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POPULAR SCIENCE SUMMARY OF THE THESIS 

 

Breathing is essential for our survival by providing oxygen and eliminating carbon dioxide. 

When breathing is upheld (apnoea), these functions are affected and will subsequently 

result in oxygen deficiency (hypoxemia) and later carbon dioxide accumulation 

(hypercapnia) with potentially devastating consequences within minutes. Anaesthesia 

impairs airway patency and respiration, and a feared complication is the risk of hypoxia. 

Therefore, the primary task of the anaesthetist is to ensure oxygen supply and adequate 

ventilation.  

 

Apnoeic oxygenation, the administration of oxygen during apnoea, has been evaluated for 

many years and proven to maintain oxygenation for over an hour. Carbon dioxide 

elimination, though, is impaired, and apnoeic oxygenation is to a large extent limited in 

time by increasing levels of carbon dioxide. The use of high-flow nasal oxygen (HFNO), 

for example, in respiratory failure, has increased and proven to benefit oxygenation and 

reduce carbon dioxide levels. Recently, the use of HFNO for apnoeic oxygenation during 

general anaesthesia has received much attention since it not only maintained oxygenation 

for up to an hour but also seemed to eliminate carbon dioxide to some extent. HFNO for 

apnoeic oxygenation is clinically appealing and already in daily use. Still, there is a lack of 

knowledge of the mechanisms and physiological consequences of the technique. Thus, this 

thesis explores physiological effects and potential drawbacks of apnoeic oxygenation using 

high-flow nasal oxygen.  

 

In Study I, apnoeic oxygenation using HFNO was explored in healthy adults undergoing 

short laryngeal surgery in general anaesthesia by describing oxygen, carbon dioxide, and 

pH changes in the blood. Oxygenation was well maintained for the duration of surgery, i.e. 

during approximately 30 minutes, while carbon dioxide rise was slower than traditional 

apnoeic oxygenation. Thereby, the safe apnoeic period was extended, but with an 

increasing difference between carbon dioxide in arterial blood and expired gas. 

 

In Study II, when apnoeic oxygenation using HFNO was compared with mechanical 

ventilation in adults undergoing short laryngeal surgery, no lung volume changes, measured 

as changes in lung impedance, were seen over time or between the groups. If any non-

detected lung atelectasis developed, apnoeic oxygenation did not cause more lung 

atelectasis than mechanical ventilation in this cohort.  

 

Because apnoeic oxygenation typically entails high oxygen and steadily increasing 

systemic carbon dioxide levels, biomarkers for oxidative stress and vital organ function 

were investigated. Within the same cohort as in Study II, a similar increase in 

Malondialdehyde (MDA), an oxidative stress biomarker, was seen in both groups. No other 

clinically relevant changes in biomarkers for vital organ function were seen in any group, 

which may imply that apnoeic oxygenation with HFNO causes no short-term organ failure.  



  

In Study IV, an animal model of apnoeic oxygenation using low- and high-flow oxygen 

was set up, examining blood pressure of the pulmonary artery and heart function by 

advanced invasive monitoring. The animals remained oxygenated for up to an hour, with a 

subsequent carbon dioxide increase of almost double the rate of Study I-III. A notable 

increase in pulmonary artery pressure and several parameters indicating impaired central 

and peripheral circulation, most likely due to the five-fold increase in carbon dioxide, was 

evident during prolonged apnoeic oxygenation.  

 

To conclude, the studies in this thesis have contributed to an increased understanding of 

physiological effects of apnoeic oxygenation with high-flow nasal oxygen in both humans 

and animals, such as effects of gaseous exchange, lung volumes changes, and vital organ 

function. These findings should be considered during further use of this method, primarily 

when used in the more compromised patients, for instance, the obese patient or in patients 

with cardiovascular disease. Further investigations of gaseous exchange by using different 

flow rates, cardiovascular effects, and lung blood flow in humans are recommended.  

  



POPULÄRVETENSKAPLIG SAMMANFATTNING 

 

Andning, essentiellt för vår överlevnad, syftar till att tillföra syrgas och föra bort bildat 

koldioxid. Upphävd egenandning (apné) som vanligen följer efter anestesi (sövning) 

medför syrgasbrist (hypoxi) med allvarliga följder samt koldioxidstegring inom ett par 

minuter om det lämnas utan åtgärd. Därför är anestesiologens främsta uppgift att säkerställa 

syrgastillförsel och en fullgod ventilation (utvädring av koldioxid) vid apné. Apnoisk 

oxygenering, dvs syrgastillförsel vid avsaknad av egenandning, har prövats under många år 

för att förhindra syrebrist. Den tillförda syrgasen fyller lungorna, vilket fungerar som en 

syrgasreserv. Detta kan förlänga tiden till att allvarlig syrebrist inträffar vid apné. 

Koldioxidansamling, som medför flertalet risker, är en begränsande faktor vid klassisk 

apnoisk oxygenering, då metoden inte klarar att eliminera denna tillräckligt.  

 

Användning av befuktad nasal syrgas med hög-flöde (HFNO) har ökat de senaste åren vid 

befintlig eller hotande andningssvikt hos både barn och vuxna. Nyligen studerades HFNO 

för syresättning vid hantering av svåra luftvägar, där sövda patienter var syresatta upp till 

en timme, men framför allt sågs tecken till en lägre stegring av koldioxid jämfört med 

klassisk apnoisk oxygenering, vilket gav den stor uppmärksamhet. Att kombinera apnoisk 

oxygenering med HFNO är kliniskt mycket tilltalade och redan använt i kliniskt bruk, men 

vi saknar i dagsläget fördjupade kunskaper om tekniken. Syftet med denna avhandling var 

att studera fysiologiska effekter av apnoisk oxygenering med hjälp av syrgas med hög-flöde 

samt dess begränsningar. 

 

Studie I studerade metoden hos vuxna normalviktiga patienter (BMI <30) som genomgick 

kortare stämbandsingrepp i narkos genom att beskriva förändringar i syrgas och 

koldioxidtryck samt pH i blodet. Syresättningen kunde bibehållas upp till 30 minuter och 

koldioxidstegringen var lägre jämfört med tidigare studier om apnoisk oxygenering. En 

ökande skillnad mellan koldioxid i blod och utandad gas noterades, vilket kan förklaras av 

sammanfallna lungblåsor (atelektaser) eller förändrat lungblodflöde.  

 

I studie II studerades därför lungvolymsförändringar hos vuxna patienter som genomgick 

kortare stämbandsingrepp. Vid jämförandet av två grupper, apnoisk oxygenering med 

HFNO och mekanisk ventilation, kunde ingen skillnad i lungvolymer ses över tid eller 

mellan grupperna. Om atelektaser bildades, trots oupptäckta i denna studie, orsakade 

apnoisk oxygenering med HFNO inte mer atelektaser än mekanisk ventilation. 

 

De relativt höga syrgas- och koldioxidhalterna beskrivna i studie I kan möjligen påverka 

vitala organ som hjärna, hjärta, njurar samt resultera i en ökad oxidativ stress. Därför 

undersöktes biomarkörer i studie III i samma patientgrupper som studie II. En likvärdig 

stegring av MDA (biomarkör för oxidativ stress) sågs i bägge grupperna. Inga kliniskt 

relevanta förändringar i övriga biomarkörer sågs, vilket talar för att metoden inte medför 

någon tydlig organskada på kort sikt.  

