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Popular science summary of the thesis 
 
General anaesthesia is a pharmacological state of unconsciousness including 
depression of autonomic functions enabling surgery to be performed without 
any pain or distress. Breathing is usually in need of support by a ventilator when 
patients are provided with general anaesthesia for abdominal procedures. The 
extent of ventilator support is determined by applying a certain pressure or a 
predetermined volume and a suitable frequency trying to mimic regular 
breathing. The aim is to secure adequate exchange of oxygen and carbon 
dioxide, without harming the lung. Thus, the ventilator normally generates a 
certain number of breaths each minute, usually 10-15/min, with a volume of 
approximately 500 ml per breath for adult patients. In modern ventilators, there 
are numerous ways to further optimise breathing and individualise the 
ventilation for each patient but still based on a normal tidal volume and 
respiratory rate.  

During the late 60’s and early 70’s an alternative way of ventilation was 
developed. It had an “unphysiological way” of ventilating the patients, contrary to 
the above-mentioned ventilation. It was characterised by very small tidal 
volumes (TV), that is the volume of each breath, and by respiratory rate (RR) of 
up to several hundreds of “small breaths” each minute. The technique was 
named high frequency ventilation (HFV). It was further developed into different 
subgroups; high frequency positive pressure ventilation (HFPPV), high frequency 
jet ventilation (HFJV) and high frequency oscillatory ventilation (HFOV) 
depending on different techniques to generate airflow. HFV was initially 
developed to lessen the effects of mechanical ventilation on cardiovascular 
function in research animals, reducing the changes in intrathoracic pressure 
associated with insufflation by normal tidal volumes. However, the technique 
rapidly became accepted for human use and gained popularity for ventilation 
during airway procedures. This type of ventilation has since been used in ear-, 
nose- and throat surgery, thoracic surgery, emergency airway situations and 
neonatal intensive care.  

Ablative surgery of the liver, where the tumours are destroyed with heat from 
microwaves or with short pulses of strong current through thin needles 
(irreversible electroporation, IRE), demands high precision in placement of 
electrodes and antennae in the target organ. The ablative surgical procedure can 
be targeted with ultrasound, computer tomography or magnetic resonance 
tomography guidance. It demands minimal movements of the target tumour. 



With conventional ventilation, the liver, which lies close to the diaphragm and the 
lung, moves approximately one centimetre with each breath.  

HFV has thus reached a new popularity for its advantage in keeping abdominal 
organs still during high-precision surgery. With very low tidal volumes, the lung 
does not put as much pressure on the abdominal organs as conventional 
ventilation does. This leads to less breathing-related movements of the organs 
close to the diaphragm. When high frequency ventilation is used, the organs near 
the diaphragm, for example the liver, have respirator-caused displacement by 
only a few millimetres. This allows the surgeon to place needles in the centre of 
the tumour, avoiding damaging healthy tissue in proximity to the tumour in the 
affected organ.  

This thesis includes four papers with a focus on analysing the safety of the 
clinical routine use of HFJV during ablation procedures in the liver. 

In paper I blood samples from an arterial line were taken repeatedly during liver 
ablation procedures in 25 patients ventilated with HFJV to assess safety 
concerning the maintenance of oxygenation and elimination of carbon dioxide 
(CO2) during the procedure. Adequate oxygenation was maintained in all 
patients. A significant rise in the arterial tension of CO2 (PaCO2) as well as a 
decrease in pH was seen. No intervention was needed to correct these values 
and they were all normalised spontaneously during early recovery. Lactate was 
normal throughout the period studied. Thus, the use of HFJV was found to be 
safe to use during 45 minutes of the liver ablation procedure. 

In paper II a patient record review of the proportion of arterial systolic pressure 
hypertensive events during early recovery following liver tumour ablation was 
conducted in 134 patients. Patients enrolled were divided into three groups 
depending on what ventilation and ablation method had been used: (i) 
microwave ablation and HFJV, (ii) irreversible electroporation (IRE) and HFJV and 
(iii) microwave ablation (MWA) and conventional ventilation. The odds of having 
severe hypertension, defined as systolic arterial pressure (SAP) higher than 180 
mmHg was significantly higher in the group with MWA and HFJV. 

In paper III the amount of atelectasis, that is non-ventilated lung volume, during 
liver tumour ablation with HFJV was assessed using computer tomography. 
Twenty-five patients planned for liver tumour ablation were enrolled in the study. 
CT scans were taken at the start of HFJV and thereafter every 15 minutes during 
the first 45 minutes. Atelectasis increased during surgery and was significantly 
higher at 30 and 45 minutes compared to the baseline. The major part of the 



 

 

lung was normally ventilated and the proportion of normally ventilated lung was 
unchanged during the period studied.  

In paper IV a total number of 26 male patients were randomised to receive an 
endotracheal tube with an inner diameter of either 8 or 9 mm to assess potential 
differences in arterial carbon dioxide (PaCO2). PaCO2 was measured as arterial 
carbon dioxide tension (PaCO2) and transcutaneous carbon dioxide (TcCO2) 
during the first 45 minutes of HFJV during liver tumour ablation. PaCO2 requires 
an arterial line while TcCO2 is measured by attaching a sensor to the skin. No 
significant difference in PaCO2 was seen between the two groups. Comparing 
the two different methods for assessing CO2, a good correlation could be seen 
between the two methods.  

In conclusion, the studies in this thesis contribute to the understanding of the 
physiological effects of HFJV in tumour ablation treatments. It shows that HFJV 
in this relatively new setting is feasible and safe. Oxygenation is safely 
maintained during HFJV. Carbon dioxide increases during HFJV but is rapidly 
reversed during recovery. Hypertensive episodes during recovery were related 
to the use of HFJV and MWA. A normal size endotracheal tube can safely be 
used regarding PaCO2, in male patients, for shorter procedures during HFJV. 
TcCO2 is a feasible technique for monitoring CO2 tension during HFJV when end-
tidal monitoring is not available.  

 

  



Abstract 
 
Background 

Surgery often requires general anaesthesia. During general anaesthesia, a 
ventilator is often used to secure the breathing of the patient. This is preferably 
done by mimicking normal ventilation. Conventional ventilation causes the lung 
to inflate and deflate which in turn makes the diaphragm move up and down in 
the craniocaudal direction. Therefore, all organs adjacent to the diaphragm will 
be affected by these breathing-related motions. During liver tumour ablation, 
stereotactic technique can be used. During stereotactic technique, radiological 
images are used to optimise needle placement in three dimensions, to reach the 
target tumour. It is of great importance that the target tumour does not move, 
ensuring that the tissue destruction is limited to the tumour and avoiding injury 
of healthy surrounding tissue. To meet the demand of target organ 
immobilisation, high frequency jet ventilation (HFJV) has become an interesting 
option. This method uses small tidal volumes at high frequencies that highly 
differ from normal physiological respiration in humans, contrary to conventional 
ventilation during surgery. HFJV has been used for decades especially for 
ventilation during airway procedures. To ventilate the patient while minimising 
abdominal organ movement and thereby improving surgical conditions during 
stereotactic ablative procedures is a novel way of using the benefits of HFJV.  

Aim 

This doctoral thesis studied the feasibility and safety of using high frequency jet 
ventilation for the specific purpose of liver immobilisation during stereotactic 
ablation procedures. The aim of Study I was to study gas exchange during HFJV 
during stereotactic ablation of liver tumours. In Study II, post-operative 
hypertension and its relation to liver tumour ablation techniques and ventilation 
methods were studied. In Study III the formation of atelectasis during HFJV was 
studied. In Study IV the levels of carbon dioxide (CO2) were studied in two 
different groups randomised to different sizes of the endotracheal tube in which 
the jet-catheter was placed during HFJV in liver tumour ablation. In Study IV 
continuous transcutaneous carbon dioxide (TcCO2) monitoring was compared to 
intermittent measurement of arterial carbon dioxide (PaCO2).    

 
 
 



 

 

 
Methods 

Study I is a prospective, observational study. Blood gas analysis was performed 
every 15 minutes for the first 45 minutes of HFJV in 24 patients undergoing liver 
tumour ablation.  

Study II is a retrospective, observational study. Medical chart records were 
collected and analysed for early post-operative hypertension for 134 patients 
receiving either HFJV or conventional ventilation (CV) and various ablation 
methods, microwave ablation (MWA) or irreversible electroporation (IRE). 

Study III is a prospective, observational study. CT-images over the lower part of 
the lung were taken in 25 patients every 15 minutes during the first 45 minutes of 
HFJV. The images were analysed for atelectasis formation during HFJV using the 
MatLab software program.  

Study IV is a randomised, prospective study. PaCO2 was measured during the 
first 45 minutes after initiation of HFJV in patients randomised to endotracheal 
tube (ETT) inner diameter (ID) 8 or 9 mm. TcCO2 was also measured during the 
same period and compared to gold standard PaCO2. Airway pause pressures, 
peak pressures and signs of intubation injuries were also studied.  

Results 

In Study I blood gas analyses showed that none of the 24 patients experienced 
hypoxemia during the first 45 minutes of high frequency jet ventilation. A 
statistically significant rise in arterial carbon dioxide (PaCO2) was seen at all time 
points during HFJV compared to baseline. A further statistically significant rise in 
PaCO2 was seen during HFJV compared to T=0 at T=30 (p=0.006) and T=45 
(p=0.003). A corresponding statistically significant decrease in pH was seen 
compared to baseline at T=15 (p=0.03) from a mean value of 7.44 to 7.31. A 
further small drop in pH was seen over time but with no significance between 
time points. During early recovery in the post anaesthesia care unit, PaCO2 and 
pH resumed spontaneous to baseline values. All lactate values were within 
normal range except for one value in one patient during recovery that was 
slightly raised to 2.3 mmol L-1.  

Study II showed that hypertension was common in post-operative care after 
liver tumour ablation. Patients receiving MWA under HFJV had the highest 
proportion of having at least one episode of severe hypertension (SAP >180 
mmHg) when compared to patients receiving IRE under HFJV and MWA under 
CV. Multiple regression analysis showed increased odds for post-operative 



hypertension when MWA was used compared to IRE and when HFJV was used 
compared to CV. 

Study III showed that the formation of atelectasis increased over time during 
HFJV during the 45 minutes studied, from 5.6% to 8.1% of the total lung area. The 
increase in atelectasis was significant at T=30 (p=0.002) and T=45 (p=0.024). 
The area of normal ventilation was however unchanged. In a subgroup analysis 
with patients with a BMI<30, no significant difference in the amount of 
atelectasis could be seen between the time points.  

In Study IV PaCO2 increased in both groups, with ETT ID 8 and 9 mm, but no 
statistically significant difference between the two groups was seen (p=0.06). 
TcCO2 was measured and compared to PaCO2. A Bland-Altman plot and an ICC 
analysis showed a good correlation between the two methods. 

Conclusions 

The overall result of this thesis indicates that high frequency jet ventilation is 
feasible and safe during stereotactic ablation of upper abdominal organs for up 
to 45 minutes. There is a risk of hypertensive events in the early recovery, 
following liver tumour ablation when MWA and HFJV are used. Atelectasis 
increases but the proportion of normally ventilated lung is preserved. PaCO2 

increases but is rapidly reversed during recovery. An ETT ID 8 mm can be used in 
male patients for shorter procedures, regarding PaCO2. TcCO2 is a feasible 
technique when following the changes in carbon dioxide although blood gas 
analysis should be considered in patients in need for haemodynamic monitoring 
and risk of carbon dioxide retention. 
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1 Introduction 
 

1.1 The development of mechanical ventilation 

The first historical description of artificial ventilation stems from the Bible and 

the book of Genesis 2:7 which states that: Then the LORD God formed the man 

of dust from the ground, and breathed into his nostrils the breath of life, and the 

man became a living person. After this divine ventilation, it takes several 
centuries before the first ventilation performed by a human is described. 

Andreas Vesalius, professor of anatomy, describes in his work in the 16th century 

how he ventilated a dog’s lungs via the trachea with the help of a bellow and a 

hollow reed.1,2 The great breakthrough for artificial ventilation came during the 
polio pandemic in the 1950s when the mortality decreased from >80% to around 

25% when mechanical ventilation was used for patients with bulbar polio.3 Since 

then, mechanical ventilation has been widely spread and is still being developed 

to improve the treatment of patients in need of assisted ventilation during 
surgery, in the ICU and even for long-term use in patients with injury or disease 

leading to permanent respiratory impairment.  

