeframe. 

AP, CVP and ICP were recorded at three different points of the curve at every 
compression/decompression cycle: peak pressure, nadir pressure and the end 
of decompression. The CPV and ICP pressure recorded at the end of decom-
pression was used to calculate CPP and CerPP with the following formulas: 
CPP = AP – CVP and CerPP = AP – ICP 

 
Study II 

• PIP 
• Max and min Arterial pressure (maxAP, minAP)  
• Max and min Central venous pressure (maxCVP, minCVP) 
• Coronary perfusion pressure (CPP) 
• Vti 
• Ti 
• MVi 
• PECO2 
• PIF 
• Arterial blood gases (ABG) 
• Changes over time in haemodynamics, PECO2 and ABG during the 

experiment 
• Oedema assessed by wet-dry ratio 
• Histopathological assessment of the lungs (atelectasis, oedema and 

hyperinflation) 

For analysis of ventilation parameters from the waveform data form the Flux-
med GrH, a R-script was made to extract the peak value of these parameters 
for each ventilation, as well as the duration of the inspiration. MVi was calcu-
lated as Vti * ventilations·min-1. PECO2 was used as a proxy for EtCO2. 

AP and CVP were recorded at 125 Hz. For these parameters, two timepoints 
were identified and the values there recorded using a Matlab script; Maximum 
compression (maxAP and maxCVP) and maximum decompression (minAp 
and minCVP). The values at maximum decompression were used to calculate 
CPP; minAP – minCVP. For both the ventilation parameters and 
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hemodynamic parameters, a mean value was calculated for each minute of the 
experiment (20 in total) and used for the statistical analysis. 

Statistical analysis 
Both studies used an online randomization tool to assign the animals to the 
different study groups 157. 

Study I: Data analysis was performed using Prism 8.0 (GraphPad Software ©). 

Normality was verified with the Shapiro-Wilks test and parametric data was 
presented with mean and standard deviation (SD). Non-parametric data was 
presented as median and range. Comparisons of the overall differences be-
tween groups was performed with a mixed model ANOVA for repeated 
measures. For comparisons of differences between the individual timeframes, 
multiple t-tests for parametric data and with Wilcoxon’s test for non-paramet-
ric data was used. Multiple comparisons were adjusted using Bonferroni-
Dunn correction. Correlations were investigated using Pearson’s test with a 
correlation coefficient of 95% confidence interval (CI) and r being presented. 
A sample size of 16 was calculated as being sufficient to detect a 5 ± 1.6 
mmHg difference in EtCO2 between the groups (α error 0.05, β error 20%). A 
p-value of <0.05 was considered significant. 

Study II: Statistical analysis was performed using SPSS 28.0 (IBM ©). 
Baseline and post-mortem values were analysed using Mann-Whitney U test 
for continuous variables and Fisher’s exact test for dichotomous variable. De-
scriptive statistics were presented as n for categorical variables and median 
and interquartile range (IQR) for continuous variables. The multiple compar-
isons of lung tissue samples were adjusted using Bonferroni correction. 
Mean values throughout the experiment and changes over time were analysed 
using linear mixed models with time as a repeated measures and CPR mode, 
time and CPR mode-time interaction as fixed factors. First order ante depend-
ence was chosen as the covariance structure as it gave the best model fit ac-
cording to Akaike’s information criterion (AIC) in a majority of the models. 
The mean values, confidence intervals and p-values presented were taken 
from the models estimates. Correlations were analysed using Pearson’s test. 
A p value of <0.05 was considered significant. 

Study III 
Study III was an experimental algorithm development study with the aim of 
developing an algorithm capable of extracting accurate ventilation parameters 
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from ventilation waveform data in the presence of chest compression artefacts. 
A further aim was to achieve a robust enough algorithm that it could be used 
in the analyses of clinical data in Study IV. This was necessary as the propri-
etary software included with the Fluxmed GrH (Fluxreview, in Study III called 
the standard method) struggled due to the presence of chest compression arte-
facts in the waveforms. Two sets of ventilation data were used in the study to 
develop and evaluate the performance of the algorithm. The primary dataset 
came from an experimental setup and the secondary came from clinical data 
collected for Study IV. As such this data collection was approved under Swe-
dish Ethical Review Authority approval Dnr. 2018/531 and the Medical Ethics 
Review Committee of Amsterdam UMC approval number 2023.0998. 

Data collection 
The primary dataset came from an experimental setup using ventilators (Ma-
quet Servo-i or Maquet Servo-u, Getinge, Gothenburg, Sweden) connected via 
a respiratory circuit to a test lung (Smartlung Adult, IMT. Analytics, Buchs, 
Switzerland) with the Fluxmed GrH inserted between the ventilator and the 
test lung, see Fig 15.  
 

 
Fig 15. A schematic illustration of the experimental setup used (not to scale). 1: Test 
lung, 2: Flow sensor and capnograph, 3: Respiratory circuit, 4: Ventilator, 5: Portable 
computer, 6: Pneumotachograph device. 

The ventilators were used to give ventilations with known Vti, Vte, PIP and 
Freq. These ventilations were registered by the Fluxmed GrH, resulting in 
waveform signals on which the algorithm was tested and evaluated with the 
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aim of being able to extract values of the mentioned parameters matching the 
values of the ventilators as closely as possible. In order to evaluate a wide 
range of the included parameters, different settings were used on the ventila-
tors. Tidal volumes between 177 and 612 ml, pressures between 12 and 45 
cmH20 and ventilation rates between 10 and 30 per minute. Both volume-con-
trolled and pressure-controlled modes were used. In order to simulate chest 
compressions, the test lung was compressed at a rate of 110 compression per 
minute. To maintain the correct rate, a metronome was used. The test lung was 
compressed in such a way that the compression artefacts on the waveform 
signals visually resembled those observed in human data. Ventilations were 
either given asynchronous to the chest compressions or synchronous in the 
30:2 mode. Airway leakage was also simulated with the built-in leakage reg-
ulator on the test lung. 

The secondary dataset was used for manual fine tuning of the selected threshold 
parameters (described further down). As this data was taken from Study IV, the 
methodology of that data collection is described in detail under Study IV. 

Algorithm development  
For the development of the algorithm R v. 4.4.2. (R Foundation for Statistical 
Computing, Vienna, Austria) was used. The basis for the ventilation detection 
(meaning when to start the measuring of a ventilation) was sustained airway 
pressure over a given period of time. Fig 16 illustrates this as the red rectangle 
with the dimensions AB. These dimensions must be large enough to exclude 
compression artefacts and as small as possible as to not exclude smaller ven-
tilations. As the pressure increase used for ventilation detection is not instan-
taneous, the start of the ventilation was defined as beginning slightly before 
the start of the red rectangle, in order to capture as much of the airflow as 
possible from the actual ventilation (line C in Fig 16.) To further prevent in-
clusions of compression artefacts as ventilations, the ventilation process was 
divided into two phases, an active and an inactive phase where the active phase 
represents when an actual ventilation is given, and the following expiration. 
The inactive phase represents when no active ventilation is given. In Fig. 16, 
the active phase is shown on the waveforms as turquoise and the inactive 
phase as red. The end of the active phase was defined as the first time point at 
which both the absolute flow rate, averaged over one second, was reduced 
below a given threshold, and the ventilation pressure was below the pressure 
threshold A (line D). As CPR causes absolute flow rates to be continually 
elevated, the absolute flow rate was calibrated by subtracting the minimum 
flow rate value, measured in the first 6 s after the start of the active ventilation 
(to prevent periods of CPR cessation in synchronous compression regimes 
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from being used as the baseline). 
To ensure complete capture of ex-
piratory volume, the end of the ac-
tive ventilation phase was ex-
tended by a fixed delay beyond 
point D (line E). Inspiratory vol-
ume was calculated as the sum of 
positive flow during the active 
phase and the expiratory volume 
as the sum of negative flow during 
the active phase. 

In order to select a combination of 
values for the above-mentioned 
parameters that minimized the av-
erage standardized absolute devi-
ation from the ventilator settings 
of Vti, Vte, PIP and Freq, a grid 
search was performed across a 
range of potential of values. Each 
measure was weighted equally by 
standardizing the absolute devia-
tion from the ventilator setting 
based on the standard deviation of 
the measure from all of the test 
runs. Based on visual inspection of the waveforms prior, a lower limit of ven-
tilation duration was set at 0.3 seconds in order to prevent counting multiple 
chest compressions as ventilations within the active phase. 

The parameters selected after the grid search was then applied to the dataset 
from Study IV and reviewed for face validity. Twenty randomly selected pa-
tients were reviewed. After this review it was evident that due to the apparent 
size of chest compression artefacts in the clinical data, the pressure threshold 
and the absolute flow threshold identified as optimal in the experimental data 
were too low. As such, a higher value of pressure and absolute flow threshold 
than those identified in the grid search were selected to be used in the evalua-
tion of the algorithm. The evaluated parameters can be seen in Table 2 with 
corresponding letters in Fig 16. 
  