 



I studie IV, en djurmodell av apnoisk oxygenering, undersöktes lungkärlens blodtryck och 

hjärtats funktion med avancerad hjärtlungövervakning, syrgas och koldioxidhalter i 

arteriellt och venöst blod, samt effekten av olika syrgasflöden. Djuren syresattes väl med 

både låg- och hög-flöde av nasal syrgas i upp till en timme med en koldioxidstegring ca 

dubbelt så hög som i studie I-III. Lungartärtrycket dubblerades samt tecken till påverkad 

hjärtfunktion och cirkulation i vävnader sågs, orsakat av den ca femfaldigt ökade 

koldioxidnivån.  

 

Sammanfattningsvis har studierna i denna avhandling bidragit till en ökad förståelse om 

gasutbyte, lungvolymsförändringar och organfunktion vid apnoisk oxygenering med 

HFNO. Kunskaperna bör tas i beaktande vid fortsatt klinisk användning av metoden, 

framför allt hos mer utsatta patientgrupper som t ex kraftigt överviktiga eller patienter med 

hjärt-lungsjukdom. Fortsatta studier av exempelvis gasutbyte, hjärtfunktion samt 

lungblodflöde hos patienter rekommenderas.  

 

  



 

 

ABSTRACT 

 

In anaesthetic practice, the inability to oxygenate and ventilate patients is a much-feared 

complication with risk for severe hypoxia-induced adverse outcomes. By administrating 

oxygen in the absence of spontaneous ventilation, apnoeic oxygenation may overcome 

these challenges by a prolonged time with sufficient oxygenation. However, the 

concomitant and continuous increase in systemic carbon dioxide has limited its use. 

Recently, by using high-flow nasal oxygen (HFNO) during apnoea in anaesthetised 

patients, there seemed to be some carbon dioxide elimination, which has resulted in 

increased use of apnoeic oxygenation in clinical practice. From these early observations, 

this thesis has explored an array of aspects of apnoeic oxygenation with high-flow nasal 

oxygen by describing gaseous exchange, effects on lung volumes and alterations in 

biomarkers for organ function and oxidative stress in humans, and finally, by studying 

advanced haemodynamic parameters and the consequences of different oxygen flow rates 

in an animal model.  

 

The alterations of arterial oxygen, carbon dioxide and pH have been investigated by using 

apnoeic oxygenation with HFNO in subjects during general anaesthesia when laryngeal 

surgery of approximately 30 min duration was performed. Here, an extension of time with 

sufficient oxygenation was seen throughout the duration of surgery and a lower carbon 

dioxide rise compared to older studies of apnoeic oxygenation without high-flow oxygen. 

Also, an increase of arterial-end tidal carbon dioxide levels over time was noted.  

 

Thus, lung volume changes were characterised in subjects randomised to either apnoeic 

oxygenation with HFNO or mechanical ventilation in patients presenting for laryngeal 

surgery under general anaesthesia. As determined by electrical impedance tomography, no 

impedance differences over time or between the groups were seen perioperatively. In the 

same cohort, biomarkers for oxidative stress and vital organ function were explored to 

investigate the impact of hyperoxia and the continuously rising hypercapnia during apnoeic 

oxygenation with HFNO. For both groups, the oxidative stress biomarker MDA increased, 

and further, a discrete but non-clinically relevant increase in the CNS injury biomarker 

S100B was described.  

 

Finally, an experimental animal model of apnoeic oxygenation using 10 or 70 L/min of 

oxygen in a cross-over design with continuous central haemodynamic monitoring was used. 

Anaesthetised pigs were adequately oxygenated for up to 60 min of apnoea, with a carbon 

dioxide rise of approximately 0.5 kPa/min during both flow rates. Apnoea generated a 

continuously increasing, almost doubled mean pulmonary artery pressure. Also, cardiac 

index, heart rate, arterial blood pressure and cardiopulmonary ratio increased. Importantly, 

apnoea with no supplementary oxygen or flow resulted in a rapid desaturation to SpO2 < 85 

% within 2.5 min. 

 

In summary, apnoeic oxygenation with HFNO enables oxygenation and partial carbon 

dioxide elimination, thereby extending safe apnoeic time. Perioperative lung volume 



 

 

changes and alterations in biomarkers for vital organ function do not differ from traditional 

mechanical ventilation. Experimentally, several central haemodynamic parameters were 

affected during extreme hypercapnia, primarily pulmonary artery pressure. Different 

oxygen flow rates generated an equal oxygenation and carbon dioxide rise. These findings 

add essential knowledge of the physiology and use of apnoeic oxygenation with HFNO. 

 

Keywords: Apnoeic oxygenation, high-flow nasal oxygen, THRIVE, airway management, 

gaseous exchange, laryngeal surgery, hypercapnia, oxidative stress, atelectasis, pulmonary 

arterial hypertension.
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1 INTRODUCTION 
 

Anaesthesia is associated with impaired control of vital functions such as respiration and 

circulation to the extent that pharmacological and technical interventions are routinely 

required for safe perioperative patient management. One of the most feared complications 

perioperatively is the inability to oxygenate the patients, especially during airway 

management 1. The “cannot ventilate- cannot intubate” scenario and ultimately permanent 

hypoxic damage and death represent one of the most feared situations in anaesthetic 

practice 2-4.   

 

Over the years, the knowledge and techniques in airway management have significantly 

improved in combination with more advanced patient surveillance, thereby reducing the 

number of severe events due to hypoxia during anaesthesia 1, 5, 6. Among several factors, the 

introduction of oxygen saturation monitoring and capnography have dramatically reduced 

hypoxia and hypercapnia during anaesthesia and, most importantly, is believed to contribute 

to a reduction in anaesthesia-related morbidity and mortality 7, 8.  

 

Among several oxygenation techniques, apnoeic oxygenation has been evaluated since the 

beginning of the 20th century and has been proven to oxygenate both animals and humans, 

yet for a limited period 9-11. Unfortunately, a significant drawback of apnoeic oxygenation 

is its inability to eliminate carbon dioxide effectively, thereby reducing its use to a short 

period before a potentially harmful hypercapnic state with subsequent respiratory acidosis 

is reached.  

 

During recent decades there has been an increased use of humidified high-flow nasal 

oxygen for respiratory support 12-14, and lately, during airway management in patients under 

general anaesthesia 15. The use of HFNO during apnoeic oxygenation, primarily termed 

Transnasal Humidified Rapid Insufflation Ventilatory Exchange (THRIVE), prolongs safe 

apnoeic time effectively. Secondarily, it has been proposed that the addition of high-flow 

nasal oxygen may reduce the increase in systemic carbon dioxide, which to a large extent 

may change airway management and oxygenation and provide novel insights into apnoeic 

oxygenation. Still, very few studies of this new emerging way of performing apnoeic 

oxygenation have been performed. 

 

Therefore, this thesis aimed to evaluate the practice and various physiological aspects of 

apnoeic oxygenation with high-flow nasal oxygen in both humans and an animal model to 

further expand our understanding of physiological changes when using the technique. 
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2 LITERATURE REVIEW 
 

2.1 Gaseous exchange  

 

The purpose of ventilation is to provide sufficient oxygen and eliminate carbon dioxide by 

gaseous transport. Active inhalation creates a sub-atmospheric pressure in the thoracic 

cavity, thereby facilitating the inward convection of gas (mass flow). The alveolar part of 

the tidal volume will contribute to the gas exchange by diffusion of oxygen and carbon 

dioxide over the lung alveoli and lung capillary due to the differences in partial pressure, 

where carbon dioxide equilibrates approximately 20 times faster than oxygen. The alveolar 

gas exchange may be impaired due to several reasons where ventilation or pulmonary blood 

flow is affected, leading to a V/Q (ventilation/perfusion ratio) mismatch, and may be 

assessed by the arterial-alveolar oxygen difference (AaDO2) 16. 