1.2 Airway management 

To enable breathing with a ventilator the airway needs to be open for air to enter 

the lungs. This can be achieved in different ways. The least invasive way is via a 

face mask used for example in awake patients in need of PEEP and/or pressure 
support or during shorter anaesthesia where an anaesthesia provider holds the 

mask making sure the airway is always open. The next level of keeping the airway 

open is using a supraglottic airway device. This device is inserted in the pharynx, 

above the larynx, having an opening towards the trachea. This is usually used 
during anaesthesia where muscle relaxation is not used and during shorter 

anaesthesia. Tracheal intubation allows for invasive ventilation. This usually 

requires a patient that is muscle relaxed and the endotracheal tube is inserted 

via the mouth or nose into the trachea, with the tip placed above the carina 

where the trachea divides into the left and right bronchi. A cuff, a thin-walled 

balloon, surrounding the endotracheal tube, is then inflated with air to prevent 

secretions from passing into the lungs. If mechanical ventilation is necessary for 

a longer time (approximately more than 5-10 days), a tracheal cannula is placed 

via the front of the neck. This can be used in patients with an expected long stay 

in the ICU or as a permanent airway in patients with life-long ventilatory support.  
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1.3 High frequency ventilation (HFV), an alternative technique 

The technique was taken into practice in animal research to avoid changes in 
thoracic pressure and subsequent effects on central circulation. Over a hundred 

years ago, in 1915, Henderson and colleagues, could show that gas exchange 

could be managed with a non-physiological breathing mode with very small tidal 

volumes, in fact, less than anatomical dead space. 4,5 The evolution of high 
frequency ventilation was then paused until the 1960s. During the following 

decades, the technique evolved and led to several advantages in the 

anaesthesia and surgical field. The most common use of HFV has been in 

thoracic surgery, ear-, nose- and throat surgery, emergency airway situations 
and neonatal intensive care.  

One advantage of high frequency low tidal volume ventilation is the effect it has 

on organ motion during the need for mechanical ventilation. Conventional 

ventilation, with approximately 500 ml/breath in an adult, results in expansion of 

the lung and subsequent movements of several centimetres of the organs close 
to the diaphragm, such as the liver, pancreas, and kidneys. With very small tidal 

volumes, as in HFV, it is possible to minimise organ motion to near 

immobilisation, with only a few millimetres of movement, depending on the 

settings on the high frequency ventilator; frequency and driving pressure. In high 
precision surgery, such as ablation of tumours, reducing the movement of the 

target organ is of great importance. This can improve surgical precision and by 

doing so, shorten surgical and anaesthesia time and improve outcomes. It has 

great advantages in the ablative treatment of tumours where needle placement 
demands the target organ to be very still, especially in CT-guided stereotactic 

ablations where it is crucial, since targeting of the neo-plasmatic lesion is 

performed on on-real time matter.6,7  

HFJV differs from conventional ventilation and there are some potential risks to 

be aware of, while using this technique. This thesis aims to evaluate the 

perioperative physiological effects of high frequency jet ventilation during 

stereotactic liver tumour ablation treatment.  
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2 Literature review 
 

2.1 High frequency ventilation and its’ physiological effects  

During the 1950’s a technique of ventilating through a rigid bronchoscope was 
invented. To avoid the intermittent removal of the bronchoscope to allow the 
anaesthetist to provide some breath the need for alternative ventilation 
techniques was obvious. High frequency ventilation was thus invented to meet 
two different needs. One was to overcome the conflict between the ENT surgeon 
and the anaesthetist around access to the airway during airway procedures. The 
other requirement was minimising the effect of mechanical ventilation on 
haemodynamics. These two requirements led to the development of HFV during 
the 60’s and 70’s. 

Sanders et al. were the first to describe the principles of high frequency jet 
ventilation as they presented the technique of attaching an adapter to the 
proximal end of a rigid bronchoscope. With this adapter, connected to oxygen, a 
pressure regulator, and a handheld on and off valve, ventilation could be 
performed delivering a jet flow of 50 lb in-2 (equals to 3,4 bar). The jet flow 
entrained air that contributed to the tidal volume and CO2 wash-out of the lung 
and the pause between each jet flow allowed for passive outflow of CO2.8,9,10 

It was known at an early stage that mechanical ventilation could cause 
haemodynamic depression. In 1967 U. Sjöstrand et al. reasoned that it would be 
possible to prevent this and still get adequate gaseous exchange if ventilation 
with higher frequencies and lower tidal volumes were to be used11. Early works 
with HFPPV on cats also showed the effect of this ventilation technique. It 
showed afferent nerve activity, inhibiting the respiratory centre, and efferent 
phrenic nerve activity resulting in cessation of spontaneous breathing. Another 
finding described early in the history of HFV is the elimination of ventilator 
synchronous pressure changes in intracranial pressure (ICP).2 

2.2 Different types of high frequency ventilation 

There are three main types, or principles, that belong to the umbrella term of 
HFV; high frequency positive pressure ventilation (HFPPV), high frequency jet 
ventilation (HFJV) and high frequency oscillatory ventilation (HFOV), further 
described below. In this thesis, the focus is on HFJV. The definition of HFV is 
usually described as a ventilatory rate above 60/min (1 Hz) where HFPPV ranges 
from 60-110/min, HFJV from 110-400/min and HFOV from 400-2400/min.4 The 
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different techniques are thus defined by differences in frequencies but do not 
entail a difference in physiology between them.  

HFPPV - HFPPV was first invented to try to minimise the effect of the ventilator 
on haemodynamics (mean arterial pressure and cardiac output). The theory 
behind this was to keep the peak airway pressure low. This was achieved through 
low tidal volumes and high breathing frequencies and a specially designed 
ventilator was used. The inventors, Öberg and Sjöstrand, did extensive research 
in animal models and then introduced this newfound knowledge into the 
operating theatre.12 HFPPV was introduced in situations where the performing 
physician’s operating field conflicted with the anaesthesiologist’s need to ensure 
the patency of the airway, for example in laryngo- or bronchoscopy. It was also 
used in thoracic surgery to minimise lung movement to achieve improved 
surgical conditions. HFPPV did not get much of attention outside of Scandinavia, 
possibly explained by the complexity of the technique.13,14 

HFJV - In 1977 Klain and Smith were the first to describe HFJV: “In essence, high 
frequency jet ventilation (HFJV) consists of the intermittent delivery of gas from 
a high pressure source through a small-bore cannula positioned in the airway, 
followed by passive expiration”. Its main use is during ENT surgeries of the 
airway, sometimes during thoracic surgery and for organ immobilisation during 
ablation procedures. It is also sparsely used as a rescue method, in the ICU for 
respiratory distress syndrome, mostly in neonatal care. Different devices have 
been developed for HFJV. They differ mainly due to the procedure or the 
situation. For example, the jet cannula can be (a) positioned freely in the supra- 
or subglottic area of the airway, (b) attached directly to a laryngoscope or 
bronchoscope15,10 (c) placed freely lying inside the endotracheal tube6,16,17 or (d) 
being inserted percutaneously into the airway as an emergency airway18,4,12.  

HFOV - HFOV was developed by Lunkenheimer and colleagues during the 1970’s. 
19 When they studied myocardial impedance and applied oscillation, they 
noticed a significant amount of CO2 being removed from the airways. Parallel in 
time, Bryan and Laws were also studying impedance on the lung, during 
anaesthesia. A loudspeaker was used to deliver high-frequency oscillations and 
then lung impedance was measured. They found that the CO2 levels were higher 
for each beat. After this discovery, they developed the technique and built a high 
frequency sine wave generator. This generator used a piston pump and was 
driven by an electric motor. When using this generator on anaesthetised dogs, 
they could show that it provided excellent gaseous exchange.13 They used 
frequencies of 900 oscillations/min and the reason was that this frequency was 
thought to be the lung’s resonant frequency. They noticed that dogs ventilated 
with CV had lungs that became recruited and then de-recruited and therefore 
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became atelectatic during anaesthesia followed by hypoxia. When HFOV was 
used, the lungs maintained open due to the maintenance of a high mean airway 
pressure. Their study contributed to the development of the “open lung 
strategy”. This is a ventilation concept still used in the ICU in patients with acute 
respiratory distress syndrome (ARDS) to prevent ventilator-induced lung injury 
(VILI). HFOV is indicated as a rescue method for patients with ARDS where CV 
has failed, but its use is limited. It is more widely used in neonatal care in infants 
with pulmonary hypertension or meconium aspiration. In 2016 Maitra et al. 
conducted a meta-analysis of RCT studies with a total of 1.759 patients where 
HFOV was compared to conventional ventilation in adult patients with ARDS. 
Even though refractory hypoxia was significantly less in the HFOV group, 30-day 
mortality was not different between the groups.20,21   

2.3 HFJV 

2.3.1 Gas exchange during high frequency jet ventilation 

Gas exchange during conventional and spontaneous ventilation can be 
described by the formula Va=f x (VT-VD) where Va is alveolar ventilation, f is 
frequency, VT is the volume of tidal ventilation and VD is the volume of dead 
space (both anatomical and technical). As tidal volume is less than dead space 
in HFJV this formula cannot explain, at least not by itself, gas exchange during 
these high frequencies. This was a fundamental challenge to the known and 
accepted laws of respiratory mechanics when it was first introduced. The 
complexity of gas exchange during high frequency ventilation is mentioned and 
discussed in nearly every article or book on the subject of HFJV.22 This could be 
a contributing cause to the tardy development of HFJV.2 

Gas exchange during HFJV can be explained by several physical principles. 

Taylor dispersion. The central flow of gas diffuses to the more peripheral part, 
closer to the bronchial walls, enriching this gas with oxygen. The axial airflow has 
a parabolic shape with greater speed in the centre of the airway. This causes a 
concentration gradient in the radial direction to occur that enhances diffusion in 
the airways. In the proximal airways, the gas mix is directed towards the centre 
while the mix is directed in the opposite direction in the distal part of the airway. 
The physical characteristics of HFJV are further complicated by the jet flow, 
compared to the sinusoidal flow in HFO, and this might be one of the factors 
explaining why HFJV initially did not gain much global attention. Illustrated in Fig 1. 
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Fig 1 Taylor dispersion. As the flow moves down the airways (1) a parabolic shape is formed (2). As this 
happens a radial concentration gradient appears with an outward gradient in the distal part and an inward 
gradient in the proximal part of the parabola (3). This enhances the diffusion and gas exchange during HFJV 
(4) and (5). Picture reprinted with permission from Springer Link.  

 

Pendelluft. This is the phenomenon explaining gas exchange due to different 
time constants. Some lung units are filled with gas faster than neighbouring lung 
units. This is due to differences in compliance and resistance in the lungs.  

Cardiogenic mixing. The beating heart causes movement of the adjacent lung 
tissue, enhancing gas mix and its dispersion in and out of the alveoli contributing 
to gas exchange.  

Bulk flow. Gaseous flow driven by a pressure gradient. This is the main 
mechanism of gas exchange in spontaneous ventilation and conventional 
mechanical ventilation. This occurs in HFJV as well but to a lesser extent and 
mostly in the proximal airways.   

Convective dispersion/Coaxial flow. A bidirectional flow of gas where the gas in 
the centre of the airway tube moves rapidly inwards and a peripheral flow 
moving outward (expiration). Gas close to the periphery in the bronchoalveolar 
tree moves slower compared to gas in the centre of the airway. This might best 
be explained graphically, see Fig 2. 
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Fig 2 This figure illustrates the bidirectional flow of gas that occurs in HFJV, contributing to gas exchange. 
The thin (white) jet-catheter placed within and at the tip of the endotracheal tube. Pink colour represents 
the oxygenated jet-stream. Blue colour represents CO2. Reprinted with permission from Creative 
Commons Attribution-Share Alike 3.0, https://creativecommons.org/licenses/by-sa/3.0/deed.en. 

 

Augmented molecular diffusion. Molecular diffusion occurs in all kinds of 
ventilation. This is the diffusion of molecules over the alveolar membrane, 
between the blood and the inspired air. High frequency jet ventilation might 
enhance this process though it is not yet scientifically proven.  