Fig 16. Ventilation waveform and algorithm
parameters.  
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Table 2. Parameters evaluated in the grid search 

 Parameter name 
Grid search parameter 

values 

Optimized 
parameter 

values 

Manually ad-
justed param-

eter values 
A Pressure threshold 1, 2, 5, 8, 10 cmH2O 2 8* 

B Pressure duration 
0.1, 0.2, 0.3, 0.4, 0.5 sec-

onds 
0.3 0.3 

C Ventilation lead 
0, 0.1, 0.2, 0.3, 0.4, 0.5 

seconds 
0.1 0.3 

D 
Absolute flow 

threshold 
-1 (no inactive phase), 1, 5, 

10 litres per minute 
1 5* 

E Inactive delay 0, 0.1, 0.2, 0.3 seconds 0.2 0.2 
* Values held constant upon assessment of algorithm in clinical data set 

Code to capture PECO2 was also included in the algorithm, but not evaluated 
in the experimental dataset. PECO2 is defined as the maximum value of CO2 

measured at any time during either the active of inactive phase. A delay pa-
rameter was included to prevent the final expired CO2 to be attributed to the 
subsequent ventilation. 

Statistical analysis 
After the grid search and manual adjustments, the algorithm was evaluated 
compared to the known ventilator settings at the individual ventilation level. 
The clinical data, lacking known values, could not be used for the statistical 
evaluation. Median values, IQR and percentage error using the Bland-Altman 
method was used to describe differences between the algorithm and the ven-
tilator settings. Visual comparisons were also made between the algorithm and 
the standard methods 

Study IV 
Study IV was a multicentre, observational cohort study (the Cardiac Arrest 
ventilation trial, CAvent) with the overall aim of describing how manual ven-
tilation is given by ALS-providers during SCA and also to compare ventilation 
between different CPR modes and airway modalities. Ethical approval was 
granted by the Swedish Ethical Review Authority (Dnr. 2018-531) and the 
Medical Review Committee of Amsterdam UMC (approval number 
2023.0998). The study was conducted in accordance to the declaration of Hel-
sinki. In Sweden, informed consent was required for survivors of IHCA, 
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otherwise not. In the Netherlands no informed consent was required but de-
ferred consent was obtained for demographic data. 

Participants 
Inclusion were performed in five different medical systems, shown in detail 
in Table 3. They all provided their service 24/7 in their respective area. Eligi-
ble participants for inclusion were adults > 18 years old with SCA treated with 
CPR by the ALS providers in the including medical systems. Exclusion crite-
rions were obviously pregnant women. Staff in the including system were en-
couraged to include all SCA patients eligible for inclusion but it was up to 
them to decide if inclusion was feasible or not depending on the situation and 
available resources. Prior to the start of inclusions, the staff of the including 
systems were trained in the use of the study devices (as shown if Fig 12). 
Inclusions ran between May 2019 and August 2025. 
 
Table 3. Including medical systems 

Name and place 
Population served 

(approx.) 
Type and role Staff 

Uppsala EMS, 
Uppsala, Sweden 

400 000 
EMS. Primary care 

during OHCA 

Two nurses or one 
nurse and one assis-
tant nurse (usually 

one specialized 
nurse) 

Capio AB rapid 
response cars, 
Stockholm Sweden 

2 500 000 

Non-transporting 
EMS vehicle. Sup-
port to regular EMS 

during all OHCA 

Anaesthesiologist 
and specialized 

nurse 

Ambulance Am-
sterdam EMS, 
Amsterdam, The 
Netherlands 

896 000 
EMS, primary care 

during OHCA 
Nurse and driver 

Lifeliner 1, Am-
sterdam, The 
Netherlands 

2 950 000 
 HEMS. Support to 
regular EMS during 

OHCA  

Helicopter pilot, 
ambulance driver, 
HEMS nurse and 
HEMS physician 

Falun hospital 
emergency team, 
Falun, Sweden 

285 000 

In-hospital emer-
gency team. Sup-

port to regular staff 
at hospital wards 
during IHCA and 

Medical physician, 
anaesthesiologist 

and nurse anaesthe-
tist 
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OHCA arriving at 
the emergency room 

(ER) 

Abbreviations: EMS; emergency medical services, HEMS; helicopter emergency 
medical services, IHCA; in hospital cardiac arrest, OHCA; out of hospital cardiac 
arrest 

Data sources and management 
Ventilation waveform data from each inclusion was visually reviewed by three 
of the study’s authors. This was done in order to ensure inclusion of data of 
sufficient quality for further analysis and to exclude data with poor quality, 
such as due to sensor obstruction or device malfunction. The included cases 
were then checked for periods of ongoing CPR based on chest compression 
artefacts in the flow, pressure or CO2 waveforms. These periods were then 
further divided into groups based on the ventilation mode used, asynchronous 
or synchronous. One minute of one mode was used as the minimum duration 
for inclusion into either group. Patients who received more than one ventila-
tion mode were for, the patient characteristics data, assigned into the mixed 
group. If available, defibrillator data was also used to assist the group assign-
ments. The ventilation waveform data was then analysed with the algorithm 
developed in Study III in order to extract the ventilation parameters of interest. 
This yielded flow, pressure and CO2 based data. 

Patient data and additional data concerning the SCA and the care given was 
acquired from case report forms, electronic medical records, the Swedish Car-
diac Arrest Registry and the Amsterdam Resuscitation Studies registry. 

Study variables 
For analysis, ventilation mode (synchronous and asynchronous) as well as air-
way modalities (BVM, SAD and ET) were considered independent variables. 
Dependent variables were Vti, Vte, difference between Vti and Vte (Vdiff), 
Ti, Te, PIP, duration of airway pressure above 30 cmH2O (PAW > 30 cmH2O) 
PIF, PECO2, Freq, MVi and MVe. Additional calculated dependent variables 
used were ratio of Vti and ideal tidal volume (Vti/Itv) where ideal tidal volume 
was calculated as 6 ml/ kg-1 IBW 158,159, and estimated lung ventilation (ELV) 
which was defined as Vte-estimated anatomical dead space (2.2 ml/ kg-1 IBW). 
All of the variables were measured per ventilation except Freq, MVi and Mve 
which were measured per minute 
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Statistical analysis 
The Statistical analysis was performed with SPSS 30.0 (IBM ©). Patient base-
line characteristics were presented descriptively with categorical variables 
shown as frequencies (n) and percentages (%). Continuous variables were 
shown as medians and IQR.  

A linear mixed effect model was used to analyse the ventilation parameters 
with ventilation mode and airway modality as fixed effects and patient as a 
random effect. Covariates were sex, age and BMI. Due to missing data in the 
covariates, multiple imputations were employed with five imputations being 
used. Mean values, confidence intervals and p-values were derived from the 
imputed models fixed effect estimates. For changes of ventilation parameters 
over time, overall time was divided into minutes and included in the model 
along with time*ventilation mode interaction as fixed effects. A p-value of 
<0.05 was considered significant. As the study had a descriptive approach, no 
power calculation was performed a priori. 
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Results 

Study I 
In study I, 16 pigs aged 2-3 month were included and randomized into equally 
sized groups (suction cup group and no suction cup group). The weight range 
of the included pigs were 27.2-32.8 kg. Due to technical difficulties, two ani-
mals had no EtCO2 measurements. Prior to the start of the experiment, baseline 
values of hemodynamic and ventilation parameters were sampled and were 
found to be similar in the two groups. 

EtCO2 and ventilation 
No differences between the groups were found in neither EtCO2 (shown in Fig 
17.) nor Vti (292 ml in the suction cup group vs. 282 ml in the no suction cup 
group). 

 
Fig 17. Differences in EtCO2 between the groups in the different timeframes presented 
as means per individual in the different timeframes (dots), overall means (middle 
lines) and 95% CI (whiskers). 
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Passive Vti caused by the chest compressions were present in the ventilator 
waveform data, and it was similar in both groups with 40 ml/compression cy-
cle in the suction cup group and 34 ml/compression cycle in the no suction 
group. Passive Vti correlated negatively with EtCO2 when divided into the 
different timeframes (r=0.47, p=0.0004). 

Haemodynamics 
Measurements of AP, CVP and ICP at peak, nadir and end of decompression 
in the two groups and in the different timeframes are shown in Table 4. AP 
was higher at the end of decompression in the suction cup group in timeframe 
0-5 minutes. Nadir CVP was lower in the suction cup group in all timeframes. 
 