 

Oxygen is actively transported in the blood from the alveoli to peripheral tissues. The 

oxygen transport is facilitated by haemoglobin, which has four binding sites for oxygen. 

Each binding of oxygen further increases the affinity for oxygen (cooperability), as 

visualised in the classic sigmoid shape of the oxygen dissociation curve. Oxygen saturation 

reflects the ratio of oxygenated and total haemoglobin. In tissues with a low partial pressure 

of oxygen, the oxygen release is facilitated by a reduced haemoglobin oxygenation affinity 

due to higher pH and carbon dioxide concentration, known as the Bohr effect 17. The 

affinity of oxygen to haemoglobin is further altered by temperature and 2,3-

diphosphoglycerate (2,3-DPG). The oxygen delivery (DO2) is dependent on the 

haemoglobin level, oxygen saturation, arterial oxygen partial pressure (PaO2) and cardiac 

output (CO). The oxygen uptake (VO2) reflects the consumption in rest, normally 250-300 

mL/min, expressed as the difference of expired and inspired oxygen 18.  

 

Carbon dioxide (CO2), the end product of aerobic metabolism, is a small molecule that 

easily passes from the mitochondria through cell membranes and diffuses into the 

bloodstream. CO2 is, to a minor part, dissolved in the blood and carried as carbamate 

residues of haemoglobin, but mainly carried as bicarbonate in plasma and within the red 

blood cells. The uptake of CO2 in the periphery is facilitated by deoxygenated haemoglobin 

which has a higher H+ ion affinity than oxygenated haemoglobin and is referred to as the 

Haldane effect. The venous blood carrying CO2 circulate from the tissues to the right side 

of the heart and thereafter reaches the pulmonary capillaries. Due to the concentration 

gradient between the circulation and the alveoli, CO2 diffuses easily from the blood to the 

alveoli, and thereafter to the expired air 19. The average CO2 production in an awake and 

resting subject is approximately 0.2 L/min in men and 0.16 L/min in women, and normally, 

in equilibrium with elimination. Several conditions increase CO2 production, such as fever, 

increased metabolism and in pathologic states such as hyperthyroidism or malignant 

hyperthermia. During hypoventilation or apnoea, the CO2 elimination is impaired and the 

amount produced is instead carried as bicarbonate and buffered mainly by haemoglobin. 

Only a small amount of CO2 is directly dissolved in the blood. CO2 alterations during 

apnoea are further described in the next section. 
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2.2 Apnoeic oxygenation 

Apnoeic oxygenation, i.e. providing adequate oxygenation in the absence of respiratory 

movements, as a concept is not new. As far back as 1667, an experiment of oxygenation in 

a dog was conducted by Robert Hook, keeping it alive for more than an hour by tracheal 

administration of air, while the ribs and diaphragm were removed (Figure 1) 20. From the 

twentieth century, further animal studies demonstrated that intratracheal insufflation of 

oxygen ensured survival 11. 

 
Figure 1. Mr Robert Hooke´s experiment on the respiration of a dog where two bellows of 

air were connected to the trachea.  

 

In the late 1940s, Draper and co-workers described from dog experiments what they named 

“diffusion respiration”, since, quote, “the amount of oxygen removed from the alveoli 

during apnoea exceeds the amount of carbon dioxide simultaneously entering the alveoli”. 

Importantly, they mentioned high oxygen concentration, a free airway and adequate 

circulation as essential conditions of apnoeic oxygenation 10. 

  

Following these experimental studies, further work has investigated the concept in humans, 

first by Enghoff and colleagues, who prolonged apnoea to a maximum of 7 min 20 sec by 

intratracheal oxygen administration 21. Thereafter, in the thesis by H: son Holmdahl in 

1956, extensive work on apnoeic oxygenation and its effects on gaseous exchange and 

circulation was performed in both animals and humans 22. To expand, Frumin and co-

workers performed early experiments in humans in 1959 where oxygenation was well kept 

during apnoea for at least 30 min in seven out of eight subjects, which led to a pH as low as 

6.8. Ventricular extra-systoles were also demonstrated in two out of eight subjects. 9. 

 

From these early studies, the concept of apnoeic oxygenation was founded. Observations 

showed that oxygenation could be achieved during apnoea for a prolonged time, given 

some requirements. The airway must be kept patent, allowing a free flow of gas. The lung 

should be denitrogenated, allowing the functional residual capacity (FRC) to serve as an 

oxygen reserve. Finally, a continuous flow of 100% oxygen should be administered. Since 

the elimination of carbon dioxide was impaired, apnoeic oxygenation was limited in time 
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by the increase in arterial carbon dioxide partial pressure (PaCO2), and subsequent lowering 

of pH will finally cause adverse circulatory and cerebral effects 9, 10, 21, 22.  

 

During apnoea with airway occlusion, the mixed venous and alveolar carbon dioxide will 

quickly equilibrate, and the PaCO2 will rise with 0.4-0.8 kPa/min if the circulation is intact 
23. This will, in turn, reduce the oxygen partial pressure, giving rise to rapid hypoxemia 

within a minute if the alveoli contained air before apnoea. There will also be a fall in lung 

volume of approximately 200 ml/min due to the difference in oxygen uptake and carbon 

dioxide outflow. Provided that the airway is patent and a flow of air is applied, the lung 

volume will stay intact. Over time, the elimination of CO2 will decrease due to an increase 

of alveolar CO2 and soon reach an equilibrium. If only air is administered during apnoea, 

the alveolar oxygen content will ultimately be consumed, followed by hypoxia within 

minutes 24.  

 

On the other hand, if the lung is denitrogenated before apnoea, and while apnoeic, 100% 

oxygen is applied, the period before desaturation occurs will be prolonged 25, 26. The oxygen 

saturation can be kept normal for a longer period since the alveolar oxygen content is only 

reduced by the carbon dioxide emerging from the pulmonary capillaries. This will, in 

theory, maintain adequate oxygenation for up to 100 minutes, provided the rate of carbon 

dioxide increase is 0.4-0.8 kPa/min. Eger and Severinghaus demonstrated in 1968 an 

alveolar carbon dioxide rise of 0.56 kPa/min in anaesthetised subjects 27. This physiological 

phenomenon is caused by the difference between the pulmonary oxygen uptake, 

approximately 250 ml/min, and venous carbon dioxide removal (10-20 ml/min), which 

generates a negative pressure gradient of up to 20 cm H2O that drives oxygen into the 

lungs. The effect has been shown in several clinical studies and has been named 

“aventilatory mass flow” 22, “diffusion respiration” 10 and “apnoeic oxygenation” 9, 25, 27. 

Proposed factors facilitating gas movement during apnoea are cardiac oscillations by 

altering the intrathoracic pressure and pulsatile lung blood flow 28, 29.  