2.3.2 Potential benefits with high frequency jet ventilation 

When Klain and Smith performed their studies on dogs they found that when 
using HFJV with frequencies above 160/min, cardiac index significantly 
improved.23 Smith et al. also did a study on dogs where HFJV was used for 24 hrs 
at a frequency of 100/min with no impairment in gas exchange during or after 
HFJV.24 It has also been shown in animal studies that fluctuations in ICP can be 
reduced when using HFJV compared to conventional ventilation .25 This was 
suggested by different authors to be considered in multiple injured patients with 
need of high ventilatory pressures and at the same time having injuries leading 
to high ICP-levels. The rationale was that HFJV would deliver low airway 
pressures, compared to CV, and still keep a good saturation and by this not 
contribute to ventilator-induced elevated ICP.25,26 HFJV is well tolerated in 
patients recovering from anaesthesia and is breathing spontaneously. This is, in 
contrast to HFOV where loss of spontaneous ventilation is seen.27  It has also 
been used in thoracic surgery (lobectomy) and was shown to provide excellent 
surgical conditions with minimal movement of the lung.28 In another study on 17 
patients, that could no longer be ventilated with conventional ventilation, HFJV 
was used with a frequency of 100/min. Eight patients survived and of the 
patients who died, the alveolar ventilation and oxygenation had been improved 
compared to conventional ventilation.29 
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2.3.3 Organ motion management with HFJV 

One of the first to describe the benefit of HFJV for organ immobilisation was 
Warner et al. as they 1988 studied kidney stone treatment during conventional 
ventilation compared to HFJV. A significant decrease in stone movement from 
34.3 +/- 4.3 mm with CV to 4.1 +/- 1.9 mm during HFJV was seen as well as a 
decrease in the number of total shocks given.30 Additional studies showed equal 
results when using lithotripsy for kidney stone treatment.31,32 As the liver lies in 
direct proximity to the diaphragm, it is even more prone to respiratory 
movement than the kidney. In 2001, Yin et al. showed a significant decrease in 
liver movements in dogs. Conventional ventilation was compared to HFJV and 
liver displacement was measured in three dimensions. Settings on the jet 
ventilator in this study were set according to vital parameters on the dogs during 
intervention and could therefore differ some, but all were close to 5.5 Hz (equals 
a frequency of 330/min) and driving pressures of 14 psi (equal to 1 bar). The 
highest level of displacement (inferior-superior movement) with conventional 
ventilation was 1.2 cm to be compared to 0.2 cm in the HFJV group. 33 This 
knowledge did not seem to transfer into clinical use until several years later 
when Biro et al. in 2009 presented a human study where HFJV was used for 
motion management. This was a case report of a patient undergoing RF ablation 
of the liver.6 Conventional ventilation with a tidal volume of 400 ml showed a 
cranio-caudal swinging of the liver of 20 mm. When HFJV was used, with a 
frequency of 150 cycles per minute and a driving pressure of 1.8 bar, this 
decreased to only 5 mm. They increased the frequency to 200 cycles per 
minute, but then immediately noticed an increase in TcCO2 from 4.6 to 6.6 kPa 
and therefore the initial setting was restored. The patient in this case report had 
an endotracheal tube size of 7.5. It was around this time that the knowledge 
about HFJV’s ability to minimise respiratory-induced organ movements was 
more widely spread and started to be implemented in clinical practice. Several 
studies have shown the benefits of cardiac ablation surgery for atrial fibrillation 
treatment. In 2006 Goode et al. showed a more stable environment in the left 
atrium when HFJV was used, compared to IPPV. This resulted in fewer ablation 
lesions required and a shorter ablation procedure time.34 Additional studies have 
shown similar results in the treatment of atrial fibrillation.35,36,37 Sivasambu et al. 
even showed a significant improvement in recurrence of atrial fibrillation after 
one year in patients where HFJV had been used. Another area of interest is 
stereotactic body radiation therapy (SBRT). Motion management can be 
obtained by asking the patient to hold a breath. This requires a cooperative 
patient and is also time-dependent. HFJV has been used for motion 
management during SBRT and has shown benefits such as minimising organ 
movements and thereby minimising the radiation volume needed. This could, in 
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turn, save healthy tissue from being damaged.38,39  In the study by Fritz et al., the 
liver movement during HFJV in the study population of 10 patients planned for 
SBRT, was <3 mm in all three directions (x,y,z). The settings on the jet ventilator 
were 300 pulses per minute, but the driving pressure is not described. Neither 
are the carbon dioxide levels during the procedure, although the procedures are 
reported as without complications. The results regarding liver motion during 
HFJV are in the same range as reported in later studies. 6,7 Another work was 
originally planned for this thesis, comparing different settings on the jet 
ventilator (frequency and driving pressure) regarding liver movements. As the 
technical device needed to perform the study could, for different reasons, not 
be delivered, the study could unfortunately not be performed. But a study by 
LoMauro et al. did a similar comparison in 2020, with different frequencies and 
they also included conventional ventilation and apnoea. This was a study on pigs 
and the different settings on the jet ventilator were 200, 300 and 400 pulses 
per minute and a fixed driving pressure of 0.8 bar. They conclude that, compared 
to conventional ventilation, HFJV reduced liver motion and the motion became 
less with increasing frequency. Frequencies of 300 and 400/min were 
comparable to apnoea but have disadvantages such as hypercarbia (HFJV- and 
apnoea-group) and hypoxia (apnoea-group). HFJV with the frequency of 
200/min still reduced liver motion compared to conventional ventilation, even 
though not as much as the higher frequencies, and kept gas exchange intact. 
Therefore, the use of HFJV with the frequency of 200/min was concluded 
optimal for liver motion minimisation in this animal study. This is similar to our 
clinical experience at our institution at Danderyd Hospital, even though 
standardised research on this topic has not yet been conducted. 40  

2.3.4 Risks with HFJV 

There are several risks that the operator should be aware of when using HFJV. 

Most of these are easy to avoid with the necessary monitoring, such as pressure 

monitoring of the airways as well as basic monitoring of gas exchange. Basic 

conventional monitoring of oxygen saturation with pulse oximetry is mandatory 
to follow oxygenation. The end-tidal CO2 monitoring is however not possible to 

follow continuously. To secure adequate gas exchange, arterial blood gas 

sampling may be an option. As blood gas sampling is invasive the use of 

transcutaneous CO2 monitoring is another option to follow the CO2 retention and 
this is discussed further in this thesis. 

Inadequate gas exchange (hypoxaemia and hypercarbia). This is more common 
in patients with lung pathology, especially restrictive pulmonary disease. 
Hypoxemia is rarely seen, and HFJV is even shown to be superior compared to 
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conventional ventilation in certain patient groups. Hypercarbia on the other hand 
is a known complication related to HFJV as it is dependent on the passive 
outflow of air. The higher the frequency, the less pause between the jets and 
therefore higher the risk of hypercarbia. This can be regulated by lowering the 
frequency, increasing the driving pressure to get higher tidal volume or adding 
superimposed ventilation (SHFJV).41 Hypercarbia leads to several physiological 
changes such as respiratory acidosis and increase in intracranial pressure (ICP).  
Hypercarbia can also increase blood flow through the lung and exacerbate 
pulmonary hypertension in patients with right ventricular dysfunction.42  

Barotrauma – The outflow of air is a passive process. Therefore, there is a risk of 
barotrauma and pneumothorax if not enough air is leaving the lung. There is a risk 
of developing an intrinsic PEEP and if not adequate changes in ventilatory 
settings are being performed, this can lead to damage to the airways and lungs, 
see Fig 3C. This can also lead to pneumomediastinum, pneumopericardium and 
subcutaneous emphysema. Worth mentioning here is that HFJV, at least 
theoretically, reduces airway pressure compared to conventional ventilation and 
the risk for barotrauma arises only when outflow of air for some reason is not 
sufficient. 

Cardiac output depression - This could be an effect of the above-described 
situation of gas trapping/auto-PEEP and the risk increases with increased 
frequency. Usually, this also correlates with an increase in CO2.43  

Gastric distension and Gastric rupture – these are described as potential 
complications in the literature but should not be a risk when used for organ 
immobilisation for ablation procedures. For these procedures, the jet cannula is 
placed within an endotracheal, cuffed, and tubed and therefore no air enters the 
ventricle.  

Necrotizing tracheobronchitis – this is a complication that is related to non- or 
not enough humidified air from the high flow jet ventilator. The risk is also 
increased with higher frequencies.44 

Atelectasis, low or non-ventilated lung areas – Atelectasis is known to occur not 
only during HFV but during all types of anaesthesia. Atelectasis is defined as a 
part of the lung where the lung parenchyma for some reason is collapsed and 
non-ventilated, see Fig 3A.45 It was early suspected that atelectasis was a 
common cause of impaired gas exchange during anaesthesia.46 This can be for 
different reasons, and it is a reversible state. One known reason is the supine 
position and anaesthesia. This is caused by gas resorption and/or lung 
compression and the atelectasis is formed in the dependent parts of the lung. 



 

 11 

Gas resorption is an effect of increased oxygen tension in the alveoli. This in turn 
leads to less nitrogen tension and increased absorption of oxygen into the 
bloodstream, resulting in collapsed alveoli. Gas resorption can also be caused by 
collapsed airways leading to atelectasis distal of the collapse. Compression 
atelectasis is caused by several reasons such as the cephalad position of the 
diaphragm caused by muscle relaxation, pooling of blood in the abdomen from 
the thorax, loss of intercostal muscle function and reduced functional residual 
capacity (FRC). Atelectasis occurs regardless of inhalational anaesthesia or total 
intravenous anaesthesia and regardless of spontaneous breathing or muscle 
relaxation and mechanical ventilation.47,48 The formation of atelectasis during 
anaesthesia has been known since the beginning of the last century when 
Pasteur described the phenomenon in 1908.49 The exact cause and effects have 
since then been studied thoroughly.  

 

 

Fig 3 A. Atelectatic lung with collapsed alveoli. B. Normal ventilated lung. C. Overdistended lung. 
Reprinted with the permission from Farflex, Inc. 

 

2.4 Colorectal cancer (CRC) and hepatocellular cancer (HCC) 

Ablation of liver tumours is a growing field in cancer treatment. It has also 

progressed from being only a palliative form of treatment to today, in some 
cases, accepted as a safe and curative treatment.50,51,52 Ultrasound, computer 

tomography or magnetic resonance tomography are used for targeting the 

tumour. Computer assistant guidance can also be used together with any of 

these techniques. Serious complications, requiring reintervention, are in ablative 
surgery around 2% compared to open surgery where the incidence is 10%.53 

Other advantages of ablative treatment are the minimal invasiveness requiring 

less hospital stay and can sometimes even be handled as an out-patient 
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procedure. Open liver surgery usually requires 7-10 days of hospital stay which 

of course also has an economic impact. 53 

CRC - In the Western world colorectal cancer is the leading cause of cancer-

related death and the second most frequent cause of cancer-related death in 

the world.54 Approximately 30% of the patients with CRC develop liver 

metastasis during their lifetime.55 Hepatic resection is the gold standard for 
curative treatment.56 Median 5-year survival is then 40-58% in different 

studies.57 In recent years different types of ablation methods have been 

reported successful, especially in small tumours. The main indications for liver 

tumour ablations are (a) tumours where hepatic resection is not possible, for 
example in patients with multiple tumours where a complete tumour resection 

with adequate remaining liver function could result in postoperative liver failure 

(b) as an adjunct to hepatic resection, (c) in patients with severe comorbidities, 

(d) a small, solitary tumour, usually defined as <30 mm and (e) patient 
preference.58 Different ablation methods can be used, for example microwave 

ablation (MWA) and irreversible electroporation (IRE). These methods are further 

described later in this section. Recently, ablation has shown to be effective not 

only as a completion or adjunct to hepatic resection but in some cases with 
smaller tumours, also as a first-line, curative treatment.50 A recent study 

compared hepatic resection to stereotactic microwave ablation. Patients were 

included if tumour size was <30 mm and <5 in total number. 5-year overall 

survival was equal between the groups. Overall and major complications were 
lower in the ablation group59. See Fig 4. 
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Fig 4 Overall 5-year survival comparing MWA and resection cohorts in CRLM (colorectal liver metastasis) <3 
cm. No difference between the groups could be seen Fig from Tinguele et al., A prospective multicentre trial 
on survival after Microwave Ablation VErsus Resection for Resectable Colorectal liver metastases 
(MAVERRIC).Eur J Cancer 2023. Reprinted with permission from Creative Commons according to the license 
for reprint. 

 

HCC - HCC constitutes 90% of primary liver malignancies. The main cause of 
HCC is cirrhosis which in turn is a result of hepatitis (B or C), toxic liver injury 
(alcohol) or metabolic disease (diabetes, fatty liver disease, 
hemochromatosis).60 It is the sixth most common form of cancer in the world 
and as it has a poor prognosis it is the second most common cause of 
cancer-related death in the world.61 In patients with HCC receiving early 
intended curative treatment, the 5-year survival is 40-75%.62 In patients 
where only palliative treatment is possible, the median survival time is 1-3 
years. During the past years, many studies have shown, after correction for 
selection bias, that small HCC is preferably treated with ablation as the 
complication rate is lower compared to resection, as well as shorter stay in 
hospital and lower total costs.60,62,63 

2.5 Ablation methods  

Since the 1980s different techniques for local treatment of liver tumours have 
evolved.64 The main aim of using ablation methods is the minimal invasive 
technique. There are several different techniques for local ablation treatment, 
and they all use some form of imaging for guidance. The ablation methods can 
be divided into thermal and non-thermal ablations. Below follows a short 
overview of the two methods used for patient treatment in this thesis, one 
thermal, microwave ablation (MWA) and one non-thermal, irreversible 
electroporation (IRE).  