Table 4. Mean values ± standard deviation of AP, CVP and ICP at peak, nadir and 
end of decompression in the different groups and in the different timeframes 

0–5 min 
  Suction cup No suction cup p-value 
Peak AP  119 ± 63 94 ± 32 0.4 
Nadir AP  11 ± 9 1 ± 14 0.13 
End AP  31 ± 4 27 ± 4 0.04 * 
Peak CVP  85 ± 96 126 ± 67 0.42 
Nadir CVP  2 ± 4 6 ± 2 0.02 * 

End CVP 10 ± 4 15 ± 2 0.06 
Peak ICP  31 ± 5 26.7 ± 5 0.8 
Nadir ICP  8 ± 5 8 ± 4 0.95 
End ICP  10 ± 5 10 ± 4 0.63 

5–10 min 
  Suction cup No suction cup p-value 
Peak AP  100 ± 48 81 ± 25 0.38 
Nadir AP  10 ± 9 2 ± 10 0.21 
End AP  25 ± 9 23 ± 5 0.69 
Peak CVP  65 ± 67 104 ± 47 0.27 
Nadir CVP  0.3 ± 4 6 ± 2 0.01 * 
End CVP 10 ± 5 13 ± 6 0.48 
Peak ICP  26 ± 4 24 ± 4 0.56 
Nadir ICP  6 ± 5 6 ± 7 0.9 
End ICP  8 ± 5 11 ± 4 0.38 
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10–15 min 

  Suction cup No suction cup p-value 
Peak AP  92 ± 44 74 ± 23 0.42 
Nadir AP  8 ± 8 1 ± 11 0.22 
End AP  23 ± 9 22 ± 6 0.77 
Peak CVP  60 ± 60 95 ± 39 0.25 
Nadir CVP  −2 ± 4 6 ± 2 0.003 ** 
End CVP 10 ± 5 12 ± 6 0.47 
Peak ICP  24 ± 15 23 ± 16 0.89 
Nadir ICP  5 ± 4 8 ± 2 0.06 
End ICP  8 ± 5 11 ± 3 0.2 

 
15–20 min 

  Suction cup No suction cup p-value 
Peak AP  85 ± 42 74 ± 29 0.62 
Nadir AP  8 ± 8 5 ± 10 0.54 
End AP  23 ± 8 21 ± 6 0.75 
Peak CVP  53 ± 49 86 ± 35 0.21 
Nadir CVP  3 ± 3 7 ± 2 0.01 * 
End CVP 9 ± 6 13 ± 6 0.31 
Peak ICP  23 ± 18 22 ± 8 0.71 
Nadir ICP  6 ± 5 9 ± 4 0.28 
End ICP  8 ± 5 11 ± 3 0.19 

* p-value <0.05, ** p-value <0.01. Unit of measurement mmHg. Abbreviations: AP; 
arterial pressure, CVP; central venous pressure, ICP; intra-cranial pressure 

CPP was higher in the suction cup group during the first, second and fourth 
timeframe. CerPP was also higher in the fourth timeframe in the suction cup 
group as shown in Fig 18. 
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Study II 
Eighteen pigs were initially included and randomized into equally sized 
groups (CCC group or 30:2 group). Two animals, one in each group, experi-
enced a total collapse of circulation early on during the experiment and was 
excluded. Autopsy later revealed rupture of the vena cava to be the cause of 
the bleeding in both the animals. Subsequently, eight animals in each group 
were included in the analysis. The included pigs were aged 3-5 months and 
their weight range was 28.7-41.8 kg and there were no differences in the base-
line characteristics between the groups.  

Ventilation parameters, haemodynamics and ABG 
In the CCC group, PIF, PIP, MV and pH were higher while PECO2 and PaCO2 

were lower compared to the 30:2 group. The full comparisons between the 
groups can be seen in Table 5. 

 
Table 5. Comparisons of study parameters in the different groups 

Parameters CCC 
Mean (95% CI) 

30:2 
Mean (95% CI) 

Difference 
(95% CI) 

PIF (L/min) 76.3 (72.2-80.5) 51.7 (47.6-55.9) 18.7-30.4 
PIP (cmH2O) 58.6 (54.7-62.5) 35.1 (31.2-38.9) 18.0-29.0 
Vti (ml) 221.5 (206.8-236.3) 221.4 (206.6-236.2) -20.8-21.0 
Vti (ml/kg) 6.8 (6.5-7.2) 6.4 (6.1-6.8) -0.1-0.9 
MV (ml) 2190 (2061-2318) 1267 (1136-1398) 738.7-1106 
PECO2 (mmHg) 28.6 (22.3-34.8) 39.4 (33.1-45.6) -19.7 -2.0 

Fig 18. Differences of CPP and CerPP in the groups and different timeframes. Green:
suction cup group, Grey, no suction cup group  
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CPP (mmHg) 10.0 (2.5-17.4) 15.2 (7.7-22.6) -15.7-5.3 
maxAP (mmHg) 132.4 (94.9-170.0) 108.7 (71.2-146.3) -29.4-76.8 
minAP(mmHg) -4.8 (-10.7-1.0) -3.2 (-9.1-2.6) -9.9-6.7 
maxCVP (mmHg) 169.5 (146.3-192.7) 146.4 (123.3-169.5) -9.6-55.9 
minCVP(mmHg) 1.3 (-5.2-7.7) 5.0 (-1.3-11.3) -12.7-5.3 
PaO2 (mmHg)  141.7 (86.2-196.8) 156.0 (103.4-208.6) -90.4-61.8 
PaCO2 (mmHg)  50.2 (44.2-56.2) 61.1 (55.5-66.7) -19.1--2.7 
Lactate (mmol/L) 5.6 (5.0-6.3) 5.4 (4.8-6.0) -0.7-1.1 
pH  7.3 (7.2-7.3) 7.2 (7.2-7.3) 0.01-0.1 

Abbreviations: AP; arterial pressure, CPP; coronary perfusion pressure, CVP; central 
venous pressure, MV; minute volume PaCO2; partial pressure of arterial carbon dioxide, 
PaO2; partial pressure of arterial oxygen, PECO2; peak expired carbon dioxide PIF; peak 
inspiratory flow, PIP; peak inspiratory pressure, Vti: inspiratory tidal volume 

PIP correlated positively with CVP (r=0.546, p=0.029) and PIP and PECO2 

correlated negatively (r=-0.659, p=0.005). 

Changes over time 
CPP, maxAP, maxCVP and pH decreased over time while PaCO2 and lactate 
increased over time in both groups (all p <0.001). The changes in PaO2 during 
the experiment were not significant (p=0.064). When comparing the two 
groups, maxCVP decreased more over time in the 30:2 group. The changes 
over time and comparisons between the groups can be seen in Fig 19. 
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Fig 19. Changes over time in haemodynamics and blood gases. Shaded areas are 95% 
confidence intervals 

Lung injuries 
Injuries were present in all of the examined lungs, with atelectasis being the 
most prevalent and found in all of the pigs. Signs of hyperinflation were found 
in all of the pigs in the CCC group and in 7/8 pigs in the 30:2 group. When 
comparing the two groups, there were no differences in the lung injuries, nei-
ther by macroscopic inspection by the researcher nor microscopic inspection 
by the pathologist. There were no differences in oedema between the groups, 
neither in the pathologist’s assessment nor by wet-dry ratio. The extent of at-
electasis and hyperinflation found in the lung samples in the microscopic ex-
amination can be seen in Fig 20. 
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Fig 20. Extent of atelectasis and hyperinflation found in the lung tissue samples. 
Shown as percentages of the entire lung samples. 

Study III 
For evaluation of the algorithm, 37 runs, two minutes each, of simulated ven-
tilation were performed. Both with and without ongoing, simulated, CPR. Ta-
ble 6 shows the differences between ventilator setting and algorithm values. 
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Table 6. Comparisons of ventilator set and algorithm measured ventilation parameters 
Ventila-
tion 
type 

N 
runs 

N 
breaths
* 

Measure Set 
value 
Median 

Meas-
ured 
value 
Median 

Differ-
ence 
Median 
(IQR) 

Differ-
ence 
%** 

Asyn-
chro-
nous 

10 189 Vti (ml) 400 396 5 (-
28 - 32) 

1.1 

92 Vte (ml) 413 399 -8 (-
43 - 68) 

-1.6 

189 PIP 
(cmH2O)  

36 37.1 3 (0.3 - 
5.8) 

10.3 

189 Freq  
(per min)  

10 10.0 0 (0 – 0.
1) 

0.1 

No 
com-
pres-
sions 

20 637 Vti (ml) 500 445 -10 (-
55 - 22) 

-3.3 

637 Vte (ml) 399 388 -22 (-
44 - 24) 

-5.8 

637 PIP 
(cmH2O)  

23 22 0.1 (-
1.4 - 0.5
) 

0.5 

637 Freq  
(per min)  

20 20.0 0 (0 – 0.
1) 

0.1 

Syn-
chro-
nous 
(30:2) 

7 51 Vti (ml) 500 423 -46 (-
76 - 10) 

-13.5 

51 Vte (ml) 299 348 -5 (-
30 - 28) 

-0.8 

51 PIP 
(cmH2O)  

22 21.4 -1 (-
1.9 - -
0.2) 

-4.9 

0 Freq 
(per min)  

*** *** *** *** 

* Some runs excluded from evaluation of Vte due to measurement errors by the ven-
tilation. ** Percentage difference is calculated as the difference between set and meas-
ured values divided by their average value. *** Synchronous ventilations were initi-
ated manually and had no ventilator setting to compare with. 

 
Compared to the ventilators, the largest differences between the ventilator val-
ues and those identified by the algorithm were a 10.3 % error of PIP in asyn-
chronous ventilations, corresponding to 3 (0.3-5.8) cmH2O and a 13.5% error 
of inspiratory volumes in synchronous ventilations, corresponding to -46 (-
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76-10) ml. Freq deviated from ventilator settings with 0.1%. An example of 
the deviations from ventilator values of PIP in asynchronous ventilations can 
be seen in Fig 21. where chest compressions cause sawtooth patterns in the 
pressure curves with max values that visually are above the ventilator setting, 
something that the algorithm also measures. 
 