 

In a small observational study of apnoeic oxygenation by Fraioli and co-workers in 1973, 

13 subjects received 6 L/min of oxygen through pharyngeal insufflation, and 18 subjects 

were oxygenated via endotracheal intubation. The PaCO2 rise was similar in both groups, 

0.44 kPa/min, which lowered pH from 7.4 to 7.2 in 15 minutes. There was no difference in 

PaO2 at 15 min, but a difference in apnoeic time between the groups; up to 23 min in the 

pharyngeal group and up to 15 min in the intubation group. The authors also noted a 

subgroup with a fast and distinct decline in PaO2 after 5 min of apnoea. This subgroup was 

characterized by a lower predicted FRC/weight ratio and not as effectively oxygenated with 

apnoeic oxygenation 30.  

 

Teller and colleagues performed a double-blinded crossover study in 1988 comparing 3 

L/min of pharyngeal oxygen insufflation vs no oxygen flow in 12 anaesthetised, paralysed 

patients during apnoea after preoxygenation. Subjects were allowed an apnoeic period of 10 

min, or until a desaturation < 92% occurred. Following pharyngeal oxygen insufflation, the 

peripheral oxygen saturation (SpO2) was kept around 98% for at least 10 min, in contrast to 
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no oxygen administration, where the SpO2 remained above 92% for about 6-7 min. Here, 

no difference in end-tidal carbon dioxide (ETCO2) was seen between the methods 25.  

 

In studies of apnoeic oxygenation, oxygen has been administered in various ways; by 

endotracheal catheters, nasal low-flow oxygen and through endotracheal tubes, and thereby, 

rates of carbon dioxide rise between 0.24-0.60 kPa/min have been demonstrated 9, 27, 30, 31. 

 

Following this, Taha and colleagues studied apnoeic subjects while nasal oxygen of 5 

L/min was applied. The SpO2 remained above 95% for 6 min in 15 subjects with oxygen 

supply vs subjects without oxygen supply only endured 3.6 min 26. Moreover, after 

randomisation of an obese cohort, nasal oxygen of 5 L/min significantly prolonged the time 

with SpO2 > 95 % to 5.3 minutes, compared to 3.5 minutes with no oxygen supply after 

anaesthesia induction 32.  

 

Further clinical use of apnoeic oxygenation includes oxygenation during rigid 

bronchoscopy, where oxygen is insufflated through the side port of the instrument 33. Here, 

one needs to be cautious not to use high-flow to minimise the risk of barotrauma, as the 

airway may be occluded. During one-lung ventilation, when required in intrathoracic 

surgery to avoid lung movements, insufflation of oxygen through a tracheal tube or via a 

bronchial catheter can support oxygenation 34, 35. Moreover, apnoeic oxygenation has been 

described during imaging, for example during intervention of liver pathologies, to prevent 

movement disturbance and to prevent hypoxemia during diagnostics of brain death 36-38.  

 

2.3 High-flow nasal oxygen 

 

During the last decades, heated and humidified high-flow nasal oxygen (HFNO) has been 

well established in intensive and postoperative care for supporting patients in mild 

respiratory distress or after extubation during spontaneous breathing and in paediatric care 

(Figure 2) 39-43. The literature also refers to it as HFNT (high-flow nasal therapy) or HFO 

(high-flow oxygen). It is well-tolerated, with better patient comfort than cold non-

humidified nasal low-flow oxygen and with higher compliance than non-invasive 

ventilation 44, 45.  

 

During the use of HFNO with flow rates of typically 30-70 L/min, a positive airway 

pressure of approximately 1 cmH2O per 10 L/min of gas flow is created 46. Post cardiac 

surgery increased lung volumes and a reduction in respiratory rate have been described 

during the use of HFNO, from a proposed induced positive end-expiratory pressure (PEEP) 

effect 47. From the reduction in dead space, HFNO will reduce carbon dioxide rebreathing 

and enables better oxygenation and an increased CO2 washout due to an improved alveolar 

ventilation 44, 48, 49 . Moreover, HFNO improves lung compliance, reduces the work of 

breathing and the inspiratory effort, prevents mucosal drying and aids the elimination of 

airway secretion 14.  
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Figure 2. Example of high-flow nasal oxygen system with nasal cannula, active 

humidification and heating system and a flow-meter of oxygen 50. Figure used with 

permission from Springer Link.  

 

Based on the positive physiological effects, the addition of HFNO during emergency 

intubation of the critically ill in the intensive care unit to prevent hypoxia is appealing. The 

critically ill are at an increased risk of developing a rapid desaturation with severe hypoxia 

after induction of anaesthesia or may already need ventilatory support due to severe 

respiratory distress from a broad array of reasons, such as pneumonia, acute respiratory 

distress syndrome or cardiac failure 51.  

 

The addition of supplementary oxygen during apnoea and airway management during 

emergency intubation have been investigated widely, with somewhat varying results. 

Traditionally, nasal oxygen of 5 L/min has been administered during intubation to prevent 

desaturation, but the increased use of HFNO have facilitated a widespread implementation 

of this technique.  

 

Consequently, several clinical trials and review articles have been published in the last 

years pointing towards a benefit of using HFNO to prevent desaturation 52-54. A before-after 

study of 100 intensive care patients with mild-moderate respiratory distress requiring 

endotracheal intubation compared traditional preoxygenation and HFNO during 

preoxygenation and airway management under apnoea, with significantly improved 

oxygenation in the HFNO-group 55. Guitton and co-workers compared HFNO for 

perioxygenation to standard mask preoxygenation during intensive care of non-severely 

hypoxemic patients. HFNO did not improve the lowest SpO2 but reduced intubation-related 

adverse events compared to standard mask 13.  

 

On the other hand, a few studies have failed to prove a benefit of HFNO, primarily because 

the patients were already displaying respiratory failure before emergency intubation 56, 57. In 

2019 Frat and co-workers randomised 322 patients with acute hypoxemic respiratory failure 

to either preoxygenation with HFNO or non-invasive ventilation, where HFNO did not 
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change the risk of developing severe hypoxia during airway management 12. Hence, the 

uncertain benefit in these cohorts is most likely due to coexisting pulmonary pathology 

such as shunts, atelectasis or pulmonary infiltrates with subsequent poor response to a 

higher fraction of oxygen (FIO2).  

 

With the knowledge of the positive physiological effects and good clinical outcomes, while 

using HFNO during airway management in several settings, one could speculate whether it 

would benefit in other clinical settings where patients present with compromised 

physiology and/or an increased risk of hypoxia.  

 

2.4 Apnoeic oxygenation with high-flow nasal oxygen  

 

Still, up to this point, high-flow nasal oxygen has mainly been used for spontaneously 

breathing patients as described above. Low-flow nasal oxygen has been used in the 

immediate apnoeic period after anaesthesia induction. The primary aim is to secure the 

airway with a cuffed endotracheal tube, as discussed in Emergency physicians monthly, 

where Levitan coined the expression “NO DESAT” in 2010 58.   

 

Based on this, Patel & Nouraei published a landmark case series in 2015 of 25 subjects with 

an anticipated difficult airway (mean age 49 years, median BMI 30 (23-36), ASA 3), 

planned to undergo elective pharyngolaryngeal procedures. High-flow nasal oxygen was 

applied for preoxygenation (30 L/min) and thereafter increased to 70 L/min during apnoea. 

The median apnoea time was 14 min (range 5–65), and none of the patients desaturated < 

90% during apnoea. Interestingly, the average carbon dioxide rise was 0.15 kPa/min, 

measured end-tidal with capnography at the end of apnoea (n = 21) and arterially (n = 4) 15.  