2.5.1 MWA 

Microwave ablation, as the name implies, uses microwaves and is a form of 
thermal ablation. It is one of many thermal ablation methods available. MWA uses 
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electromagnetic waves from a microwave generator. The heat causes water 
molecules to rotate and induce coagulation necrosis.64 The device used to 
deliver the heat is called antennae, but is sometimes incorrectly referred to as 
“needle”. The spectrum of waves used in MWA is similar to that used in 
radiofrequency ablation (RFA) and can be said to be a subgroup of RFA.64 RFA is 
the most widely used method in treating HCC. 52 MWA has some advantages 
compared to RFA, such as the ablation volumes becoming more predictable and 
larger. The risk of heat-sinking problems also becomes less when MWA is used.65 
Complication rates when using MWA are low, as when using RFA. Complications 
related to MWA are bleeding, tumour seeding, abscesses and injuries on near-by 
structures sensitive to heat.52 See Fig 5.  

2.5.2 IRE 

Irreversible electroporation uses non-thermal electric energy that destroys the 
cellular membrane causing the cells to go into apoptosis. This is a quite new, but 
promising method. It is preferably used when thermal ablative procedures are 
not suitable, for example for unresectable tumours close to heat-sensitive 
structures such as the bile ducts, nerves the liver hilus or tumours located in the 
pancreas. The method is more complex and time-consuming compared to MWA 
but has less collateral damage to surrounding tissue.66,67,68 Electrodes are placed 
in parallel around the target tumour and the distance between each pair has to 
be very precise. The electrical pulses generated must be synchronized with the 
ECG to prevent cardiac arrhythmias.52 The patient must be completely muscle 
relaxed to avoid involuntary movements caused by the electrical fields 
generated during ablation. This, in turn, demands general anaesthesia and 
thorough monitoring of muscle relaxation. The communication between the 
surgeon/radiologist performing the ablation and the anaesthetic staff is crucial.   

 

Fig 5 Surgeon (Dr Jacob Freedman) performing stereotactic microwave ablation (MWA) of the liver. Credit to 
photographer Carin Wesström, Danderyd Hospital. 
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3 Research aims 
 

The overall aim of this thesis was to study feasibility and safety and to increase 
the knowledge of using high frequency jet ventilation in liver tumour ablation for 
motion management.  

Study I: To evaluate gas exchange through blood gas analysis over time, during 
general anaesthesia and HFJV in patients undergoing liver tumour ablation.  

Study II: To retrospectively assess the proportion of patients with hypertensive 
events during the early postoperative period following liver tumour ablation 
under general anaesthesia and HFJV and to analyse whether postoperative 
hypertensive events are related to certain ventilation and ablation technique 
combinations. 

Study III: To assess the amount and formation of atelectasis during general 
anaesthesia with HFJV in patients undergoing liver tumour ablation. 

Study IV: To evaluate carbon dioxide levels over time during general anaesthesia 
and HFJV, comparing two groups randomised to endotracheal tube with inner 
diameter 8 or 9 mm. Further to compare transcutaneous CO2 measure to 
intermittent blood gas measured PaCO2. 
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4 Materials and methods 
 

4.1 Study design and populations 

An overview of the study designs and cohorts of the four studies is presented in 
Table 1. Study I and III were performed on the same patient population. Study I, III 
and IV were all prospective studies including patients at the anaesthetic 
department after being accepted for liver tumour ablation at Danderyd Hospital. 
Study II is a retrospective study. 

Table 1 Study design, inclusion and exclusion criteria and number of patients included in each 
study.  

 Study I Study II Study III Study IV 

Design Observational 
prospective 

study 

Observational 
retrospective 

study 

Observational 
prospective 

study 

Randomised 
controlled 

study 

Patient 
inclusion 
criteria 

Patients 
planned for 
liver tumour 
ablation in 

HFJV. 

All patients in 
the local 

prospective 
database with 

either HFJV 
and MWA, 

HFJV and IRE 
or CV and 

MWA. 

Patients 
planned for 
liver tumour 
ablation in 

HFJV. 

Male, need of 
arterial line, 

age >18 years, 
ability to 

understand 
information 
about the 
study and 

leave written 
informed 
consent. 

Exclusion 
criteria 

Severe lung 
disease, age 
<50 years. 

Repeated 
ablation 

sessions. Only 
the first 
ablation 

procedure was 
included in 

patients with 
repeated 
ablations.  

Severe lung 
disease, age 
<50 years. 

Patients with 
severe 

pulmonary 
disease. 
Patients 

shorter than 
160 cm.  

No Pat incl 25 134 25 26 



 

18 

4.2 Devices used for outcome measurements 

Blood gas analysis. This is the gold standard when measuring partial pressure of 
carbon dioxide in patients during surgery. It also analyses the partial pressure of 
oxygen in the blood, the amount of lactate and the pH-level. It is an invasive 
method which requires an arterial line or intermittent sampling of arterial blood, 
usually from the radial artery. In our study, ABL 90 FLEX (Radiometer Medical 
Aps, Brönshöj, Denmark) was used, and the blood samples were immediately 
analysed (within minutes) after ensuring that no air bubbles were in the blood 
gas syringe thus avoiding false values. The machine is calibrated several times a 
day.  

 
Transcutaneous carbon dioxide measurement. Carbon dioxide can be measured 
transcutaneously by a non-invasive method. The electrode measures the partial 
pressure of carbon dioxide. In our study, a Radiometer TCM5 (Radiometer 
Medical, Brønshøj, Denmark) transcutaneous monitor was used. It is calibrated at 
every startup and the membrane is routinely changed every 28th day. In our 
study, it is placed on the forehead of the patient.  

 
Computer Tomography. The different lung areas during HFJV were studied using 
CT images (Toshiba Aquilion One). Images were transferred in DICOM format to 
the software program MATLAB R2020 (MATLAB, The MathWorks, Natick, MA, 
USA). The lung borders were manually outlined. A programme, written purposely 
for the study, was then used to calculate different lung areas based on 
Hounsfield Units (HU). Hounsfield Units can be explained as a density used to 
interpret CT images.69 In this study the lungs were studied one centimetre above 
the right diaphragm.  

The jet ventilator. The jet ventilator used in these studies is a Monsson III device 
(Acutronic, Switzerland). A jet cannula (Laserjet 40, double lumen jet catheter 
acc Biro, Acutronic Medical System AG, Hirzel, Germany) is connected to the 
ventilator and then inserted via the ETT. The ventilator measure airway pressures 
at the tip of the cannula which is in turn placed at the tip of the ETT. Pause 
pressure as well as peak pressure.  

 
 

4.3 Anaesthesia 

All patients in study I, III and IV were under general anaesthesia and intubated 
with an endotracheal tube. All patients had total intravenous anaesthesia. 
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Anaesthetic agents used for induction and maintenance of anaesthesia were 
propofol (Propofol-Lipuro®, B. Melsungen AG, Melsungen, Germany) 2-6 
mikrogr/ml and remifentanil (Ultiva®, Glaxo-SmithKline AB, Solna, Sweden) 2–10 
nanogr/ml. Neuromuscular block was achieved by IV injections of rocuronium 
(Esmeron®, MSD, Haarlem, Netherlands) 0,6 mg/kg at induction and intermittent 
bolus doses when needed. The jet cannula was inserted lying freely within the 
ETT, see Fig 6. Routine monitoring of all patients was carried out during the 
procedure. Routine monitoring includes 3-lead ECG, saturation via a finger probe, 
blood pressure and arterial blood gas analysis via an arterial line in the radial 
artery and the level of muscle relaxation with train-of-four (TOF).  

 

 

Fig 6 A jet cannula lying above the ETT. When the ETT is in place, the ventilator is disconnected 
from the ETT and a jet cannula is inserted into the ETT. A satisfactory placement is proximal to 
the tip of the ETT and is confirmed by a harmonic curve on the jet ventilator.  

 

4.4 Study I 

This is a prospective observational study. A total of 25 patients were 
consecutively included after being accepted for CT-guided liver tumour ablation 
in general anaesthesia with HFJV. They were all included from October to Dec 
2017. All patients received an arterial line as was the gold standard at this time 
for this type of surgery. The blood gases were analysed instantly to avoid 
inaccurate values which can be the case when exposed to room air for a longer 
time. Preoxygenation with FiO2 0,8 was performed before induction. Intubation 
was done with an ETT ID 8 mm for women and 9 mm for men. The theory behind 
using a size larger than standard was to increase the wash-out of CO2 via a 
greater lumen. This was not specific to this study, but standard procedure at the 
clinic for HFJV-ventilated patients. For those patients receiving an arterial line 
before induction, a blood gas was analysed before the start of anaesthesia. 
Thereafter a blood gas was analysed at the start of HFJV and every 15 minutes 
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up until 45 minutes after initiation of HFJV and in early postoperative care. They 
were analysed according to PaO2, PaCO2, pH and lactate. See Fig 7. 

 

 
Fig 7 The anaesthetist prepares the patient and the jet-ventilator before liver tumour ablation. 
The patient lying behind the anaesthetist (the patient is not visible in the picture) in the CT 
machine (left). The setup of the jet ventilator is close to the CT machine. On top of the jet-
ventilator is the TcCO2-monitor (right). 

 

4.5 Study II 

This is a retrospective study. All patients that had performed liver tumour 
ablation within the time period (2012-2019) of the ethical board approval, were 
included in the study. Some patients had several procedures, and for these 
patients, only the first session was included in the study. A total of 134 patients 
were included and medical charts were collected and analysed. The number of 
patients included depended on previous ethical approvals for the three different 
groups. Systolic arterial pressure (SAP) was studied during the early 
postoperative care. They were divided into mild hypertension (SAP 140-160 
mmHg), moderate hypertension (SAP 160-180 mmHg) and severe hypertension 
(SAP >180 mmHg) as proposed by the ‘Sixth National Committee on the 
Detection, Evaluation and Treatment of High Blood Pressure’.70 Data was 
collected and registered for each patient for fulfilling classification in mild, 
moderate and severe hypertension, only one registration per patient reaching 
the categorization was included in the analysis. Thus, one patient may have 
reached more than one class.  
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4.6 Study III 
 

This is a prospective observational study. A total of 25 patients were 
consecutively enrolled after being accepted for liver tumour ablation under 
general anaesthesia. For visual timeline of study set-up, see Fig 8 (same set-up 
as for Study I).  

 

 

Fig 8 Timeline of the study period for Study I and Study III (BG=blood gas). 

 

4.6.1 Radiology 
CT images were analysed every 15 minutes following the initiation of HFJV. 
Patients were placed in a supine position in the CT machine. After discussions 
with radiologists, surgeons, and the Local Radiation Protection Committee there 
was an agreement on radiation dose and volume. A study protocol for the study 
images was made in the software of the CT machine and was executed every 15 
minutes. If the time for study imaging coincided within time with the routine CT 
image, the routine CT image was used in the study instead. The study image 
and the routine image differed some. The study images were set to a volume of 
10 cm at 50 mA and 120 kV, with a slice thickness of 0,5 mm. The routine 
images had an exposure at 140 mA and 120 kV, the slice thickness being 1 mm. 
See Fig 9. 

 

 

Fig 9 CT-images from one of the patients in the Study III. The four pictures from the four time 
points T=0, T=15, T=30 and T=45 (left to right). The first CT-image (T=0) is a routine CT image and 
the rest of the images are study CT images. Reproduced with permission from the patient’s 
relatives.  
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4.6.2 Analysis of the images 
Analysis was made using the software program MATLAB, purposely written by 
one of the authors (Gaetano Perchiazzi). This analysis was conducted in close 
collaboration with Hedenstierna Laboratories at Uppsala University/Uppsala 
Akademiska University Hospital as they have great experience in analysing lung 
images. The researchers made several visits to Uppsala Akademiska University 
Hospital to learn about the program and the images, in total 83 CT images, were 
analysed together with one of the researchers from Uppsala. The images were 
manually outlined by tracing the border between the lung parenchyma and the 
surrounding tissue. In this way trying to avoid automatic flaws made by 
segmentation algorithms when separating atelectasis from the chest wall. The 
analysis was also reviewed by an experienced radiologist. The four lung 
compartments, defined in previous studies71,72,73; hyperinflated (HU between − 
1000 and − 900), normoinflated (HU between − 900 and − 500), poorly inflated 
(HU between − 500 and − 100) and noninflated or atelectatic (HU between − 
100 and + 100) could then be described. In each scan, each lung compartment 
was expressed as a percentage of the total lung area. See Fig 10. 