 
Fig 21. Example of pressure waveform from asynchronous ventilation during simu-
lated chest compressions illustrating the differences between the ventilator setting 
(black line) and the algorithm identified value (highest point in the waveform between 
two black diamonds. Turquoise parts of the waveform indicate the active phase and 
red parts the inactive phase. Unit of measurement cmH2O. 

The performance of the algorithm compared to the standard model is illus-
trated in Fig 22. Both methods closely align with the ventilator settings in the 
absence of simulated chest compressions, but the standard models show larger 
deviations compared to the algorithm in the presence of simulated chest com-
pressions. Especially in the measurements of PIP and Freq, where small, quick 
ventilations with low PIP caused by the simulated chest compressions are con-
sidered true ventilations and included as opposed to the algorithm where these 
are excluded. 
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Fig 22. Boxplots of differences between the standard method and the algorithm com-
pared to ventilator settings. Boxes represents IQR, black line in boxes represents me-
dians and the whiskers represents extreme values within IQR*1.5. Dots are outliers. 
Black line: ventilator setting; Blue bars: Algorithm; Yellow bars: Standard method 

Study IV 
The CAvent trial included patients between May of 2019 and August of 2025. 
Inclusion attempts were performed in 340 patients of which 241 could be in-
cluded in the study. This resulted in 28120 individual ventilations in 311 sep-
arate ventilation periods. The majority of exclusions (n=52) were due to de-
vice related issues, leading to no ventilation data being registered, such as fail-
ure to start the devices properly, disconnected cables or software issues. In 33 
patients, there were issues with the flow signal, which had to be excluded, 
mainly caused be secretions from the patient blocking one of the two tubes of 
the flow sensor. Twenty-seven patients had issues with the CO2 measure-
ments, these were caused by either secretion blocking the sensor, software 
issues or improper management of the capnograph. The inclusion flow chart 
is shown in Fig 23. 
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Fig 23. Inclusion flowchart 

Of the included patients, 67% were male and the median age was 70 (IQR 56-
78) years. The median duration of included ventilation periods during CPR 
was 554 (IQR 250-904) seconds and the median number of included ventila-
tions were 61 (IQR 34-112) %). A total of 15 patients had two different airway 
modalities and 1 had three different modalities during the included ventilation 
periods. The baseline characteristics of the patients can be seen in Table 7. 
 
Table 7. Baseline characteristics of the included patients. 

 Asynchronous 
(n=134) 

Synchronous 
(n=86) 

Mixed (n=21) 
Missing 
n (%) 

Male gender, n 
(%) 

79 (69.3) 56 (65.1) 12 (60.0) 21 (8.7) 

Age 68.0 (56.0-77.0) 70.0 (56.5-79.0) 
72.5 (54.3-

86.8) 
23 (9.5) 

Weight, kg 
(IQR) 

80.0 (70.0-90.0) 80.0 (70.0-93.0) 
88.0 (71.3-

111.3) 
67 (27.8) 

Length, m 
(IQR) 

1.75 (1.70-1.80) 1.74 (1.65-1.79) 
1.70 (1.62-

1.80) 
52 (21.6) 
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BMI (IQR) 26.2 (24.2-29.4) 27.4 (23.6-30.8) 
28.1 (24.3-

35.3) 
72 (29.9) 

ITV, ml (IQR) 463 (396-520) 445 (388-495) 432 (358-451) 56 (23.2) 
Anatomical 
dead space, ml 
(IQR) 

156 (135-165) 150 (126-163) 147 (120-165) 56 (23.2) 

Cause of arrest (%) 15 (6.2) 

Medical 111 (92.5) 82 (95.3) 20 (100)  

Trauma 2 (1.7) 0 0  

Drug overdose 2 (1.7) 2 (2.3) 0  

Drowning 1 (0.8) 0 0  

Asphyxia 4 (3.3) 2 (2.3) 0  

Witnessed ar-
rest, n (%) 

58 (48.7) 50 (58.1) 14 (70.0) 44 (18.3) 

Bystander 
CPR, n (%) 

52 (45.2) 53 (63.1) 11 (57.9) 54 (22.4) 

First recorded rhythm, n (%) 17 (7.1) 

Asystole 45 (38.1) 43 (50.0) 6 (30.0)  

VF/VT 17 (14.4) 15 (17.5) 6 (30.0)  

PEA 12 (10.2) 13 (15.1) 3 (15.0)  

Bradycardia 6 (5.1) 5 (5.8) 2 (10.0)  

Unknown 38 (32.2) 10 (11.6) 3 (15.0)  

MCC, n (%) 56 (46.2) 68 (79.1) 18 (90) 28 (11.6) 

ROSC, n (%) 38 (31.7) 30 (34.9) 6 (30.0) 20 (8.2) 
Difficulties 
ventilating, n 
(%) 

41 (34.7) 29 (33.7) 10 (50) 25 (10.4) 

Duration of in-
clusion, sec 
(IQR) 

434 (224-768) 561 (290-929) 
1048 (724-

1787) 
 

Number of 
ventilations, n 
(IQR) 

88.5 (43.5-168) 48.0 (27.0-95.3) 160 (108-200)  

For categorical variables, data is shown as n and percentages for the non-missing 
within that group. For continuous variables data is shown as medians and IQR for the 
non-missing within that group.  
Abbreviations: ALS, advanced life support; BMI, body mass index; CPR; cardiopul-
monary resuscitation; ITV, ideal tidal volume; IQR, interquartile range; MCC, 
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mechanical chest compressions; PEA, pulseless electrical activity; ROSC, return of 
spontaneous circulation; VF/VT, ventricular fibrillation/ventricular tachycardia. 

Ventilation parameters, ventilation modes and airway modalities 
When compared overall between the ventilation modes, asynchronous venti-
lations yielded higher PIP, longer PAW > 30cmH2O, Ti and Te and lower PIF 
and PECO2 compared to synchronous ventilations. When calculated per mi-
nute, Freq was higher in asynchronous ventilation as were the minute vol-
umes. The full comparisons can be seen in Table 8. 

 
Table 8. Ventilation parameters and ventilation mode 

Type of measurement Asynchronous (95% CI) Synchronous (95% CI) 
Flow based (n*) 18564 6421 

Vti (ml) 407 (378-437) 423 (388-459) 
Vte (ml) 384 (353-415) 356 (319-394) 

Vdiff (ml) 23.5 (-9.86-56.9) 64.4 (27.1-108) 
Ti (sec) 0.84 (0.79-0.90) 0.70 (0.64-0.76) 
Te (sec) 1.28 (1.20-1.35) 1.13 (1.04-1.21) 

PIF (L/min) 56.8 (53.4-60.3) 64.5 (60.3-68.7) 
Vti/Itv 0.94 (0.86-1.03) 0.93 (0.91-0.94) 

ELV (ml) 224 (187-260) 209 (169-249) 

Per minute (n#) 1512 1242 

MVi (ml/min) 4447 (4121-4774) 2102 (1712-2494) 
MVe (ml/min) 4465 (4071-4859) 1777 (1306-2249) 

Pressure based (n*) 20597 7523 

PIP (cmH20) 48.1 (46.3-50.0) 32.4 (30.2-34.6) 

PAW > 30 cmH2O (sec) 0.42 (0.39-0.46) 0.20 (0.16-0.24) 

Per minute (n#) 1722 1462 

Freq (n/min) 11.2 (10.6-11.8) 5.0 (4.3-5.7) 
Capnography based (n*) 16486 6579 

PECO2 (mmHg) 27.8 (24.9-30.7) 33.4 (30.0-36.8) 

Abbreviations: ELV, estimated lung ventilation; Freq, frequency; Itv; ideal tidal vol-
ume; Mve, expiratory minute volume; Mvi, inspiratory minute volume; PAW, airway 
pressure; PECO2, peak expired carbon dioxide; PIF, peak inspiratory flow; PIP, peak 
inspiratory pressure; Te, duration of expiration; Ti, duration of inspiration; Vdiff, Dif-
ference between Vti and Vte; Vte, expiratory tidal volume; Vti, inspiratory tidal volume. 



 

 64 

There were no changes over time in Mvi, Mve, Freq and PIP nor did they 
change differently over time in asynchronous ventilation compared to syn-
chronous ventilation. 

Fig 23. Displays the ventilation parameters with both ventilation mode and 
airway modalities factored in. BVM ventilations area associated with large 
Vdiff while Asynchronous ventilations with ET shows the highest PIP and 
PAW >30 cmH2O. 