 

The work from Patel & Nouraei has drawn much attention since the CO2 increase was 

considerably lower than the earlier studies of apnoeic oxygenation 9, 23, 27, 30. The authors 

speculated that HFNO during apnoeic oxygenation might facilitate carbon dioxide 

elimination. Following this, the concept “Transnasal Humidified Rapid Insufflation 

Ventilatory Exchange (THRIVE)” was established, indicating a ventilatory effect by using 

HFNO during apnoeic oxygenation. The mechanism of the observed slower CO2 rise has 

been under much consideration. While still being unestablished, it is suggested that the 

high-flow of oxygen create a turbulent gas movement in the pharynx and trachea, and in 

combination with the continuous cardiac contractions, an upward carbon dioxide flow, and 

thereby a wash-out, will be facilitated 59-61.  

 

High-flow nasal oxygen has also been shown beneficial during fiberoptic intubation during 

light sedation with remifentanil, with improved oxygenation when using flow rates between 

50-70 L/min. Still, those patients were spontaneously breathing 62.  

 

To further expand the clinical use of HFNO for perioxygenation, promising results have 

been seen during rapid sequence induction before emergency surgery 63-65 and in airway 

management of obstetric cases with a known increased incidence of difficult airways 66, 67. 

The mechanism of action would be an extension of the safe apnoeic time, lesser reduction 
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of FRC and an increased CO2 washout. In a randomised trial of 40 patients presenting for 

acute surgery requiring rapid sequence induction comparing HFNO with traditional tight 

facemask for preoxygenation, oxygenation was equally efficient in the groups and no 

patient desaturated below SpO2 90%, but with a longer apnoeic time in the HFNO group 63. 

In a randomised trial of 80 patients, five patients in the facemask group desaturated below 

SpO2 93% in contrast to none in the HFNO group, indicating a potential benefit of HFNO. 

Still, no significant difference between the groups in preoxygenation was found 64. This has 

further been investigated in a multicenter study of rapid sequence induction by randomising 

to either HFNO or tight facemask. HFNO was equally effective for maintaining SpO2 > 

93% as facemask preoxygenation 65.   

 

Furthermore, in children, HFNO for perioxygenation during airway management has been 

examined 68-70. Humphreys and co-workers performed a randomised controlled trial of 48 

patients comparing HFNO with no flow in combination with jaw thrust during apnoea. The 

safe apnoeic period was almost doubled during HFNO in all age groups. However, the 

TcCO2 increase during apnoea was similar in both groups, 0.32 kPa/min, indicating a less 

effective carbon dioxide wash-out than in adults 68. 

 

After the first publication by Patel & Nouraei in 2015, there has been a steadily increased 

interest in the technique, primarily because of its ability to extend the safe apnoeic time in 

many patients. Still, we must consider that the work was a small observational study 

without structured blood gas and pH analysis, with most of the CO2 values measured end-

tidal. Also, the carbon dioxide rise is compared to historical data where various 

methodologies have been used, such as different anaesthetic and neuromuscular blocking 

agents and a broad range of apnoeic duration, making comparisons difficult. Furthermore, 

the carbon dioxide increase during apnoea is not linear, as demonstrated in several studies 
23, 27. With increased apnoeic time, the carbon dioxide increase level off, and therefore, a 

lower mean carbon dioxide increase with longer apnoeic duration is seen.  

 

During the conduct of this thesis, several mainly small clinical observational studies have 

followed, which confirms the feasibility of HFNO in prolonging oxygenation during 

laryngeal surgery in most subjects 71-76. Notably, no randomised clinical trials had been 

published at the beginning of working with this thesis, and basic mechanisms remain to be 

explained.  

 

2.5 Airway management during laryngeal surgery  

 

General anaesthesia is usually required when performing surgery in the oropharyngeal-

laryngeal area, and the airway is typically under suspension laryngoscopy (Figure 3). 

Hence, there is a conflict of interest between the ENT surgeon and the anaesthetist since 

they share the same field. These situations demand good communication and pre-planning 

of airway management and in-depth knowledge of the type of surgery performed. 

Traditionally, several techniques to secure oxygenation and airway management are used, 

such as endotracheal intubation with small tubes, jet ventilation or intermittent apnoea and 

mask ventilation 77-79. All techniques have drawbacks; a tracheal tube can obscure the 
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operating field, the jet ventilation causes discrete tissue vibrations disturbing the precision 

of surgery, and intermittent mask ventilation will discontinue the surgery and may cause 

oxygen desaturation due to periods of apnoea 80.  

 

 
 

Figure 3. Suspension laryngoscopy to facilitate visualisation of the laryngeal area during 

laryngeal surgery 81. Figure used with permission from Springer Link.  

 

The use of HFNO during general anaesthesia, based on its ability to oxygenate and prolong 

safe apnoea time, may serve as an alternative and sole airway management technique in 

selected cases during airway surgery of shorter duration as demonstrated by Patel & 

Nouraei 15.  

 

2.6 Respiratory effects of general anaesthesia  

 

Following general anaesthesia, several factors may cause respiratory impairment. 

Anaesthesia interacts with control of breathing by directly affecting the respiratory centre 

and influencing peripheral chemoreceptors, thereby reducing ventilation and depressing the 

response to hypoxia and hypercapnia. Moreover, the upper airway muscle tone, such as the 

pharyngeal area and soft palate, and the chest wall’s inspiratory and expiratory muscle tone 

is reduced by general anaesthesia. Thereby, the FRC, i.e. the resting volume of the lung, is 

reduced by approximately 1.5 L in the anaesthetised supine patient 82. The FRC reduction is 

greater in the obese patients 83, and there is a correlation with increasing age 84. Proposed 

factors causing the FRC reduction during anaesthesia are diminished chest volume and 

altered diaphragm shape and position of the diaphragm 85, 86.  

 

Atelectasis is a well-known phenomenon during general anaesthesia and is formed due to 

collapsed lung alveoli. It was first described in a paper by Bendixen and colleagues due to 

the observed impairment of oxygenation during anaesthesia 87. With the introduction of the 

CT scan, studies demonstrate that 10-20% of the total lung volume may be collapsed during 

anaesthesia and mechanical ventilation, depending on body position, subject factors and 

type of surgery performed 88, 89.  Atelectasis is common, affecting up to 90% of individuals 

during anaesthesia, independent of the type of anaesthetic drug used and may be prevented 
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by applying PEEP 90. Other preventive actions, such as a recruitment manoeuvre, can be 

undertaken to reopen collapsed lung areas. While using HFNO during general anaesthesia, 

there is no possibility of adjusting PEEP or using recruitment manoeuvres since there is no 

usage of manual or mechanical ventilation. Atelectasis is largely reversible when regaining 

spontaneous breathing but may be present postoperatively for several days 91, 92. Atelectasis 

is proposed to contribute to postoperative pulmonary complications such as hypoxemia, 

V/Q-mismatch and pneumonia 93.  

 

Several mechanisms causing atelectasis are present during anaesthesia. Airway closure, i.e. 

compression of the airway during expiration, increases with the reduced FRC during 

anaesthesia and also with age. With increased airway closure, there will be “air trapping” 

and increased collapsibility of the lung 94. Absorption atelectasis is formed when the gas in 

the closed parts of the lung is absorbed into the blood and increase with a higher FIO2 95, 96. 

Compression atelectasis may also contribute, due to the higher transthoracic and 

intraabdominal pressure during anaesthesia 97. Atelectasis is formed to a greater extent in 

obese patients when using higher FIO2 and in individuals with chronic lung disease 98.  