 

 

Fig 10 Each scan was manually outlined (left) to create a mask that was applied on the CT 
image (right) and further analysed in MatLab program regarding the different lung 
compartments.  

 

  

4.7 Study IV 

This is a prospective randomised controlled study. A total number of 26 male 
patients were randomised to ETT ID 8 or 9. Randomisation was performed using 
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a computerised randomisation generator (stathelp.se). All patients had an 
arterial line in the radial artery and a transcutaneous measuring device attached 
to the forehead. Data were recorded every 15 minutes during HFJV up until 45 
minutes. Jet ventilator settings were standardized and equal for all patients. All 
patients were in the same interval of TcCO2 value as a baseline before initiation 
of HFJV (4.5-5 kPa). There was a protocol for hypercarbia with actions taken at a 
cut-off limit of 10 kPa. Airway pressures recorded by the jet-ventilator were 
analyzed for the two groups. Pressure limits set on the jet ventilator for cessation 
of ventilation was set to 22 mbar for pause pressure and 30 mbar for peak 
pressure, as is clinical routine. Signs of potential intubation injury were recorded, 
such as several attempts at intubation, blood on the ETT, post-extubation 
stridor, hoarseness, and sore throat. Patients were followed-up for a minimum of 
24 hrs regarding signs of intubation injury. 
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4.8 Statistics 

Table 2 Primary objective, effect variable and statistical presentation and analysis. 

 Study I Study II Study III Study IV 

Primary 
objective 

Blood gas 
analysis 

during  HFJV. 

Post-
operative 

hypertension 
and its 

relation to 
ablation and 
ventilation 
method. 

The formation 
of atelectasis 
during HFJV. 

The difference in PaCO2 
between different sizes of 
endotracheal tubes used 
during HFJV.  

Effect 
variables 

PaCO2, PaO2, 
pH, lactate. 

Blood 
pressure in 

the early 
postoperative 

period. 

The amount 
of atelectasis 
in CT images 
is defined as 
HU -100 -- 

+100.  

PaCO2, TcCO2, airway 
pressures  

 Statistical 
Analysis* 

Shapiro-Wilk 
test Repeated 

measures 
one-way 
ANOVA  

Repeated 
measures 
ANOVA on 

ranks 
Bonferroni  
Tukey Test  

Chi-squared 
test  

Multiple 
logistic 

regression 
Adjusted and 
non-adjusted 

odds ratios  

Shapiro Wilks 
test Repeated 

Measures 
ANOVA 

Friedmans 
test  

Tukeys test  

Power calculation 
Shapiro-Wilks test 

T-test 
Mann-Whitney 

Linear mixed model with 
unstructured covariance 

matrix 
Bland Altmans test and 

ICC 

*For all studies a p-value of <0.05 was considered significant.  

 

4.8.1 Study I 

Data was tested for normality with the Shapiro-Wilks test. Repeated measures 
one-way ANOVA was used on normally distributed data and repeated measures 
ANOVA on ranks was used when data was non-normally distributed. A Bonferroni 
or Tukey Test were used in all pairwise multiple comparison procedures. 
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4.8.2 Study II 

For patient characteristics one-way ANOVA on ranks (non-normal distributed 
data) was used and stepwise Chi-2 test where applicable. Chi-2 test was also 
used for pairwise comparison to rule out correlation between the independent 
variables. As only dichotomous values were used, a multiple logistic regression 
model was used to find correlations. Adjusted and non-adjusted odds ratios 
were analysed. 

4.8.3 Study III 

Normality was tested with the Shapiro-Wilks test. Descriptive statistics were 
used for demographic statistics, mean and SD, median and range as applicable. 
Repeated Measures ANOVA was used on data that was normally distributed and 
Friedmans test was used on non-normally distributed data. Tukey's test was 
used for pairwise multiple comparisons. 

4.8.4 Study IV 

Power calculation was based on data from previous studies. Shapiro-Wilks test 
was used to test data for normal distribution. T-test was used for normal 
distributed data and Mann-Whitney for non-normal distributed data. Linear 
mixed model with unstructured covariance matrix was used to analyse PaCO2 
between the two groups. A Bland-Altman plot was used to compare the two 
methods. The data were further investigated by performing an intraclass 
correlation coefficient (ICC) with two-way mixed consistency model. 

Statistical program used in the studies were SigmaPlot (version 14, Software Inc., 
San Jose, California, USA) and SPSS (version 28.0.1.1(14)). 

All statistical methods and analyses were thoroughly discussed and made in 
close collaboration with a statistician (F. Johansson) at Karolinska Institutet, 
Danderyd Hospital.  
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4.9 Ethical considerations 

Table 3 Ethical review board approvals. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*For all prospective studies, written informed consent was obtained from all subjects.  

 

According to Swedish Ethical Board regulation, all data were pseudonymised. The 
code key was kept in a locked storage at the Department of Anaesthesia and 
Intensive Care. Only the research group have access to the code key. All studies 
were conducted in accordance with the Declaration of Helsinki on human 
research and good clinical practice.  

4.9.1 Radiation 

In Study III, CT images were taken every 15 minutes during HFJV. The type of 
image was thoroughly discussed with radiologists and the Radiation protection 
committee at Danderyd University Hospital to meet the criteria of as low 
radiation dose as possible and images with a quality that is possible to analyse 
according to atelectasis. To further minimise the risk of causing harm with this 
extra radiation dose patients <50 years of age were excluded as well as 
pregnancy. Images that were taken routinely, as a part of the ablative procedure, 
sometimes coincided with the time of the study image. In these cases, the 
routine image was used, and so the radiation for the patient was minimised.  

 Study I Study II Study III Study IV 

Approvals* Regional 
Ethics 

Committee in 
Stockholm 

(Dnr 
2016/1124-32, 
June 7th, 2016. 

Regional 
Ethics 

Committee in 
Stockholm 

(Dnr 
2016/2212-

31/2, Dnr 
2019-00871, 

Dnr 
2017/1849- 

31/2 and Dnr 
2019-01072). 

Regional 
Ethics 

Committee in 
Stockholm 

(Dnr 
2016/1124-32, 
June 7th, 2016) 
and the local 

Radiation 
Protection 

Committee at 
Danderyd 
University 
Hospital 
(Project 

number 2016-
1, June 1st, 

2016). 

Regional Ethics 
Committee in 
Stockholm (Dnr 
2021-06062-
01, Mars 31st, 
2022). 
Clinicaltrials.gov 
on May 11th, 
2022, protocol 
ID 
NCT05370001. 
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4.9.2 Arterial line 

In Study I, an arterial line was placed, and blood gases were collected 
intermittently. In Study I, an arterial line was still the gold standard for these 
procedures to monitor PaCO2. In Study IV, which was conducted a few years 
later, there had been a shift from arterial line to transcutaneous monitoring of 
CO2. Arterial lines are now used for other indications, such as haemodynamic 
monitoring for example. Even though the placement of an arterial line is for many 
types of surgeries a routine procedure, it is not without risks74,75,76. Therefore, in 
Study IV, only patients in need of an arterial line for haemodynamic or other 
clinical reasons were included.  

4.9.3 Endotracheal tube size 

In Study IV, patients were randomised to two different endotracheal tube sizes. 
Since the start of liver tumour ablation with HFJV, one tube size larger has been 
used. The theory was that the greater radius of the tube, the better the wash-out 
of carbon dioxide. There was a shift over time to the use of normal-size ETT, and 
clinically this seemed to work. To confirm this, Study IV was conducted. There 
could theoretically be complications with the smaller tube size, related to 
hypercarbia, but there could also be risks using a larger ETT, such as mechanical 
injuries in the airways.  
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5 Results 
 

Table 4 Summary of results from the four studies.  

 Study I Study II Study III Study IV 

Primary 
outcome 

A significant 
rise of PaCO2 
during HFJV. 

Postoperative 
hypertension 

related to 
HFJV and 

MWA. 

A significant 
rise of 

atelectasis 
during HFJV.  

No sign 
difference in 
PaCO2 during 

HFJV using 
ETT ID 8 

compared to 
ETT ID 9.  

Secondary 
outcome 

pH 
decreased. 
Lactate and 
PaO2 normal 

values. 

Very high 
post-

operative 
blood 

pressures 
related to 

pain.  

Normoinflated 
lung tissue is 
in dominance 

and 
unchanged.  

PaCO2 
correlates 
well with 

TcCO2. Airway 
pressures 

sign lower in 
ETT ID 9. 

 

5.1 Study I and Study III 

Studies I and III were performed on the same study population group and 
therefore have the same patient characteristics. See Table 5. 
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Table 5 Patient characteristics for Study I and III. Data are presented as mean (SD) or median 
(IQR) as applicable.  

 

 

 

 

 

 

 

 

 

 

 

* 8 patients with previous smoking habits 
** 2 patients with mild asthma, 2 patients with lung metastasis, 1 patient with pulmonary 
hypertension and Sjogren’s disease, and 1 patient with earlier postoperative pulmonary embolism.  

 

All patients included in the studies had an uncomplicated perioperative course, 
except for one patient who had a minor pneumothorax. This complication was 
associated with the surgical procedure. It was a small pneumothorax and did not 
need any further surgical intervention. In one patient, the PaCO2 reached above 
the level set for study protocol intervention (PaCO2 10.6 kPa). This was the last 
arterial blood gas within the protocol and hence the action taken for this high 
value is not recorded in the study protocol. HFJV did not need to be 
discontinued in any patients. In one patient the DP was set to 1,6 and remained 
so during the procedure. In another patient, the oxygen level was raised after five 
minutes in HFJV from 80% to 100%. This was due to a desaturation to 93%, after 
the intervention the saturation was normalised.  

 

Variables  Overall series 

Age Median (years) 70.5 (61-76) 

Sex Male n (%) 

Female n (%) 

16 (67) 

8 (33) 

BMI Median (kg m-2) 25 (24-30) 

ASA-score ASA 1 (%) 

ASA 2 (%) 

ASA 3 (%) 

1 (4) 

5 (21) 

18 (75) 

Smoking Yes (%) 

No (%) 

2 (8) 

22 (92)* 

Lung disease Yes (%) 

No (%) 

    6 (25)**  

18(75) 
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5.2 Study I 

In this observational study, a total number of 131 blood gases were analysed. All 
patients received an arterial line, 19 patients received an arterial line before the 
start of anaesthesia and six patients after induction.  

Mean value of saturation, measured via a finger probe monitor, was 98% at all 
time points during HFJV. The lowest value was 92% during HFJV over the 45 
minutes studied. PaCO2 values were within the normal range for all 19 patients 
before the start of anaesthesia (mean 5.0, SD 0.4).  

PaCO2 were at all time points during HFJV significantly higher when compared to 
baseline (baseline mean value 5.0, SD 0.4). During HFJV there was a further rise 
in PaCO2 that was significant at T=30 (7.0 kPa, SD 1.5, p=0.006) and T=45 (7.1 kPa, 
SD 1,7, p=0.003) compared to the start of HFJV, T=0 (6.1, SD 1.0). A flattening 
trend was seen during the end of the procedure and no difference could be seen 
between T=30 and T=45 (p=1.0). At recovery (mean value 5.6, SD 0.9), no 
significant difference could be seen compared to baseline. See Fig 11. 

A decrease was seen in pH because of an increased PaCO2. A statistically 
significant decrease was seen at T=15 (p=0.03) compared to baseline, but no 
difference was seen between time points during HFJV. This means it was a 
sudden decrease at the start but then a stable level was reached. See Fig 11. 

PaO2 was stable during the procedure and no patients suffered from hypoxemia. 
See Fig 11. 

PaO2/FiO2 ratio decreased significantly during HFJV but normalised during 
recovery. See Fig 11. 

Lactate values were within the normal range during HFJV. One patient had a 
slightly elevated lactate during recovery of 2.3 mmol L-1. 
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Fig 11 PaCO2, PaO2, pH and P/F ratio. All values were presented at baseline, during high frequency 
jet ventilation and after extubation in the recovery room. PaO2 was stable during HFJV. No 
significant difference was observed when baseline was compared to recovery. PaCO2 showed a 
significant rise during the procedure and as an effect, pH showed a significant decrease. 
PaO2/FiO2 ratio during HFJV was significantly lower compared to baseline but at a steady level 
during the procedure. It was normalised during the recovery. 
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5.3 Study II 

In this retrospective study, a total number of 134 patients were analysed 
regarding postoperative hypertensive events. Patient characteristics are 
presented in Table 6.  