 
Fig 23. Heatmap of ventilation parameters with different airway modalities in the dif-
ferent ventilation modes. Mean values (95% CI) are shown. Colours represent per 
row-quartiles based on the highest in-row value with darker hues representing higher 
quartiles. *n Indicates number of ventilations included in the analysis. #n Indicates 
number of minutes included in the analysis. Abbreviations: BVM; bag-valve-mask, 
ELV, estimated lung ventilation; ET; endotracheal tube, Freq, frequency; Itv; ideal 
tidal volume; Mve, expiratory minute volume; Mvi, inspiratory minute volume; PAW, 
airway pressure; PECO2, peak expired carbon dioxide; PIF, peak inspiratory flow; 
PIP, peak inspiratory pressure; SAD; supraglottic airway device, Te, duration of ex-
piration; Ti, duration of inspiration; Vdiff, Difference between Vti and Vte; Vte, ex-
piratory tidal volume; Vti, inspiratory tidal volume. 
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Discussion 

The aim of this thesis was to explore and advance the understanding of venti-
lation during cardiac arrest. As there are so many known unknowns in the 
field, there is an urgent need for baseline research, which this thesis contrib-
utes to by investigating some fundamental characteristics of ventilation during 
cardiac arrest. This was accomplished by measuring ventilation parameters dur-
ing CPR, both in the experimental and clinical setting, and investigating the ef-
fect different CPR modes and airway modalities had on these parameters. To 
facilitate this, a method to accurately measure ventilation parameters during 
CPR was also developed and employed in studies underlying this thesis. 

Experimental insights 
The first part of the work on this thesis consisted of Study I and II which aimed 
to, in detail not possible to achieve in humans suffering SCA, describe effects 
of different CPR modes on ventilation and haemodynamics. This was accom-
plished by using an animal CPR-model with invasive monitoring. 

Study I focused on the effect of suction cup on a mechanical chest compres-
sion device and if it affected the haemodynamics and ventilation and found no 
difference in EtCO2 (as a measure of CO) between the group where the suction 
cup was used and the group where it was not. The designed purpose of the 
suction cup is to aid the recoil of the chest during decompression, improving 
venous return to the heart and by extension CO. Suction cups has been em-
ployed for decades in CPR with one of the first comparisons to regular CPR 
being published in 1993 160. This active decompression has been explored pre-
viously, but then defined as lifting the chest wall above the neutral position as 
opposed to back to the neutral position, as was done in Study I. With the pre-
viously studied method, higher cerebral blood flow and CO was found in an-
imal models 161–163 and higher cerebral oxygenation in humans 164. While 
Study I did not detect any differences in EtCO2 between the groups, there were 
other noteworthy findings. CPP was higher in the suction cup group, indicat-
ing potentially positive effects of the suction cup on the coronary circulation. 
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As the nadir CVP was lower in the suction cup group at all timeframes, a lower 
pressure in the right atrium could lead to better refilling of the heart, increasing 
CO and subsequently CPP. Although EtCO2 (as a measure of CO) did not dif-
fer between the groups, there were trends indicating an increased EtCO2 in the 
suction cup group. A larger group of animals could have shown this with sig-
nificance. This remains speculative, but not unreasonable in conjunction with 
the higher CPP in the suction cup group. With regards to ventilation, there 
were no differences in Vti nor the passive ventilation between the groups. 
Somewhat surprising is that the suction cup did not affect the passive ventila-
tion more as a more pronounced, assisted, decompression could potentially 
increase the negative intrathoracic pressure more than an unassisted decom-
pression and result in larger passive tidal volumes. There are multiple factors 
that could influence the passive ventilation, among them airway device seal 
and intrathoracic airway closure 165. The effect of passive ventilation has been 
studied prior and the overall evidence seems to point to the volumes being too 
small to have an actual contribution to the alveolar ventilation 166,167. While 
the volumes measured during the passive ventilation in Study I were below 
the dead space volume of the included pigs (when calculated as 2.2 ml/kg-1), 
the passive ventilation did correlate negatively with EtCO2, indicating a need 
to consider passive ventilation (and also active ventilation) when using EtCO2 

for prognostication and as a measure of CPR quality. If this change in EtCO2 

is caused by actual lowering of PaCO2 or if it is due to dilution of the exhaled 
gas in the anatomical dead space remains unknown. 

Study II investigated ventilation parameters and haemodynamics in asyn-
chronous ventilations during continuous chest compressions and synchronous 
ventilations in 30:2 mode. The main finding in Study II was that asynchronous 
ventilations were associated with significantly higher PIP compared to syn-
chronous ventilations. While a previous large clinical study found no differ-
ences in survival when comparing the two synchronous and asynchronous 
ventilations, no measurements of ventilation was actually performed in that 
study 103 necessitating the need for further studies on the ventilation itself in 
the two different modes. The theory behind the elevated PIP is that as asyn-
chronous ventilations are given independently of the chest compressions, a 
ventilation will frequently be given at the same time as a chest compression. 
When the chest is compressed, the intrathoracic pressure increases, adding to 
the applied pressure of the ventilation. This higher PIP during chest compres-
sions has also previously been shown in humans 83. The effect higher PIP has 
on the haemodynamics in humans is unknown. A constantly elevated PIP 
could be detrimental as it might decrease venous return. Due to both airway 
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device potency and intrathoracic airway closure, it is unknown how much of 
the PIP is actually transferred to the thorax, smaller airways and the alveoli. 
PIP is usually measured between the inflatable bag and the airway device, 
adding further complexity to the measurement. Other ways of quantifying the 
pressure caused by ventilations might yield more valuable information, but 
are much harder to measure, especially in the clinical setting, such as oesoph-
ageal pressure or Pplat. Although in Study II, a higher PIP correlated to a 
higher CVP, potentially implying better refill of the heart, a more reasonable 
interpretation of this result is probably that as this was the max CVP, it only 
represented the increased intrathoracic pressure during compression. Most 
studies indicate negative effects of high airway pressures, as discussed in the 
context of ARDS in the introduction, although if this is only due to the pres-
sure is unknown, as tidal volumes and airway pressures are linked, higher 
pressure often mean higher tidal volumes and separating one from another 
could be difficult. The pressure being measured is also of importance, as pre-
viously discussed. One animal study did find a modest but significant correla-
tion between Pplat and highest airway pressure, implying that PIP could be of 
clinical use. The study also found that lower airway pressures and Pplat led to 
higher CPP. However, this was in compressions only CPR, making it difficult 
to generalize the findings to ordinary CPR with ventilations 168.  

Another potentially important effect of a higher PIP is its effect on airway 
seal, especially when using a SAD. As mentioned prior, the current European 
CPR guidelines recommend using asynchronous ventilation when an ad-
vanced airway has been placed, such as a SAD, unless there is considerable 
leakage 34. Although there are numerous different SAD models, the one rec-
ommended by the ERC, the i-gel®®, employs a mouldable, non-inflatable cuff 
that adapts to the anatomy of the pharynx to create airway seal. This is unlike 
an ET for example, which has an inflatable cuff that when inflated creates a 
mechanical pressure against the walls of the trachea that keeps it in place and 
prevents leakage (if applied correctly). Studies on SAD and the airway pres-
sure at which they start to leak have shown that this occurs somewhere be-
tween 23-33 cmH2O 169–173. With the higher PIP being generated during asyn-
chronous ventilations, this could affect the seal of the SAD and potentially 
limit the alveolar ventilation due to excessive leakage. Estimating when air-
way leakage becomes an issue could be difficult in the field, for example due 
to high noises and low levels of lighting and difficulties to perceive if the chest 
rises caused by the ventilations are sufficient, especially during asynchronous 
ventilation. 
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PECO2 and PaCO2 was higher in the 30:2 group. While not surprising due to 
the higher ventilation frequency and higher minute ventilation in the CCC 
(asynchronous) group, which leads to more CO2 being ventilated out of the 
lungs 174, the results from both Study I and II reinforces the notion that CO2 

measurements should not be considered in isolation during CPR as they can 
be dependent on both passive ventilation, ventilation rate and minute volumes, 
in addition to CPR quality and tissue perfusion. 

Study II also included a detailed description of lung injuries after CPR. Alt-
hough no differences were found between the ventilation modes, all of the 
examined lungs had significant injuries with widespread atelectasis being the 
most obvious one. These results indicate that CPR can have considerable ef-
fects on the lungs, even after 20 minutes. Even though the results were not 
statistically significant, there were interesting numerical differences with 
more atelectasis in parts of the lung, higher frequencies if micro bleedings and 
more inhomogeneous atelectasis patterns observed in the CCC group. As ate-
lectasis was so prevalent in all of the lungs, a much larger sample size might 
have been required to see any differences between the CPR modes. This re-
mains speculative though. Lung injuries post-CPR in humans is not fully un-
derstood, even though ARDS appears to be common 77 and concepts such as 
cardiopulmonary resuscitation-associated lung oedema (CRALE) and post-ar-
rest lung injury (PALI) are receiving more interest 175,176. As with almost all 
things related to CPR, these conditions are multifaceted and probably not de-
pendent on just one thing, such as the CPR mode, but on other factors during 
the treatment such as aspiration, physical trauma from the chest compressions, 
lung perfusion and barotrauma 177. 