 

Computerised tomography is the gold standard to describe atelectasis and enables a precise 

description of the extent and distribution. Other techniques include lung ultrasound and 

electrical impedance tomography (EIT), which offer bedside monitoring. They are both 

non-radiant and non-invasive, but with the drawback of ultrasound being user-dependent. 

EIT enables monitoring of lung volume changes over time, images ventilation distribution, 

and could help optimise ventilation settings in the critically ill 99, 100. A good correlation 

between EIT and CT scans and ventilation scintigraphy has been shown 101, 102.  

 

Venous admixture, measured as alveolar/arterial PO2 gradient, increases from 1-2% in the 

awake to an average shunt of 10% during anaesthesia 103. There is a strong correlation 

between the shunt and atelectasis distribution during anaesthesia, and the venous admixture 

increases significantly with age 104. Moreover, the ventilation/perfusion relationship during 

anaesthesia is altered, with a broader range of V/Q ratios 105, 106, and with increased V/Q 

mismatch where the ventilation is mainly ventrally distributed and the perfusion dorsally in 

the supine position 107. Also, with higher FIO2, the V/Q mismatch is increased due to an 

increased shunt 108.  

 

To conclude, several respiratory effects during anaesthesia are described, which cause a 

reduction of ventilation and impaired oxygenation. To what extent these factors will affect 

the gaseous exchange during apnoeic oxygenation using high-flow nasal oxygen is 

currently unknown.  

 

2.7 Carbon dioxide and hypercapnia 

 

Hypercapnia, defined as a PaCO2 > 6.1 kPa, exerts a broad range of dose-related 

physiological effects and is notoriously difficult to separate from the impact of the 

succeeding respiratory acidosis with a lowering of pH. Hypercapnia increases the 

respiratory drive, known as the hypercapnic ventilatory response, by central chemoreceptor 
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and thereafter activation of the efferent phrenic nerve, which will increase the respiratory 

rate and tidal volume 109. Moreover, a slight bronchodilatation is seen with hypercapnia 110.  

  

In response to hypercapnia, the sympathetic nervous system is activated, releasing 

adrenaline and noradrenalin, as described in animal and human studies 111-113. The 

circulatory effects of hypercapnia are versatile, with a direct depressant effect on heart 

contractility and vascular smooth muscles causing vasodilatation, which the stimulant effect 

of catecholamines may override. The net effect of hypercapnia includes tachycardia, 

increased CO, reduced systemic vascular resistance (SVRI) and a slight elevation of blood 

pressure 113-116. Arrhythmias may follow hypercapnia, mainly as repolarisation 

abnormalities when the pH < 7.0 117.  

 

Cerebral blood flow increases with hypercapnia by vasodilation believed to be mediated by 

pH alterations and may have devastating effects in subjects with increased intracranial 

pressure 118, 119. Hypercapnia also has an increasing sedative effect and will ultimately result 

in coma and may cause convulsions 120.  

 

In contrast, the hypercapnic effect on pulmonary vascular tone is vasoconstriction, but not 

as prominent as the hypoxic pulmonary vasoconstriction. The increase in pulmonary artery 

pressure may lead to increased pulmonary vascular resistance and is probably due to the 

lowering in pH 117.  

 

As described in section 2.1, an increasing venous carbon dioxide partial pressure will, after 

equilibration, replace oxygen in the alveoli and, with severe hypercapnia, ultimately result 

in hypoxemia. Furthermore, the oxygen dissociation curve will be shifted to the right, 

enhancing the oxygen delivery in the peripheral tissue due to the reduced oxygen affinity to 

haemoglobin. Therefore, during mild to moderate hypercapnia in combination with 

increased cardiac output, the net effect on oxygen delivery is positive. This has been 

discussed to be of use in the clinical setting where enhanced oxygen is desired 121.   

 

While severe hypercarbia is not compatible with life, the safe upper limit depends on 

patient comorbidity and whether accompanied by hypoxia. In case reports, due to severe 

respiratory acidosis, patients have survived with PaCO2 up to 66 kPa 122, 123.  

 

2.8 Hyperoxia  

 

“All things are poison, and nothing is without poison, only the dose makes a thing not a 

poison”         –  Paracelsus, renaissance alchemist  

 

Oxygen, although vital for life, is also a toxic molecule and may cause harm to the tissue.  

Reactive oxygen species (ROS), including singlet oxygens, superoxide anion, hydroperoxyl 

radical and hydrogen peroxide, are transformed from oxygen due to two unpaired electrons 

in the outer shell and is believed to induce an oxidative stress response in a dose-response 

manner 124. Biochemical targets for oxidative stress include DNA damage, lipid 

peroxidation that may damage cell membranes and altered protein structures 125, ultimately 
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followed by permanent cell damage or death. The overall harmful effects of ROS are 

counteracted by antioxidant enzymes and molecules with antioxidant properties, thereby 

protecting the vital functions of life. With supplemental oxygen with a high FIO2, the 

oxidative stress is increased, and known clinical effects in the anaesthesia setting are 

primarily pulmonary oxygen toxicity, first described by Smith in 1898 126-128.  

 

Furthermore, other clinically relevant effects of hyperoxia include vasoconstriction of 

systemic and coronary vessels 129, 130 and a reduction of heart rate (HR) and cardiac index 

(CI) 131. Moreover, cerebral blood flow is reduced, where hyperoxia has been described to 

worsen traumatic brain injury outcomes 132. The constrictive effect upon vessels are 

believed to be caused by ROS mediated reduction of nitric oxide (NO), a potent 

vasodilator, and may be counteracted by vitamin C 133. In a randomised controlled trial, the 

use of hyperoxia was associated with an increased risk of cardiovascular adverse events, 

such as myocardial infarction and death 134.    

 

In contrast, positive effects with increased FIO2 perioperatively has been proposed, such as 

reduced postoperative nausea and vomiting and a reduction of surgical infections 135, but 

the findings of reduced surgical site infections are debated and has not been proven in meta-

analyses 136.  

 

There is evidence that the oxygen partial pressure temporarily increases during apnoeic 

oxygenation with high-flow nasal oxygen. Whether this increased exposure to oxygen may 

cause potential adverse effects, such as increased oxidative stress, local oxygen toxic 

effects or impaired cardiac blood supply, is currently unknown.  

 

2.9 Current gap of knowledge 

 

From earlier work, we know that apnoeic oxygenation during general anaesthesia can 

prolong the apnoeic time in healthy subjects during airway management and serve as an 

alternative oxygenation method during laryngeal surgery. Moreover, the application of 

high-flow nasal oxygen has been proposed to increase carbon dioxide elimination during 

apnoea. As already widely used in daily practice, there is an immediate need to investigate 

the mechanism of action and potential drawbacks. 

 

We lack thorough investigations regarding the physiological effects of HFNO during 

apnoeic oxygenation. The more compromised patients, such as the obese or those with 

cardiovascular pathology, will most likely not benefit from increasing carbon dioxide or 

hyperoxia over time and it is still not established which patients benefit the most from the 

technique. Moreover, the high administered FIO2 may contribute to absorption atelectasis 

and increased stress from reactive oxygen species. 

 

Finally, there is a need to further describe the gaseous exchange and cardiovascular 

response in prolonged apnoea since the safe upper limit of apnoeic oxygenation with high-

flow nasal oxygen is currently not established.  
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3 AIMS 
 

 

The overall aim of this thesis was to evaluate physiological effects of apnoeic oxygenation 

using high-flow nasal oxygen, also known as THRIVE (Transnasal Rapid Insufflation 

Ventilatory Exchange), during general anaesthesia by characterising the impact on gas 

exchange and cardiovascular function.  