 

Table 6 Patient characteristics, cohorts A, B and C. Microwave ablation (MWA), irreversible 
electroporation (IRE), high frequency jet ventilation (HFJV), conventional ventilation (CV), 
American Society of Anaesthesiologists’ (ASA) classification. N.s. – non significant. 

Variable MWA HFJV  

(n=45) 

IRE HFJV 

(n=44) 

MWA CV  

(n=45) 

p-value 

Age (median) 69 67 69 0.57^ 

n.s. 

Gender    0.12, 0.68, 1.0^^ 

n.s. 

male 29 36 32  

female 16 8 13  

ASA-score (median)^^^ 2 3 3 0.04* 

ASA 1 5 1 0  

ASA 2 19 13 11  

ASA 3 19 26 30  

ASA 4 1 3 4  

Documented hypertension (%) 13(29) 11(22) 19(42) 0.51, 1.0, 1.0^^ 

n.s. 

Duration in recovery unit 

(median) (min) 

105 112.5 120 0.5^ 

n.s. 

^One-way ANOVA on ranks (non-normal distributed data), ^^Stepwise Chi-2 test, *Significant 
difference between the two MWA groups, Kruskal-Wallis test. ^^^ ASA-classification was 
missing for one person in each cohort. 

The combination MWA/HFJV had the highest incidence of at least one episode 
of severe hypertension, in 18 of the 45 patients (40%) as compared to 
IRE/HFJV, 9 out of 44 (20%). The lowest occurrence was seen among patient 
having MWA/CV, 7 out of 45 patients (16%). MWA under HFJV also had the 
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highest incidence of moderate hypertension compared to IRE/HFJV and 
MWA/CV. See Table 7 and Fig 12. 
 

Table 7 Number of patients with hypertensive events in the early postoperative period following 
liver tumour ablation. Microwave ablation (MWA), irreversible electroporation (IRE), high 
frequency jet ventilation (HFJV), and conventional ventilation (CV). Patients experiencing 
episodes from all groups (mild, moderate and severe hypertension) are represented in all 
hypertension-groups.  

a)  48% sign lower than 71% (ablation methods compared), b) 47% sign lower than 71% (ventilation methods 
compared), c) 16% sin lower than 40% (ventilation methods compared). Chi-2 test between groups.  

 

5.3.1 The impact of ventilatory technique – CV vs. HFJV 

Cohort A (ventilated with HFJV) was compared to Cohort C (ventilated with CV). 
No mutual independence could be seen between pain (NRS-score), preoperative 
diagnosis of hypertension and ventilatory method. The multiple logistic 
regression model showed the following results: 

 
 Post-operative hypertension SAP 140-160 mmHg – there were no 

correlation with pain, preoperative diagnosis of hypertension or ventilation 
technique. 

 Post-operative hypertension SAP 160-180 mmHg - there were no 
correlation with pain or preoperative diagnosis of hypertension but 
significantly higher odds for patients ventilated with HFJV (p=0.03). 

 Post-operative hypertension SAP >180 mmHg - there were no correlation 
with pain but significantly higher odds for patients ventilated with HFJV 
(p=008) and patients with a preoperative diagnosis of hypertension 
(p=0.005). 

 

 Mild hypertension 

(SAP 140-160 mmHg) 

n (%) 

Moderate hypertension 

(SAP 160-180 mmHg) 

n (%) 

Severe hypertension 

(SAP>180 mmHg) 

n (%) 

 

MWA HFJV (n=45) 32 (71%)                32 (71%) 18 (40%) 

IRE HFJV (n=44) 36 (82%) 21 (48%)a 9 (20%) 

MWA CV (n=45) 32 (71%) 21 (47%)b 7 (16%)c 
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5.3.2 The impact of the ablation method – MWA vs. IRE 

Cohort A (MWA) was compared to Cohort B (IRE). No mutual independence 
could be seen between pain (NRS-score), preoperative diagnosis of 
hypertension and ablation method. The logistic regression model showed the 
following results: 

 
 Post-operative hypertension SAP 140-160 mmHg – there were no 

correlation with pain, preoperative diagnosis of hypertension or ablation 
technique. 

 Post-operative hypertension SAP 160-180 mmHg – there were no 
correlation with pain or preoperative diagnosis of hypertension but 
significantly higher odds for patients with MWA (p=0.03). 

 Post-operative hypertension SAP >180 mmHg – there were only a 
correlation between pain and SAP>180 mmHg (p=0016). 
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Fig 12 The number of patients in each group that had non (light blue) or elevated (dark blue) 
systolic arterial blood pressure (SAP). On top mild hypertension (SAP 140-160 mmHg), middle 
moderate hypertension (SAP 160-180 mmHg) and bottom severe hypertension (SAP>180 mmHg). 

 

5.4 Study III 

A total of 25 patients were included in the study. One patient had missing data 
as no images of the lungs were taken and therefore could not be analysed. A 
total number of 83 scans were performed and analysed.  

As can be seen in Fig 13, atelectasis (defined as HU -100 -- +100), increased 
during the time in HFJV at all time points compared to baseline (T=0, initiation of 
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HFJV). The increase was statistically significant at T=30 (p=0.002) and at T=45 
(p=0.024) when compared to baseline. 

 

 

Fig 13 Mean atelectasis in percentage (HU -100-+100) and standard deviation bars. T=0 being 
the first CT after initiation of HFJV and thereafter CT-scans every 15 min. A significant rise in the 
amount of atelectasis could be seen at time points T=30 and T=45 when compared to baseline. 

 

In Fig 14, the four lung compartments are illustrated, at the four time points. Most 
of the lung is normoinflated and unchanged over the time period studied (p=0.8). 

 

 

Fig 14 Illustration of the distribution of the different lung compartments at the four different time 
points.  
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A subgroup analysis was made for the 15 patients with a BMI below 30 kg m-2, 
see Fig 15. No difference in atelectasis formation could be seen over time in this 
group.  

 

 

Fig 15 Mean atelectasis at the four time points during HFJV in the subgroup of patients with a 
BMI<30 kg m-2 (a total of 15 patients). 

 

5.5 Study IV 

Based on a power calculation, a total of 26 male patients were enrolled in this 
study and randomised into two groups, 13 patients in each group. The time of 
inclusion was from May 2022 until Jan 2023. All were consecutive patients 
accepted for CT-guided liver tumour ablation during HFJV. See Fig 16. Patient 
characteristics are presented in Table 8. There were no significant differences 
between the groups in age, BMI, ASA classification score or lung disease.  
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Fig 16 Inclusion history. 
 
 
Table 8 Patient characteristics 

* four patients with mild COPD, one patient with asthma, one patient with previous pulmonary embolism, one 
patient with lung metastasis and one patient with mild dyspnoea due to heart failure. 

 

5.5.1 PaCO2-values comparing two different ETT sizes 

Using a mixed model, no statistically significant difference was seen between the 
two groups regarding PaCO2 over the 45 minutes studied (p=0.06). See Fig 17. 

 

 
Variables 

 ETT ID 8 ETT ID 9 Overall series 

Age Median 
(years) 

69 (IQR 61.5-77) 

 

75 (IQR 65.5-78) 72 (63-77) 

BMI Mean (kg m-2) 28 (SD 5.0) 

 

28 (SD 4.9) 28 (SD 4.8) 

ASA-score  Median (ASA-
score 1-5) 

3 (IQR 2.5-3) 

 

3 (IQR 2.5-3) 3 (IQR 2.8-3) 

Smoking  0 pt smoking 0 pt smoking 0 

Lung 
disease 
(LD) 

Yes (1) 

No (0) 

6 pt with LD 

 

2 pt with LD 8 * 

18 
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Fig 17 PaCO2 at the four time points T=0 (start of HFJV), T=15, T=30 and T=45 for the two study 
groups with the endotracheal tube size 8 (full line) or 9 (dotted line). At pairwise comparison, a 
significant difference could be seen at T=45 with higher values in the group ETT ID 8 mm.  

 

5.5.2 TcCO2 and PaCO2 comparison 

TcCO2 and PaCO2 were measured and compared using a Bland-Altman plot. Bias 
was 0.36. The main part of the observations lies randomly between the limits of 
agreements (LOA). The data were further investigated by performing an 
intraclass correlation coefficient with two-way mixed consistency model (ICC). 
The ICC (=0.756) between the methods was statistically significant (p<0.001), 
indicating the methods correlate well. See Fig 18.  
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Fig 18 A Bland-Altman plot showing the differences between PaCO2 and TcCO2. The two methods 
correlate well. Bias 0.36, lower LOA -0.96, upper LOA 1.68. 

 

5.5.3 Airway pressures 

Pause pressures were non-normal distributed and therefore presented as 
median values. The ETT ID 8 group had significantly higher pause pressure at 
time points T=15 (p=0.02) and T=30 (p=0.03). See Table 9. Peak pressures were 
normally distributed and therefore presented as mean values. The ETT ID 8 had 
significantly higher peak pressure as compared to the ETT ID 9 group at T=0 
(p=0.02) and T=15 (p=0.02), see Table 10.   

 

Table 9 Pause pressure (median) at the four time points for the two groups. Significantly higher 
values at the two middle time points, T=15 and T=30, in the ETT ID 8 group.  

Pause pressure ETT ID 8 

 mbar (IQR) 

ETT ID 9 

mbar (IQR) 

All 

mbar (IQR) 

p-value 

0’ HFJV 4 (3-7) 4 (2.5-4.5) 4 (3-5.3) 0.2 

15’ HFJV 4 (4-6.5) 3 (3-6.5) 4 (3-6) 0.02* 

30’ HFJV 4 (4-6.5) 3 (2.5-5) 4 (3-6) 0.03* 

45’ HFJV 4 (4-7) 3 (3-5.5) 4 (3-6.5) 0.2 
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Table 10  Peak pressure (mean) at the four time points for the two groups. Significantly higher 

values at the two first time points, T0 and T15, in the ETT ID 8 group.  

Peak pressure  ETT ID 8 

mbar (SD) 

ETT ID 9 

mbar (SD) 

All 

mbar (SD) 

p-value 

0’ HFJV 6.8 (2.8) 4.1 (2.6) 5.5 (3.0) 0.02* 

15’ HFJV 6.5 (2.7) 4.3 (1.6) 5.4 (2.4) 0.02* 

30’ HFJV 6.7 (3.0) 4.9 (1.8) 5.8 (2.6) 0.08 

45’ HFJV 6.3 (3.0) 4.4 (1.6) 5.4 (2.6) 0.09 
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6 Discussion 
 

The present studies were planned to verify the feasibility and safety associated 
with the clinical use of HFJV during routine clinical practice for ventilation during 
stereotactic high-precision liver tumour ablation procedures.  

High frequency jet ventilation during liver tumour ablation is a relatively new 
method which explains the sparse research in the field. Therefore, it is difficult to 
find comparable studies.  

6.1 Study I 

In Study I, repeated blood gas analyses were studied during HFJV. The results 
showed that it was safe in the sense that no patient suffered from desaturation. 
A respiratory acidosis was seen, and pH decreased as an effect of an increase in 
carbon dioxide tension. 

The jet-ventilator has the technical possibility to measure end-tidal carbon 
dioxide as well. This requires a discontinuation in jet ventilation as the machine 
samples five larger “breaths”.  This means that the sampled gas is a mixture of air 
from the lung and atmospheric air as it is an open system. Therefore, the levels 
of carbon dioxide measured by the jet-ventilator do not exactly correspond to 
the real value but might show a trend. There is also an increased risk of 
displacement of the target organ as the jet ventilator samples a larger amount of 
air from the airways. If used, it must be in close communication with the surgeon. 
Due to the problems associated with end-tidal carbon dioxide measured during 
HFJV, blood gas analysis and transcutaneous measurements of carbon dioxide 
was used instead. We are not aware of any other previous studies assessing 
oxygenation and carbon dioxide washout during HFJV and CT-guided 
stereotactic liver ablation when the jet catheter is placed inside an endotracheal 
tube.  
 
Biro et al. were the first to describe this procedure with a jet cannula placed 
inside an endotracheal tube to achieve minimal liver motion. They present a case 
study of a single 64-year-old male patient with a liver tumour, treated with 
radiofrequency ablation. They measured liver motion by spiral CT during 
conventional ventilation compared to HFJV and noticed a decrease from 20 mm 
to 5 mm. During this procedure, they measured TcCO2 and noticed a decrease 
from 4.9 to 4.0 kPa. Therefore, they decreased driving pressure from 1.8 bar to 1.4 
bar. They further tried to minimise liver movement by increasing the frequency 
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from 150 to 200 insufflations per minute. This did not generate a significant 
improvement in liver movement but, instead, an instant rise in TcCO2 from 4.6-
6.2. Hence, the frequency was returned to 150/min.66 In their study, an ETT ID 7.5 
mm was used. This might have affected the rapid increase in carbon dioxide 
levels as this creates a narrow lumen compared to the ETT ID 9 mm used in the 
present study.  