No major differences in the haemodynamics were found between the groups. 
As the chest compression in Study II (as well as in Study I) were given by a 
chest compression device in a highly standardized manner, this indicates that, 
at least in the experimental setting, CPR/ventilation mode has a limited impact 
on haemodynamics. A later, very similar study to Study II further reinforces 
this (as well as the higher PIP during asynchronous ventilations and absence 
of clear differences with regards to lung injuries between the CPR modes) 178. 
It is not inconceivable though, that in less optimized circumstances, such as 
with manual chest compressions of lesser quality, the effect of ventilation and 
CPR/ventilation modes on haemodynamics could be more pronounced. 
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The need for more sophisticated measurements of 
ventilation during CPR 
During the time that Study I and II were performed, the inclusion for Study 
IV was also running. The ventilation waveforms gathered from all of these 
studies made it clear that the compression artefacts present in the waveform 
data required special consideration in order to extract accurate ventilation pa-
rameters. Initially it was planned to use the proprietary software that came 
included with the Fluxmed GrH-devices (the standard method). As more and 
more inclusions were made, it became clear that this was not feasible as the 
compression artefacts affected the results to such a degree that they could not 
be used to make meaningful interpretations of the ventilation (as can be seen 
Fig 22). As the standard method was not developed to be used during CPR, 
this was in hindsight unsurprising. The standard method used a flow threshold 
to detect ventilations, which meant that both small passive ventilations 
(caused by the chest compressions) as well as spontaneous gasping were in-
cluded in the data. This generated tidal volumes that were too small, minute 
volumes that were too large as well as greatly exaggerated ventilation rates. 
As the aim in the included studies was to measure only active ventilations, this 
posed a problem. Therefore, the decision was made to develop an algorithm 
capable of processing the waveform data in a more adequate way in the con-
text of ventilations during CPR, both because there was an apparent lack of a 
validated method to measure this, but also due to the necessity of having a 
well performing method to measure ventilation parameters in the CAvent trial 
(study IV).  

An early version of the algorithm was developed and used in Study II with 
promising results. Further development and testing were later performed on 
the algorithm and described in study III. The developed algorithm had to ac-
complish two major goals: To detect only active ventilations, and to extract 
the ventilation parameters in an accurate way. This was accomplished by em-
ploying a set value of positive airway pressure over a certain amount of time 
for ventilation detection (8 cmH2O >0.3 seconds). This dealt with the issue of 
spontaneous breathing being included (as this is associated with negative air-
way pressures) as well as excluding ventilations cause by the chest compres-
sions, which are very short and generating a comparatively low airway pres-
sure compared to true active ventilations. It is important to note though that if 
spontaneous breathing during CPR is of interest, the algorithm can be adjusted 
to only include these by altering the threshold parameters for the ventila-
tion/breath detection. Furthermore, the ventilation episodes were divided into 
an active phase, during which the actual ventilation was performed, and an 
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inactive phase, which corresponded to the time in between individual ventila-
tions. There are differing opinions as to if the expired tidal volume during the 
inactive phase should be included in the overall calculation of Vte 73. In theory, 
the Vti and Vte from the passive ventilation during the pauses of active venti-
lations (in study III referred to as the inactive phase) should cancel each other 
out. However, this was found to not always be the case. The reason for this is 
not entirely clear, but could be due to airway leakage and/or miscalibration of 
the measuring devices. It can also be argued that as the passive ventilation is 
usually below the dead space volume, it’s contribution to the actual gas ex-
change should be negligible 179,180. Therefore, only the expired volume during 
the active phase was included for calculation of Vte in the algorithm, better 
representing the true expiration directly caused by the preceding inspiration. 

During testing the algorithm performed well with only minor deviations from 
the ventilator settings, deviations that should not be clinically relevant. It also 
outperformed the standard method by a wide margin, especially evident during 
simulated chest compressions and performed at least as well, if not slightly bet-
ter, during ventilations without simulated chest compressions, overall adding to 
the strength of the algorithm and making it suitable to be used in Study IV. 

Clinical insights 
Study IV, the CAvent trial, was both the start and the culmination of the work 
on this thesis, as it was the first to start and the last to end of the included 
studies. It presents one of the first extensive description of ventilation param-
eters during SCA and as such represents a step forward in the understanding 
of ventilation during CPR. It also builds upon the work performed simultane-
ously in the other studies included in this thesis with regards to the algorithm 
development as well as the experimental insights from the animal studies, 
which generated important new questions that Study IV could examine in the 
clinical setting. 

One of the most obvious findings in the study is the great heterogeneity in the 
ventilation procedure, both in terms of ventilations, ventilation mode and air-
way modalities used, with many patients having both synchronous and asyn-
chronous ventilations as well as both SAD and ET, and in one extreme case 
BVM, SAD and ET and both synchronous and asynchronous ventilations. As 
this was not an intervention study but an observational one, this probably gives 
a reasonably good approximation on how ventilation during CPR is performed 
in the clinical setting: often disorganized, especially in the beginning of the 
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procedure and many different interventions needed to achieve the intended 
goal. This infers that studying ventilation and its effect on outcomes such as 
survival can prove to be very difficult, due to the complexity of the situation 
at hand. To attempt to isolate the different factors during ventilation in CPR, 
Study IV presents the ventilation parameters overall, based on ventilation 
mode and on airway modality in the different ventilation modes. 

As no known optimal ventilation parameters are known, there are no optimal 
values to compare the findings with. It can instead be valuable to compare the 
findings with the current CPR guidelines. Even though they are not based on 
best evidence at the moment, but rather expert opinion, they nevertheless rep-
resent the current best guide for clinical practice. The results from Study IV 
indicates that the Vti given is usually below the recommended 500-600 ml 34,82 
with no obvious difference between the ventilation modes or airway modality. 
As the measurements of Vti are performed between the inflatable bag and the 
airway device, it says a lot about the volume given by the ALS provider, but 
less about the actual volume reaching the patient’s lungs and contributing to 
gas exchange. To evaluate this, Vte is a more adequate measure, as it also 
includes measurements of what happens distal to the airway device, such as 
leakage. In Study IV, this is further investigated by subtracting the estimated 
anatomic dead space volume from Vte (ELV), showing an approximation of 
the actual gas volume delivered to the lungs and contributing to the gas ex-
change. These measurements show a more complex picture, with choice of 
airway device being an important factor. Ventilations with BVM are associ-
ated with small Vte and large Vdiff (as a measurement of leakage) indicating 
large amounts of leakage, perhaps due to difficulties in maintaining an ade-
quate mask seal. While these results from Stud IV were based on few obser-
vations, a recent study measuring ventilation parameters such as Vti and Vte 
in BVM ventilations also found worrying signs of large leakage 41. This illus-
trates the complexity of maintaining a proper mask seal with BVM: s and per-
haps also the fallacy of considering BVM as the first choice of airway device 
in the stepwise approach currently recommended. Further studies are needed 
to confirm these findings. It can perhaps be argued that i-gel® (or similar 
SAD: s) would be a better first option for airway management, even in some 
BLS-settings due to its ease of insertion and very little manual adjustment 
needed to maintain a good seal. The apparent low levels of leakage in SAD 
indicated by the results of Study IV, especially in synchronous ventilations 
seems to confirm this. It should be noted though that Study IV was exclusively 
in ALS settings, which makes direct generalisation of the results to BLS set-
tings difficult.  
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Somewhat surprising is also the presence of non-guideline recommended ven-
tilation strategies, asynchronous BVM ventilations and synchronous ET ven-
tilations. The reasoning behind this can only be speculated, but could be due 
to miscommunication or confusion in an otherwise stressful environment. As 
these ventilations were comparatively few and the large majority of the venti-
lations were in accordance with guidelines, this does not appear to be a wide-
spread problem. 

The higher PIP during asynchronous ventilations found in Study II was also 
found in the clinical setting. However, it appears to mostly be associated with 
ventilations with an ET as the other airway modalities showed very similar 
PIP. Together with the very low levels of leakage in the ET groups, this indi-
cates that a good airway seal is usually achieved with an ET, and as the airway 
is properly sealed, there is a much better environment for pressure to build up 
during simultaneous chest compressions and ventilations and for it to be reg-
istered by the sensors on top of the airway device. In asynchronous ventila-
tions with a SAD or BVM, it is possible that, due to insufficient airway seal, 
the pressure diffuses to a larger extent before reaching the sensor. Something 
that can also be inferred by the larger amounts of leakage in asynchronous 
SAD and BVM ventilations compared to asynchronous ET ventilations. As 
previously mentioned, the effect of a high PIP during CPR is unclear, with 
both Study II and a similar animal study 178 showing no major differences in 
haemodynamics or lung injuries between asynchronous and synchronous ven-
tilations, even though the PIP in the asynchronous groups was significantly 
higher. This remains to be evaluated in humans though. A high PIP could con-
ceivably cause overdistention of the lung tissue, but coupled with compara-
tively low Vti as found in Study IV, the occurrence of this is unknown. As PIP 
is just the highest measured airway pressure, it tells a limited picture of the 
overall pressure in the airway. Therefore, in Study IV, a measurement of total 
time within an individual ventilation spent over 30 cmH2O was also included 
(PAW>30 cmH2O). It also showed asynchronous ventilations with ET being 
associated with the highest values compared to the other airway modality/ven-
tilation mode combination. The value of <30 cmH2O was chosen as it is usu-
ally considered the limit for lung protective ventilation in mechanically venti-
lated patients. Considered together, PIP and PAW>30 cmH2O gives a good 
approximation of the airway pressures. It is unclear if these relates to the actual 
intrathoracic pressures during CPR. There are better ways to measure the ac-
tual intrathoracic pressure, but much more difficult (perhaps even unrealistic) 
to perform in the clinical setting, especially in OHCA, such as directly meas-
uring the intrapleural pressure or measuring the oesophageal pressure with an 
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oesophageal balloon 181. Obvious effects of PIP on airway seal and subsequent 
leakage could not be found in SAD: s in Study IV. There were no significant 
differences in Vte or Vdiff between synchronous and asynchronous ventila-
tions with SAD with very similar airway pressures, which as stated above 
could be due to the pressure leaking at the mask part of the airway device or 
simply that without a hard, mechanical seal (as with a properly cuffed ET), 
pressure does not build up to the same extent. 