 

 

The specific aims were  

 

• To investigate changes in arterial carbon dioxide, arterial oxygen and pH over time 

when using THRIVE for apnoeic oxygenation in adults during general anaesthesia 

in laryngeal surgery.  

 

• To compare lung volume changes monitored with electrical impedance tomography 

during apnoeic oxygenation using high-flow nasal oxygen, with mechanical 

ventilation in adults during general anaesthesia in laryngeal surgery.  

 

• To describe biomarkers for oxidative stress and vital organ function during 

THRIVE compared to mechanical ventilation in adults during general anaesthesia in 

laryngeal surgery.  

 

• To compare high and low-flow of oxygen on gas exchange and haemodynamics 

during prolonged apnoeic oxygenation in an experimental animal model.   
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4 MATERIALS AND METHODS 
 

4.1 Ethical Considerations 

 

The Regional Ethics Committee on human research in Stockholm, Sweden, approved Study 

I, II and III and were conducted in accordance with the 2013 Declaration of Helsinki on 

Human research and Good Clinical Practice. All study subjects in study I-III were given 

both oral and written study information and gave oral and written consent before inclusion. 

Study IV was approved by The Swedish Board of Agriculture and carried out in accordance 

with The Swedish Animal Welfare Agency. 

 

In study I-III, all patient data was pseudonymised according to ethical regulations in 

Sweden and is kept in locked storage at the Clinical Research Unit at the Department of 

Perioperative Medicine and Intensive Care, Karolinska University Hospital, Stockholm, 

Sweden. The key file is kept separate from the patient data file and is only accessible for 

the researchers responsible for the study.  

 

In study I-III, termination criteria were used to ensure subject safety. Apnoea was 

terminated, and the patient was endotracheal intubated if any of these criteria were met.  

 

Study IV involved animal ethical considerations. The animals were under constant general 

anaesthesia, and neuromuscular blockade were only used after ensuring deep anaesthesia. 

After the experiment, the animals were euthanised. 

 

4.2 Study design, subjects and outcome measures 

4.2.1 Study I  
 

In this prospective interventional trial, all subjects were exposed to apnoeic oxygenation 

with high-flow nasal oxygen during laryngeal surgery under general anaesthesia. The 

subjects were randomised to either normal breathing or hyperventilation during 

preoxygenation before anaesthesia induction.  

 

Participants: Thirty adult patients with BMI < 30 presenting for short (< 40 min) laryngeal 

surgery were enrolled in the study during the preoperative anaesthesia evaluation at the Ear, 

Nose and Throat operation ward at Karolinska University Hospital, Solna.  

 

Primary outcome was changes in arterial blood gases (PaO2 and PaCO2) and pH over time 

during apnoeic oxygenation with HFNO. Secondary outcomes were whether TcCO2 was 

equivalent with PaCO2 over time and if hyperventilation prolonged the apnoeic time by 

lowering the PaCO2 before the induction of anaesthesia.  
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4.2.2 Study II & III  
 

These are randomised controlled single-centre studies, performed simultaneously in the 

same subjects. After inclusion, the participants were randomised to either apnoeic 

oxygenation with HFNO [THRIVE] or mechanical ventilation in blocks of 10 patients.  

 

Participants: Thirty adult patients with BMI < 35 presenting for elective short (< 40 min) 

laryngeal surgery were enrolled in the study during the preoperative anaesthesia evaluation 

at the Ear, Nose and Throat operation ward at Karolinska University Hospital, Stockholm 

and the Day Surgery ward at Karolinska University Hospital, Huddinge.  

 

Exclusion criteria were ASA-class > 2, New York Heart Association class > 2, pregnancy, 

severe gastrointestinal reflux, previous study enrolment and neuromuscular disease.  

 

Primary outcome of study II was lung volume changes measured as impedance changes 

over time and between the groups using electric impedance tomography. Secondary 

outcomes were if there were postoperative THRIVE-induced lung volume changes and to 

describe blood gas changes during THRIVE in subjects with a BMI up to 35. 

 

Primary outcome of study III was changes in biomarkers for oxidative stress over time and 

between the groups. Secondary outcomes were changes in routine biochemistry signalling 

organ injury or affected organ function.  

 

4.2.3 Study IV 
 

Study IV is an experimental animal cross-over study of prolonged apnoeic oxygenation 

using high- and low-flow nasal oxygen 70 and 10 L/min in alternating order. An apnoeic 

period without supplementary oxygen was performed in addition to the cross-over design.   

 

Participants: This study used ten healthy female Swedish landrace pigs aged 8–12 weeks 

and a mean weight of 41.4 (1.6) kg.  

 

Primary outcome was changes in pulmonary artery pressure during apnoeic oxygenation. 

Secondary outcomes included alterations in other haemodynamic parameters including 

MAP, HR, CI, central venous pressure (CVP), and changes of arterial and mixed venous 

blood gases and their interrelationship.  
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Table 1. Study design and outcomes for the four studies 

 

Study I II III IV 

Design Prospective 

interventional trial 

Randomised single-

centre controlled 

trial 

Randomised single-

centre controlled 

trial 

Experimental 

cross-over study 

Study period December 2015 - 

May 2016 

January -October 

2018 

January -October 

2018 

April - May 2020 

Sample size 30  30,  

15 in each group 

30,  

15 in each group 

10  

Intervention Apnoeic 

oxygenation, 

70 L/min,  

FIO2 1.0. 

Apnoeic 

oxygenation,  

70 L/min,  

FIO2 1.0  

or  

Mechanical 

ventilation 

Apnoeic 

oxygenation,  

70 L/min,  

FIO2 1.0  

or  

Mechanical 

ventilation 

Two apnoeic 

oxygenation 

periods, 10 and 70 

L/min, FIO2 1.0, 

alternating order 

 

Main outcome  Changes in arterial 

oxygen, carbon 

dioxide and pH  

Difference in lung 

volume over time 

and between groups   

Biomarkers for 

oxidative stress and 

routine 

biochemistry over 

time and between 

groups   

Pulmonary artery 

pressure  

FIO2, Fraction of inspired oxygen  

 

4.3 Study I-III - Anaesthesia and airway management  

 

A designated research team performed the study protocol in Study I-III in parallel to the 

routine anaesthetic team that was entirely responsible for routine anaesthetic management, 

surveillance and documentation. After a safe surgical checklist, subjects were placed supine 

with the head slightly elevated. After local anaesthesia, an arterial catheter was placed in 

the radial artery and thereafter connected to arterial blood pressure monitoring. Two 

peripheral venous catheters were placed on the hand or forearm. Baseline vital parameters 

(Aisys CS, GE Healthcare, United States) and arterial blood gases were obtained before 

preoxygenation.  

 

Preoxygenation was performed with high-flow nasal oxygen by Optiflow™ (Fisher & 

Paykel Healthcare, Auckland, New Zealand), FIO2 1.0, 40 L/min for 3 min in Study I and in 
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the THRIVE-group of Study II-III. The MV-group in Study II-III were preoxygenated with 

a tight-fitting face mask, FIO2 1.0, for 3 min (Aisys CS, GE Healthcare, United States).  