In a porcine study by Sütterlin et al., they compared superimposed HFJV with 
HFJV. 41 ‘Superimposed’ means a lower frequency is added to the high frequency, 
facilitating carbon dioxide washout. This does not apply to the patients studied 
in this thesis, as this would affect the intended immobilisation of the target 
organ. In their study, PaCO2 was measured at different frequencies, and the 
mean PaCO2 at a frequency of 100/min was 5.5 (CI 4.2-7.1) and at a frequency of 
200/min 9.1 (7.8-10.5). The time in HFJV for each frequency setting was 5 
minutes. Due to the shorter study period compared to Study I in this thesis it 
might be difficult to compare the studies. However, the findings by Sütterlin et al. 
implies that a lowering of the frequency gives a significantly lower values of 
carbon dioxide. This study, together with the above-mentioned study by Biro et 
al., imply that it would be of great value to conduct a future study using different 
frequencies while measuring liver motion and carbon dioxide. If the liver motion 
between the different frequencies is negligible, there would be an advantage in 
using the lower frequency to avoid hypercarbia.   

In Study I of this thesis, both men and women were included (male 17, female 8). 
Men and women received different ETT sizes. When this study was conducted, in 
our institution, men received ETT ID 9 mm and women ETT ID 8 mm. The different 
tube sizes were chosen because of the naturally, generally smaller body 
constitution of women compared to men. Theoretically, this raises the question 
whether this could impact the primary endpoint, PaCO2, and if the larger ETT 
would allow greater outflow of CO2.  
 
Normal range of PaCO2 in adult humans is approximately 4.3-6.0 kPa (it differs 
between sources). In our study, we had a protocol that initiated changes in the 
settings of the jet ventilator when PaCO2 was above 10 kPa. This limit was set for 
patient safety. A value of 11 kPa has been shown safe in studies by Forsberg et al., 
although during shorter study time compared to our study. 77,78 Although 
considered safe, a level of 10 kPa is high compared to normal range and changes 
in the pH can be seen (respiratory acidosis). It is therefore important to be aware 
of the risks of such a high value. The procedure takes place in a setting where a 
high value can rapidly be corrected if deemed necessary.  
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All PaCO2 values at baseline, that is before induction, were within normal range 
(mean 5.0 kPa SD 0.4). At the start of HFJV the mean PaCO2 was already 6.1 kPa; 
that is, in the upper range of a normal value. In Study IV, conventional ventilation 
before the start of HFJV was instead set so to ensure the same initial TcCO2 level 
for all patients, i.e. to ensure an equal baseline. 

6.2 Study II 

Study II aimed to assess the impact of HFJV and ablation techniques on 
postoperative SAP during the recovery room stay following liver tumour ablation. 
The study was initiated due to the clinical impression by the recovery room staff 
that patients treated with IRE often presented with elevated blood pressure 
during post-operative care, and that this was not related to pain. Intraoperative 
hypertensive events have been described as associated with IRE-ablation.79,80 
However, SAP following liver tumour ablation during early recovery, has not 
previously been described in the literature. 
 
This retrospective study was conducted to increase the knowledge of systolic 
hypertensive reactions during early recovery as this may cause unfavourable 
effects.81 The results showed somewhat surprisingly the opposite than expected, 
with hypertensive events being more frequently seen in the MWA group 
compared to the IRE group of patients. We can only speculate about the 
potential causes of this unexpected finding. Interpretation of the results must 
also consider the retrospective design and the relatively limited number of 
patients in the study. The data might not be large enough to show true 
differences.  

Patients were included for analysis who had undergone liver tumour ablation up 
until enrolment, in the ablation unit. Many of the patients come for repeated 
procedures. There might have been patients with repeated procedures that 
presented with elevated blood pressures and therefore the experience within 
the staff was that this was true for many patients. Patients having repeated 
ablations were included only once (first time ablation). In the study set-up, a 
patient was registered as an event if reaching the blood pressure of a certain 
group (that is mild, moderate, or severe hypertension). This means, one patient 
could have a registered event in more than one group. Only dichotomous values 
were used; either the patient had an event in the group or not. The number of 
events of a patient in each group was not registered. This might be a limitation to 
the study.  
 
Causes of postoperative hypertension is indeed multifactorial, and we have only 
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included the history of hypertension and pain as causative factors. As with 
retrospective data collection, missing data can also contribute to outcomes. For 
example, the information that the patient had a preoperative diagnosis of 
hypertension was obtained from the pre-operative chart. It is possible that this 
information is sometimes not recorded and therefore not included in the study. 
Regardless of the cause of this high incidence of post-operative high blood 
pressure, episodes of severe high systolic arterial pressure may have negative 
effects on the patient.82 We did not do any follow-up on these patients. A 
structured follow-up would indeed have been of interest. Several organs can be 
affected by severe hypertension. It can cause acute left ventricular heart failure 
which in turn can cause lung oedema. Further, it can cause encephalopathy with 
oedema of the brain and kidney failure. In a perioperative setting, there is also an 
increased risk of bleeding. Aronson states in an article on perioperative 
hypertensive events, that “Acute hypertensive emergencies defined as bleeding, 
myocardial infarctions, and/or cerebral ischemia, for example, occur in 5–35 % 
of perioperative patients and are associated with a fourfold greater risk of 
mortality".83  

There have been several definitions of hypertension over the years. The 
established definition of hypertension is systolic blood pressure >140 mmHg and 
/or diastolic blood pressure >90 mmHg. The definitions of acute or severe blood 
pressure differ among sources. The European Society of Cardiology Council 
summarised the current definitions of hypertensive emergencies in their work 
from 2018.84 Severe hypertension during the post-operative period probably 
differ in relation to causes compared to the patients in the emergency 
department. Lability in perioperative blood pressure has been shown to pose an 
increased risk of 30-day mortality in cardiac surgery patients. 83 Our cohort is 
non-cardiac-surgery patients, but it is probably still important to recognize 
these patients and treat them depending on the cause of hypertension, if known.  
 
Most of the patients in our study are ventilated with HFJV. We know from clinical 
experience and from our previous study that this is associated with increased 
levels of PaCO2. PaCO2 in turn can cause hypertension. Fontana et al. studied 
acute respiratory failure in 40 patients and investigated the effect of 
hypercarbia on blood pressure. They also studied the levels of cardiovascular 
hormones (norepinephrine, endothelin-1 and atrial natriuretic factor). They 
conclude that, during acute respiratory failure, elevated levels of PaCO2 cause 
hypertension and that this might be a result of a rise in sympatho-adrenergic 
activity.85 The levels of PaCO2 are not studied in our retrospective study, nor are 
any cardiovascular hormones, but it is possible that these could also affect our 
results with a high incident of hypertension.  
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6.3 Study III  

Study III assessed the effects of HFJV during liver ablation procedures on lung 
aeration and the potential increase in atelectasis. 

Atelectasis cannot be seen in conventional radiographic images unless it is a 
massive atelectatic formation. Therefore, since the 1980s, CT-images have been 
used to study this phenomenon. We used the definition of different lung areas 
previously described by Gattinoni et al. and Vieira et al.71,72,73 Atelectasis develops 
mostly in the dependent part of the lung, which is close to the diaphragm and 
less towards the apex of the lung.86 Therefore, the CT images analysed in this 
study were taken 1 cm above the right diaphragm, as has been done in previous 
studies.87,88 It is therefore also possible to compare our results to the results from 
other studies. This is of value as we have no reference group in the present 
study. Approximately 90% of all patients under general anaesthesia develop 
atelectasis in the dependent lung regions when in the supine position.89 Whether 
this is true, and to what extent, for patients under HFJV through an ETT is not 
known.  

A significant increase in atelectasis was seen over time, with a maximum mean 
valule of 8.1% after 45 minutes with HFJV. Compared to previous studies, using 
similar analysis, the values in percentage of the lung area are in the upper range 
in the present study. Hedenstierna et al. state that the atelectatic area during 
general anaesthesia is usually 3-4%, but also adds that it can easily exceed 15-
20%. Hachenberg et al. showed that patients have atelectatic areas of up to 4.8% 
during general anaesthesia including muscle relaxation.90  

When a subgroup analysis of patients with BMI<30 was performed, no significant 
increase over time could be seen. It is known that overweight patients are prone 
to developing a higher amount of atelectasis.91,87 As the SD was large, and the 
sample size was small (15 patients with BMI<30) it is difficult to draw any 
conclusions from these results.  

During anaesthesia, functional residual capacity decreases. This, in turn, 
promotes airway closure. Airway closure causes alveoli to collapse due to gas 
absorption.92 To avoid collapsed alveoli of the lung it is common and 
recommended to use PEEP of at least 5-6 cmH2O in non-obese subjects. This 
positive end-expiratory pressure remains in the lungs after expiration, keeping 
the alveoli open. In the present study, patients were initially connected to a 
conventional ventilator via an ETT, with PEEP. Before the first CT was performed, 
there was a shift to the jet ventilator. This includes the separation of the 
endotracheal tube, leaving the tube open to atmospheric pressure and a thin jet 
catheter was inserted into the ETT. By disconnecting the ETT, the effect of PEEP 
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is lost. This might be an explanation for the somewhat higher amount of 
atelectasis found in this patient group. One can then discuss whether a 
recruitment manoeuvrer after emergence from jet-ventilation, would be of value. 
It is known that atelectasis can remain for days and is associated with post-
operative lung complications.88  

One might expect the amount of atelectasis to be even larger during HFJV 
compared to conventional ventilation as it is an open system, without the option 
to apply PEEP. The potential of an increase in intrinsic PEEP as an effect of the 
limited space for gas escape through the ETT must also be acknowledged. As 
the atelectasis increases over time, there might be a shift in the position of the 
diaphragm over time as well. This could affect the position of the diaphragm and 
subsequently the target tumour, therefore jeopardizing the safety of the ablation 
procedure. Thus, further studies on the change of the diaphragm position would 
be of value.  

 

6.4 Study IV 

This is a prospective randomised controlled study assessing the effects of the 
endotracheal tube size on the PaCO2 during HFJV in liver tumour ablation 
procedures. It showed no statistically significant difference between the two 
tube sizes used regarding the increase in PaCO2 during the 45 minutes studied.  

Even though there was no statistically significant difference between the groups, 
it is important to note that the p-value was close to significant (p=0.06). There is 
also a visual difference of the increase in PaCO2 between the two groups when 
studying the curves. This might imply that the population studied is too small 
and that there might be a Type II error. Further studies on this are needed, to 
verify the finding and further verify PaCO2 differences for procedures exceeding 
45 minutes. On the other hand, it is important to discuss the clinical significance 
of the study findings. None of the patients reached the limit set for PaCO2 (10 
kPa). The highest value being 9.3 kPa in a patient with ETT ID 8 mm at T=45 
minutes. Highest mean value for the ETT ID 8 group was at T=45 minutes, 7.6 kPa 
(SD 1.0) and the highest mean value in the ETT ID 9 group was at T=45 minutes, 
6.6 kPa (SD 0.9).  

In Study I, both males and females were included. Male having higher mean 
values regarding PaCO2 at all time points compared to females. Having a larger 
size ETT is related to airway injury and post-operative sore throat and must be 
weighed towards PaCO2 wash-out when using HFJV.93,94 Women are more likely 
to report post-operative sore throat compared to men. 95 
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The two methods used for carbon dioxide measurements, TcCO2 and PaCO2 
seemed to correlate well. The non-invasive method TcCO2 can be used to 
monitor carbon dioxide during HFJV but arterial line and blood gas analysis 
should be considered in patients where it is indicated for haemodynamic 
reasons or longer anaesthetic time and expected carbon dioxide retention. 

 

Even though PaCO2 is still without doubt the gold standard for assessment of the 
carbon dioxide tension in blood, TcCO2 seem to be a feasible option for 
continuous monitoring of CO2 during HFJV, at least during shorter, up to 45-
minute sessions. It is not possible to say that it can entirely replace intermittent 
arterial blood gas analysis. Our findings are based on a rather limited number of 
patients and blood gas analysis. The correlation between PaCO2 and TcCO2 was 
merely one of the secondary study objectives. Our findings do however provide 
support for the use of TcCO2 as a continuous measure and screening tool in 
patients with no previous risk factors for hypercarbia and that are planned for 
shorter anaesthesia/surgical ablation procedures with HFJV. One protective 
factor shown in our study is that, at the times where TcCO2 differed from PaCO2, 
the TcCO2 was greater than the PaCO2 value in almost all cases. The falsely high 
value might therefore instead be lower in an arterial blood gas. In the very few 
cases where this was not the case, that is, when TcCO2 showed a lower value 
than PaCO2, the difference was not more than 1 kPa. An arterial blood gas analysis 
should be performed if the trend shows an increase towards 9-10 kPa to ensure 
patient safety.  