As discussed previously, there has been a fear that hyperventilation is common 
during CPR, mainly due to two rather unfortunate studies 95,96 which mainly 
showed the detrimental effect of a very pronounced, clinically improbable, 
hyperventilation. Later studies have failed to show that this is prevalent, and 
in Study IV there were no signs of hyperventilation, neither in terms of Vti 
nor Freq. The risk of hyperventilation with regards to Freq is mainly present 
in asynchronous ventilations, as in synchronous ventilations, there are fixed 
pauses if the compression to ventilation ratio of 30:2 is used. Although there 
were extreme cases with up to 40 in Freq, these were very few and the mean 
Freq in asynchronous was rather close to the guideline recommended fre-
quency of 10/min. The Freq in synchronous ventilations were also close to the 
predicted rate if the chest compressions are given at a rate of 100-120/min and 
the pause for ventilation is between three and five seconds (which equates to 
a Freq of between 5.2-6.0/min). This was probably aided by the use of the 
LUCAS device in many cases, which has a default compression rate of 
102/min and a default ventilation pause of 3 seconds 182. 

While there were overall no dramatic deviations from reasonable ventilation 
parameters (at least according to the ventilation guidelines), there were signs 
that ventilation during CPR was not always effective, with leakage occurring, 
as well as high airway pressures (with at the moment unknown consequences). 
To optimize the ventilation during CPR, it should be measured in the field to 
a much greater extent than it is today. With new devices capable of measuring 
ventilations and new algorithms to process complicated ventilation data (such 
as the one presented in Study III), this is not unfeasible. 

Ethical considerations  
As this thesis includes both animal and human research, there are several im-
portant ethical considerations to be made, below divided into animal research 
and human research. 
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Animal Research 
Before any animal experiment is performed, considerations of the three R’s 
should always be made. They stand for Replace, Reduce and Refine 183. 

 
• Replace asks the first important question in all animal research: is it 

necessary to include animals or can similar research be performed in 
other ways? In CPR research concerning ventilation, haemodynamics 
and other biological processes (such as evaluation of injuries), the an-
swer is no. In Study I and II, the results could not be achieved in an-
other way than with animals with pigs being the most appropriate spe-
cies due to similarities with humans and also ease of acquisition. 

• Reduce entails using as few animals as possible without making the 
research irrelevant and thus making it unethical to perform. It also 
means that as much data as possible should be acquired from each of 
the included animals. In Study I, a power calculation was made which 
gave a good estimation on the lowest number of animals needed. In 
Study II, due to its descriptive nature, no power calculation was made. 
The choice was made to include slightly more animals than in Study 
I to reach credible results without having to include an excessive num-
ber of animals. In both Study I and II, in order to maximize the gain 
from each animal and to keep the numbers needed low, multiple 
measures, both invasive and non-invasive, as well as multiple blood 
and tissue samples were obtained. 

• Refine means designing the experiments in such a way that it mini-
mizes pain, suffering and distress and enhances the animal’s well-be-
ing. Both Study I and II were performed at an animal laboratory with 
long experience in animal experiments and with well-established rou-
tines. The pigs originally came from a pig farm approximately 30 
minutes from the laboratory, meaning a relatively short time for trans-
portation. Immediately upon arrival, the pigs were weighed in their 
transport boxes and then sedated with a subcutaneous injection. This 
was done in order to shorten the time the animals had to be awake in 
the laboratory, something that could otherwise cause significant 
stress. Once sedated, they were kept under anaesthesia with continu-
ous infusion of analgesia until the experiment ended and euthanasia 
was performed. Compared to regular slaughter of pigs in Sweden us-
ing carbon dioxide, which has many issues from an animal-welfare 
standpoint 184, the protocol employed in Study I and II was most likely 
considerably less stressful for the pig. 
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Two additional ethical considerations are worth highlighting in the context of 
animal research using pigs. Firstly; what makes the pig a suitable animal for 
CPR research, its similarities to humans, also extends to their intelligence. 
Pigs are highly intelligent with a complex set of behaviours and requirements 
185. This knowledge needs to permeate all animal research including pigs. Sec-
ond is the issue affecting all animal research, namely the poor rate of transla-
tion into clinical trials and accepted interventions 186. Obviously, pigs, or mice 
for that matter, are not humans, and will, in many cases, yield different results 
from actual humans. This raises the question if animal research should be per-
formed at all. In cardiac arrest research, there are very few alternatives though, 
as is perhaps shown in this thesis. Some of the most important milestones in 
CPR research also came from animal research, such as the development of 
chest compressions and defibrillations, which were tested first in animals 30,146. 
This shows that there is a place for animal research, at least in the field of 
CPR, but its usage should not be considered lightly.  

Human research 
Research in humans must follow rigorous ethical guidelines and mandatory 
ethical approval before the start of a study and informed consent should al-
ways be acquired prior to inclusion in a study. In CPR research, this presents 
an obstacle as consent cannot be acquired due to the person intended to be 
included usually being unresponsive and unable to give consent. According to 
article 28 and 30 of the declaration of Helsinki, which stipulates the ethical 
principles for human research, research on unconscious patients may only be 
performed if the condition that prevents them from giving consent is a neces-
sary characteristic of the research, such as studying CPR in patients with SCA 
and if inclusion causes minimal risk or could potentially benefit the included 
patient. Informed consent should in such cases be acquired from a legally au-
thorized representative. However, if no representative is present, and the re-
search cannot be delayed, inclusions can be made if this has been described in 
the research protocol and has been approved by an ethical committee. Free 
and informed consent must be obtained as soon as possible after inclusion 187. 
Swedish law (act 2003:460 concerning the ethical review of research involv-
ing humans 20§, 21§, 22§ 188) however, does not require explicit informed 
consent in these circumstances but rather infers that the researchers confer 
with the next of kin if they oppose the inclusion, when this is possible, if the 
participant in question cannot give informed consent on their own. This led 
to, for Study IV, that the Swedish ethical review committee waived the need 
for informed consent for patients out of hospital and requiring informed con-
sent from patients surviving in-hospital, or if they were unable to give 
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informed consent, that the researchers conferred with the next of kin if they 
opposed the inclusion. None of the survivors declined to give informed con-
sent. Further ground for this was that it was deemed unethical to confer with 
next of kin to deceased patients for this kind of observational study and also 
that the research did not alter or affect the standard treatment in any way. Not 
having informed consent is of course not ideal and ethically problematic (even 
if approved by an ethical committee). In CPR research though, there are so 
very few other options, especially out of hospital, were inclusions cannot wait 
and often has to be made on-site. As the survival rate after SCA is still so low, 
it can be argued (and often successfully is), that it would be more unethical to 
not perform this kind of research. Because without extensive research in the 
field, improvements in the survival rate after SCA is unlikely to happen. 

Limitations 
There are several limitations to the included studies, some of which are dis-
cussed throughout this thesis. Others will be highlighted here. 

Study I and II were animal studies using pigs, meaning that the results cannot 
be directly transferred onto humans. Even if some results from the animal 
studies in this thesis, such as the higher PIP during asynchronous ventilations 
in Study II were also found in Study IV, there are numerous other variables 
from the animal studies with unclear implications for humans. While the re-
sults from Study I and II showed limited effects on haemodynamics and lung 
injuries by the different CPR and ventilation modes, it is far from certain that 
this is true in humans as well. Another important limitation for Study I and II 
is the context in which the research was performed, namely in a very con-
trolled environment in the lab, with standardized CPR on young, healthy ani-
mals. This does not at all correspond to how, where and on whom CPR in 
humans is usually performed, especially out of hospital. A much more com-
mon CPR setting is instead rather disorganized and stressful for the providers 
and the patients receiving CPR is usually older with multiple comorbidities. 
Another limitation of Study I and II is the number of included animals. To be 
able to show differences with a high level of certainty, more animals might be 
needed, but due to ethical, economical and practical reason, this is not always 
preferable or even possible. 

Study III carries some limitations and they are partly due to the lack of prior 
research into this very specific field. As such there was very little support from 
earlier research while designing the study. Study III also considered 
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ventilation parameters measured and given by two commercial ventilators to 
be the gold standard. While this was the best method available, ventilators 
suffer from the same issue as the standard method., They are not made to 
measure ventilation during CPR with constantly oscillating flow and pres-
sures. There also might be a difference in the parameters generated by the 
ventilator and those measure by the Fluxmed GrH due to the location of the 
respective sensors in the respiratory circuit with the length of the tubing po-
tentially affecting the flow and pressure. 

Study IV was limited by not being a randomized study. Instead, the choice of 
which patient to include was up to the ALS providers in the including systems. 
This could lead to selection bias where the included patients do not accurately 
reflect the population as a whole, although this is a limitation in all non-ran-
domized observation studies and not unique to Study IV. As previously men-
tioned, the Fluxmed GrH used in study IV (as well as in Study II and III) was 
not originally designed to measure ventilation during CPR (which necessitated 
the development of the algorithm in Study III). While pneumotachographs are 
capable of measuring flow and pressure in detail difficult to achieve with other 
devices, this sensitivity comes with some drawbacks. First is the issue of cal-
ibration, which is required frequently for a pneumotachograph. As this opera-
tion takes a few minutes on the Fluxmed GrH, it was not possible to do this 
prior to each inclusion. It was instead done after each inclusion when the de-
vices were checked and restored by the researchers. This led to a number of 
inclusions having uncalibrated ventilation data. The developed algorithm from 
Study III incorporated a parameter to calibrate these signals post inclusion. 
While visually achieving this, there could possibly be some remaining issues 
in the calibrated values. The sensors were also very sensitive to obstructions, 
which were usually caused by secretions or blood from the patients’ airways, 
this led to some loss of either flow signals or complete loss of ventilation data 
where the patient had to be excluded. The operation of the devices also caused 
some issue, especially in the beginning of the study where there were software 
issues that were later resolved as well as failures to start the devices properly 
while trying to include a patient. Even though this just required pressing two 
buttons, this can easily be forgotten during a SCA. Furthermore, the inclusion 
was started at different timepoints in the CPR procedure. Some were started 
immediately upon arrival of the ALS providers, while some started much later 
due to other parts of the treatment naturally being prioritized. This needs to be 
taken into consideration as it can affect how the measurements were done and 
that some factors may have changed during the CPR procedure. Finally, dur-
ing the inclusion period, the covid-19 pandemic also struck, which severely 
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hampered the inclusions for almost two years, as the study was paused and the 
devices were used in other covid-19 related studies. A very long inclusion 
period (in the case of Study IV over six years) is not ideal, as treatments and 
routines can change during this time. Although there were no official changes 
in the CPR routines used, there could be other factors influencing how the 
ventilation is given over such a long period, such as new staff not fully trained 
with the devices. This is speculative but could play a part. 
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Conclusion 

This thesis explored ventilation during SCA both experimentally and clini-
cally, and increased the understanding of the procedure and its physiological 
effects by describing ventilation parameters and haemodynamics in different 
settings with different ventilation modes and airway modalities. Ventilation 
during CPR, and the measurement of it, is very complex, but can be achieved 
with the right equipment and data analysis tools and can give valuable insight 
into the procedure. Moving forward, ventilation during CPR should be meas-
ured more frequently to identify the optimal ventilation patterns associated 
with positive outcomes for patients suffering SCA. The study specific conclu-
sions were: 

Study I: In the experimental setting using a pig model, a suction cup on a 
mechanical chest compression device did not affect CO as measured by EtCO2 
or affect the ventilation.  

Study II: In an animal model, asynchronous ventilations during continuous 
chest compressions resulted in higher PIP but otherwise did not produce mark-
edly different haemodynamics or lung injuries compared to synchronous ven-
tilations, although all included animals received significant lung injuries, 
mainly widespread atelectasis. 

Study III: A novel algorithm capable of extracting ventilation data during 
ongoing CPR was developed, evaluated and found to be accurate. It was sub-
sequently used on the clinical ventilation data in Study IV. 

Study IV: In clinical practice, ventilation is inconsistently delivered, with 
tidal volumes often below guideline recommendations. PIP was significantly 
higher during asynchronous ventilations with an ET compared to all other 
combinations of ventilation mode and airway modality. Leakage was common 
during BVM ventilations 
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Future perspectives 

The most important question when it comes to ventilation during CPR remains 
unanswered: What is the optimal way to perform ventilations in order to max-
imize the chance of survival. While this thesis did not aim to give an answer 
to this, it is of course the ultimate goal of this kind of research. What this thesis 
perhaps shows is that due to the heterogeneity of the ventilation and CPR pro-
cedure, it can indeed prove to be very complicated to reach consensus on this 
issue, but it should nevertheless be attempted. One obvious way to do this is 
to start measuring the ventilation during CPR more frequently than what is 
done today. Including tidal volumes, ventilation frequencies, airway pressures 
and EtCO2. Devices capable of doing this already exists and will hopefully 
become more common in the future. This thesis shows what results from such 
measurements can look like. It also presents an algorithm to accurately meas-
ure ventilation parameters during CPR. This algorithm is open source and 
available for anyone interested to use. A natural next step would be to further 
validate the algorithm with other means besides that of a ventilator, to increase 
its accuracy and perhaps also incorporate it in more robust measurement de-
vices. As the algorithm is not device based, there is no obstacle to use it on 
waveform data from other devices. With more clinical ventilation data from 
CPR, open questions from this thesis can perhaps be investigated further, such 
as if the high PIP during asynchronous ventilations with an ET is detrimental 
in any way and if the observed leakage during BVM ventilations is wide-
spread. More clinical trials within the field are urgently needed. With the 
seemingly renewed interest in the field, and with the aid of thesis like this one, 
hopefully this can come to fruition in the not too distant future, turning more 
and more known unknowns into known knowns. 
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Populärvetenskaplig sammanfattning på 
Svenska 

Plötsliga hjärtstopp fortsätter att vara en vanligt förekommande dödsorsak 
världen över. Behandlingen är hjärt-och lungräddning samt defibrillering. 
Trots att ventilering (dvs att med olika hjälpmedel ge den drabbade konstgjord 
andning) är en fundamental del av behandling och har genomförts i många 
hundra år (på mer eller mindre adekvata sätt) så saknas grundläggande forsk-
ning om hur ventilering ges samt vilka effekter ventilering har. Syftet med 
denna avhandling var att utforska hur ventilering ges under pågående hjärt-
lungräddning (HLR) samt dess effekter och vad som kan påverka den, både 
experimentellt och kliniskt. 

Studie I och II var experimentella djurstudier där grisar användes. I Studie I 
undersöktes om en sugkopp på en bröstkompressionsapparat påverkade blod-
cirkulationen och ventileringen. Inga tydliga skillnader fanns men hjärtats cir-
kulation var något bättre i gruppen som fick bröstkompressioner med sugkop-
pen jämfört med den grupp som fick utan. Studie II undersökte om det fanns 
skillnader i ventilering, blodcirkulation och lungskador om ventileringen gavs 
antingen kontinuerligt under pågående bröstkompressioner eller under pauser 
av bröstkompressionerna. Ventilering under pågående bröstkompressioner 
gav upphov till högre luftvägstryck samt lägre utandad koldioxid och lägre 
koldioxidhalt i blodet. Alla undersökta lungor uppvisade skador varav den 
vanligaste var sammanfallen lungvävnad. Det fanns inga skillnader mellan de 
olika ventileringsmetoderna. 

I Studie III beskrevs utvecklingen och testningen av en algoritm för att kunna 
mäta ventilation under pågående hjärt-lungräddning. På grund av bröstkom-
pressionerna uppstår störningar i signalerna från den uppmätta ventilationen. 
Algoritmen utvecklades för att kunna uppmäta korrekta värden även i närvaro 
av dessa störningar. Algoritmen testades mot mekaniska ventilatorer som 
kunde ge ventileringar med kända värden. Algoritmen presterade väl och an-
vändes i Studie IV. 
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I Studie IV studerades ventilering kliniskt genom att personal från ambulans, 
akutläkarbilar, ambulanshelikopter och ett akutteam på ett sjukhus mätte den 
ventilering de gav vid hjärtstopp. Resultaten visade att ventileringen som ges 
är väldigt olikartad med många olika kombinationer av hjärt-lungräddnings-
metod och luftvägshantering. Precis som i Studie II var ventilering given un-
der pågående bröstkompressioner (tillsammans med en endotrakealtub) för-
knippat med högt luftvägstryck. I övrigt var de givna volymerna något under 
de som rekommenderas i nuvarande HLR-riktlinjer. Ventilering med mask 
och blåsa var förknippat med stora läckage och ineffektiv ventilering. Tidigare 
har det funnits en rädsla att ventilering under hjärt-lungräddning ges för snabbt 
eller med för stora volymer. I Studie IV fanns inga tecken på detta, även om 
det förekom i enstaka fall. 

I framtiden bör ventilering mätas i högre utsträckning under hjärt-lungrädd-
ning och algoritmer liknande den som utvecklades i Studie III implementeras 
i syfte att ytterligare öka förståelsen för ventilering under HLR, samt utröna 
hur ventileringen ska ges för att öka överlevnaden efter plötsliga hjärtstopp. 
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