TcCO2 was recently studied and compared to PaCO2 in a study by Schweizer et 
al.96 Their results stand in contrast to the results of the present study. They also 
used a Bland-Altman plot to compare the two methods. They state that the two 
methods differ significantly. They used the same apparatus as in this study and 
measure the carbon dioxide values during apnoeic oxygenation in anaesthetised 
patients during the first 15 minutes. It is known that the pattern of carbon dioxide 
rising in apnoeic ventilation has something akin to a two-step linear pattern. An 
initial steep rise during the first minute, probably explained by the equilibrium of 
blood and alveolar air, followed by a less steep, linear rise. TcCO2 has a response 
time of 20-80 seconds and with the rapid increase of CO2 during apnoeic 
oxygenation this might have played a role in their study. This might be the reason 
why our results differ. They concluded that TcCO2 might be used as a trend 
monitor for healthy individuals. In our study, HFJV, and not apnoeic oxygenation, 
was used and carbon dioxide was studied for a longer period of time. This 
probably contributed to the results we found; that the two methods seem to 
correlate well. In another study by Fruchter et al., a good correlation was found 
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between TcCO2 and PaCO2 during bronchoscopy of consciously sedated 
patients with COPD. 97  

Even though pause pressure and peak pressures differed between the groups it 
is important to note that these pressures are still very low in both groups. There 
is a great margin to the cut-off limits set for abortion of ventilation. Even though 
the study period is quite short, 45 minutes in total (representing most 
procedures in our clinical setting) the trend is not towards increasing pressures 
but instead seems to be at a stable level. The overall low airway pressures found 
with the present technique with the HFJV catheter through an endotracheal tube 
seem thus reassuringly safe and should be associated with a low risk of 
barotrauma. This resembles the results from Sütterlin et al. who studied airway 
pressures on pigs in a constructed airway obstruction. They measured the PEEP 
(corresponding to pause pressure in this study) during HFJV at the tip of a 
tracheal tube, as was done in this study. They showed that PEEP values 
increased with increasing frequencies reaching a maximum of 4.6 cmH2O at a 
frequency of 600/min. 98,10 

One inclusion criterion for Study IV was the clinical need of an arterial line, this 
was decided by the anaesthesiologist. This inclusion criterion might have 
contributed to a selection bias of patients with a higher ASA-score. This 
potential bias is not further analysed.  

In studies I and IV, PaCO2 is measured. In both studies, a rise that is faster in the 
beginning of the HFJV was detected but then the curve seems to flatten. The 
reason for this is not fully known neither is it mentioned in previous studies with 
HFV. It is seen during apnoea and apnoeic ventilation. 99,100 

 

6.5 Internal and external validity 

As this thesis aims to fill the knowledge gaps in a relatively new area in medicine, 
it is crucial to know whether the results have external validity. First, internal 
validity will be discussed. Studies I and III are prospective observational studies 
in a small population group. The fact that the cohort is small, that there is no 
randomisation and that it is a single-centre study, lowers the internal validity. 
Patients were included consecutively, and exclusion and inclusion criteria were 
applied to strengthen the internal validity. Study II is a retrospective, single-
centre study which lower internal validity. The study inclusion and exclusion 
criteria were based on the retrospective data available, and some information 
might be incomplete which further lowers internal validity. Patients having 
repeated ablation procedures were excluded to strengthen internal validity. Only 
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Study IV is a randomised controlled study, and this strengthens the internal 
validity. In Study I, III and IV, robust methods regarding the technical 
devises/machines were used when analysing PaCO2, TcCO2 and CT-images. In 
summary, based on the internal validity of each study, the generalizability to 
other context, the external validity, is seemingly adequate in Study I and III and 
poor/adequate in Study II. In Study IV the external validity is reasonably good 
due to the randomisation of the sample, although limited to male patients. Other 
contexts will be limited to other centra performing upper abdominal tumour 
ablations during HFJV using a jet-catheter inside an ETT.  
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6.6 Reflections on learning outcomes during the work of the thesis 

The experience of the difficulty of statistics might be one of the learning 
outcomes I value the most. I am today humble towards the complexity of 
evaluating the outcome aimed for. I have experienced that choosing the proper 
statistical method is not always intuitive. I have made mistakes. I have corrected 
and learned from my mistakes. I have seen that by choosing the wrong statistical 
method, even though the method is closely related to the correct one, the 
outcome results can differ a lot. The research courses I have taken in KI have 
been educational and instructive when it comes to statistics but also in ethics, 
legislation and how to present research. I am grateful for the opportunity to 
collaborate with Uppsala Akademiska Sjukhus and Hedenstierna laboratory. I also 
thoroughly prepared a study that was impossible to perform in the end;, 
although frustrating, I learned many things on the way. Research is more difficult 
than I first imagined. It demands accuracy and meticulousness. The preparation 
of a study is crucial and needs to be discussed and planned thoroughly. It is easy 
to do bad research, it is almost impossible to do perfect research. I am today 
more critical when reading articles compared to before this journey began.  
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7 Conclusions 
 

Conclusions and clinical applications from the studies of this thesis are as 

follows: 

 The use of HFJV in liver tumour ablation with a jet catheter inside an ETT is 
feasible and safe. No patients experienced hypoxia or elevated lactate 

levels. Most patients experienced mild or moderate hypercarbia. This was 
spontaneously normalised during early recovery in the recovery unit.  

 

 Hypertension during early recovery after liver tumour ablation is common. 

The findings showed that this seems to be associated with both 
ventilation and ablation techniques. HFJV and microwave ablation 

increased the risk for hypertensive episodes in post-operative care 

compared to irreversible electroporation/HFJV and conventional 

ventilation/microwave ablation. Basic adequate cardiovascular monitoring 
during early recovery and readiness to intervene is of importance. 

 

 Atelectasis, defined as Hounsfield Units -100 -- + 100, during HFJV in liver 

tumour ablation increased during the first 45 minutes. The normo-inflated 
part of the lung, defined as Hounsfield Units -900 -- -500, dominated the 

CT images and did not change significantly over the 45 minutes studied. 

The increase in atelectatic volume was less pronounced in non-obese 

patients. 

 

 During HFJV in liver tumour ablation, in male patients, the use of a 
standard ETT ID 8 compared to an ETT ID 9 showed no significant 

difference regarding the levels of PaCO2 during the initial 45 minutes. In 
procedures exceeding 45 minutes, an ETT ID 9 could be considered in 

male patients. TcCO2 was a feasible carbon dioxide monitoring technique 

during the first 45 minutes of HFJV.  
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8 Points of future perspective 
 

High frequency ventilation was a hot topic during the 1970’s and up until the 
1990’s. It has since then found its role, which is mostly in ENT surgery and HFOV 
in neonatal care. For the past approximate decade, a new area of using HFJV for 
organ immobilization in high precision surgery has emerged. New technologies 
evolve on the surgical side and HFJV has had a revival in a new area of medicine.  

An increasing number of centres are now using HFJV for this purpose or are in 
the early phases of such a project, and there is a clear knowledge gap in that 
needs to be filled; evidence to support the feasibility and safety of the routine 
clinical use of HFJV with the jet catheter through an endotracheal tube. This 
thesis has filled some of the gaps. As the ventilatory method itself is “new-old”, a 
lot of expertise already exists, but that expertise mainly revolves a different 
setting and with different machines or different possibilities for studying certain 
outcomes.  

The key objective of using HFJV is to make the target organ as immobilised as 
possible, while at the same time achieve acceptable gas exchange. To optimise 
this, further studies are planned. It is also important to gain further insight into 
the effects of variation in frequency and pressure effects. These studies should 
also include measures of the target tumour immobility to secure procedure 
safety. We are awaiting the CE marking of the technical devices to 
intraoperatively assess liver movements. This study aims at comparing gas 
exchange and organ movements during different jet ventilatory settings both 
regarding frequency and driving pressure. An electromagnetic tracking device 
will be attached to the laparoscopic arm and placed adjacent to the gall bladder 
in patients planned for elective cholecystectomy. Such a study aims to further 
optimize surgical conditions and thereby being able to target the tumour more 
precisely and keep healthy tissue undamaged. Ethical approval for this study 
already exists. 

High frequency ventilation is known to cause cardiovascular effects. We could 
see in Study II that HFJV was correlated to post-operative hypertension. It would 
therefore be of interest to conduct a study on this, where cardiovascular 
hormones, PaCO2 and haemodynamic variables are measured during the 
perioperative period. On the other hand, HFJV is known to cause less pressure in 
the lungs compared to conventional ventilation, leading to a more stable 
haemodynamic state. This has partly been studied earlier, but not in this 
setting.101,102  
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An insight gained during the research period and data collection for the studies 
is that mild hyperventilation during conventional ventilation, before connecting 
the patient to the jet ventilator might prevent higher values of PaCO2 during 
HFJV. This gives a time margin that at least delays a possible hypercarbia. As 
most surgical procedures take less than an hour, this could probably be a 
preventable intervention for avoiding severe hypercarbia. To conduct a study on 
this would be of great value for this patient group and could improve their care 
during surgery and anaesthesia.  

Studies I, III and IV were all performed during the first 45 minutes of HFJV. Most 
of the procedures involving liver tumour ablation are approximately one hour. But 
sometimes the procedures are longer. It would therefore be interesting to study 
both gas exchange and lung compartments/atelectasis during a longer period. 
As atelectasis consists of partly collapsed lung tissue, this can further affect the 
position of the diaphragm moving cranially. As the liver is positioned adjacent to 
the diaphragm a cranial movement of the liver could be expected as well. A 
future study assessing atelectasis for procedures extending 45 minutes during 
HFJV would therefore preferably also include the position of the diaphragm. If a 
shift in position of the diaphragm over time is seen it could affect surgical 
precision.  

It is tempting to investigate the possibility of apnoeic ventilation during ablation 
procedures. Adequate gas exchange for up to 30 minutes has been shown 
during apnoeic ventilation.103,104 This ventilation technique would provide 
excellent surgical conditions. The obvious difficulty with this approach is the 
time limit. In a patient with only one, easily accessible tumour, this might be 
possible.  
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Minns mitt första telefonsamtal till dig när jag frågade om du tyckte det var en 
bra idé att gå in i det här med forskning. Så, delvis ditt fel att det här arbetet blev 
av. Tack för stöd längs vägen! 

David Stillström – kirurg i ablationsteamet – tack för praktisk hjälp med 
etiktillstånd mm till Studie II och allmän pepp i c-ops korridorer! 

Maciej Pozarski – medicinskt ansvarig för ablationsverksamhetens anestesi. 
Medförfattare till Studie IV. Tack för ditt engagemang i både patienter och 
forskningen runt dem! 

Aelys Humphreys – tack kära vän för du tog dig tid att läsa igenom trots mycket 
kort varsel! Enorm kram! 

Malin Söderberg - forskningssjuksköterska – vilken tur att du kom in på slutet 
och styrde upp grejer! Vilken entusiasm och engagemang du gled in med. Och 
framför allt flexibel som få och aldrig är något ett problem. Uppskattas enormt! 

Ablationsteamet - alla ni som arbetar dagligen runt dessa patienter; ni är 
verkligen med och gör något fantastiskt! Tack också för ert tålamod då jag 
genomfört mina studier, aldrig har jag hört någon gnälla trots att det ibland 
inneburit lite extra logistiskt krångel.  

Kära, kära kollegor på ANE/IVA DS - alltså det finns ju ingen bättre klinik! Och 
det är ni som gör det. Jag tror att jag skrattar varje dag på jobbet faktiskt. Ni är 
för fina. Skulle vilja rabbla upp varenda en av er här, men det blir för långt. Tack 
att jag får vara en del av denna fina arbetsplats! 

Mor o Far – TACK. För att ni alltid trott på mig. Alltid uppmuntrat mig. Det gjorde 
att jag vågade ge mig in på forskarbanan. Utan er hade boken inte skrivits. Älskar 
er!  

Min kära familj Elias, Emil, Ella och Per. Att få komma hem till er på kvällarna är 
ändå det enda som verkligen betyder något. Älskar er! 
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“If I’d have done all the things I was supposed to have done, I’d be really tired.” 

-Willie Nelson
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