 

After preoxygenation, anaesthesia was induced and maintained by target-controlled 

intravenous infusion of propofol and remifentanil, Cpt 6 μg/ml for induction and 3 μg/ml for 

maintenance. Rocuronium (Esmeron®, MSD, Haarlem, Netherlands) 1 mg/kg was 

administered i.v. to achieve a deep neuromuscular blockade. This was monitored by train-

of-four (TOF) stimulation of the ulnar nerve at regular intervals to ensure the targeted TOF 

ratio of zero and apnoea throughout the desired apnoeic period.  

 

In Study I and in the THRIVE-group of Study II-III, the airway was kept patent from 

apnoea onset by a study-designated anaesthetist or the ENT surgeon responsible until a 

rigid tubular laryngoscope was placed in full suspension, ensuring an open airway for 

oxygen flow at all times (Figure 4). Oxygen flow was increased to 70 L/min and maintained 

throughout the apnoeic period. Subjects in the MV-group in Study II-III were tracheal 

intubated, tube size 8.0 for men and 7.0 for women. Mechanical ventilation was initiated 

with a tidal volume of 6 ml/kg (adjusted body weight), respiratory rate of 12/min, PEEP of 

5 cm H2O and FIO2 0.4 (Aisys CS, GE Healthcare, United States).  

 

 

  
 

Figure 4. Experimental set-up of Study I. Apnoeic oxygenation, oxygen supply by high-flow 

nasal oxygen. Rigid laryngoscopy and ENT surgeon performing microlaryngoscopy. 

Anaesthesia work station with standard vital monitoring. No ventilation occurred during 

apnoea. Photo published after subject’s consent.  
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After completing the surgical procedure, neuromuscular blockade was reversed by 200 mg 

of sugammadex i.v. for rapid recovery of TOF ratio to > 0.9. Mask ventilation was 

performed until spontaneous breathing reoccurred in Study I and in the THRIVE-group of 

Study II-III. In Study II-III, subjects in the MV group were extubated when spontaneously 

breathing and fully awake. Supplementary oxygen was administered postoperatively if 

SpO2 was below the subject´s preoperative value or < 90%. 

 

In Study II, subjects were kept supine during the postoperative period with the head 

elevated approximately 20 degrees to enable correct bedside EIT registration. Participation 

in Study I-III was concluded when the patient left the post anaesthesia care unit (PACU). 

 

4.4 Blood gas monitoring  

 

Blood gas sampling is considered the gold standard for monitoring of acid-base status and 

systemic partial pressures of oxygen and carbon dioxide, is widely accessible and provides 

point-of-care analysis. Blood gas monitoring was essential in all studies and, therefore, 

instantly analysed after sampling using an ABL 90 (Radiometer, Brønshøj, Denmark). In 

Study I, arterial blood was collected from the arterial catheter every five min. In Study II & 

III, arterial and venous blood gases were collected every five min during apnoea. 

Postoperative blood gases were sampled at PACU admission and discharge in Study I-III 

and during the emerge from anaesthesia in study II-III. In Study IV, arterial and mixed 

venous blood gases were obtained.  

 

The blood gas monitor ABL 90 was calibrated, and samples were collected according to the 

manufacturer’s instructions to prevent false values. If the samples were not analysed 

instantly, the samples were rotated to avoid clotting.  

 

4.5 Transcutaneous and end-tidal carbon dioxide monitoring 

 

Transcutaneous carbon dioxide (TcCO2) was continuously monitored (Radiometer, 

Brønshøj, Denmark) with the sensor placed on the left part of the chest after calibration in 

Study I-III.  

 

End-tidal carbon dioxide (ETCO2) monitoring analyses the partial pressure of CO2 at the 

end of expiration in each respiratory cycle. It was measured by tight face mask breathing 

before preoxygenation and by tight face mask ventilation at the first breath after apnoea in 

Study I-III (Aisys CS, GE Healthcare, United States). In Study IV, it was measured before 

apnoea and after apnoea once the animals were reintubated (Dräger Primus, Dräger, Kista, 

Sweden).  
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4.6 Electrical Impedance Tomography 

 

Electrical impedance tomography (Pulmovista 500, Dräger, Kista, Sweden) was used to 

detect lung volume changes during apnoeic oxygenation compared to mechanical 

ventilation in Study II (Figure 5). An electrode belt of 16 electrodes was placed around the 

thorax at intercostal level 6 preoperatively and continuously monitored during the 

perioperative period with an unaltered belt position. In four different regions of interest 

(ROI´s), the delta End Expiratory Lung Impedance (dEELI) were calculated, where the 

areas were set as ventral (ROI 1), midventral (ROI 2), middorsal (ROI 3) and most dorsal 

(ROI 4). The baseline prior to preoxygenation was set as T1. The dEELI was registered at 5 

minutes intervals during anaesthesia and emergence of anaesthesia and at 15 minutes 

intervals during the postoperative period. 

 

 

Figure 5. (A) Electrical impedance tomographic (EIT) images are created using a series of 

electrodes placed across the chest, each of which sends and receives electrical impulses 

with one another. (B) Functional EIT image with white indicating highest volume changes, 

non-ventilated regions are dark blue and ROI 1-4 ventral to dorsal. (C) Example of dEELI 

monitoring over time. Published with permission from Dräger. 

 

4.7 Oxidative stress biomarkers and biochemistry  

 

Arterial blood samples in Study III were collected at three different points of time, prior to 

induction of anaesthesia, at the cessation of the surgical procedure and finally at PACU 

discharge. For analysation of oxidative stress biomarkers, blood samples were taken in 

lithium-heparin test tubes at each of the three occasions. The test tubes were immediately 

stored in ice-water and centrifuged at 4°C for 10 minutes at 1000 g within 60 min. The 

isolated plasma was instantly transferred to cryogenic tubes and frozen at −80°C or colder 

to allow later analysis. Total antioxidant capacity (TAC) and malondialdehyde (MDA) 

were analysed using the frozen plasma. The OxiSelect™ TBARS Assay Kit and 

OxiSelect™ Total Antioxidant Capacity Kit (Cell Biolabs Inc.) were used for analysis 

according to the manufacturer's instructions at the Department of Physiology and 

Pharmacology, Karolinska Institutet, Stockholm, Sweden. Analysis were performed twice 

per sample. Test tubes for routine biochemistry were directly sent to Karolinska University 

Hospital Laboratory, Stockholm, Sweden, for automatic analysis according to standard and 

accredited procedures of the laboratory.  

A B C
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4.8 Study IV - Animal preparation 

 

In Study IV, each animal fasted for 12 h with free access to water before the procedure. 

They arrived sedated after premedication and were after that anaesthetised with an i.v. 

bolus dose of propofol 0.5-1 mg/kg, fentanyl 0.5-1 μg/kg and alfentanil 0.3-0.5 mg.  

 

Then, animals were placed supine and endotracheally intubated during spontaneous 

breathing. Anaesthesia was maintained by continuous i.v. infusion of propofol 10-

12 mg/kg/h and morphine 0.3–0.5 mg/kg/h, titrated to achieve deep anaesthesia, assessed 

by the absence of reaction to a short pain-stimuli. No muscle relaxant was given during 

preparation. The animals were mechanically normoventilated during preparation by 

pressure-controlled ventilation (Dräger Primus, Dräger, Kista, Sweden), tidal volume (VT) 

of 8 ml/kg, FIO2 0.3 and a PEEP of 5 cm H2O to mimic current clinical practice. ETCO2 

was maintained at 5.3 kPa by adjusting the respiratory rate (Datex, GE Healthcare, 

Milwaukee, USA).  

 

A three-lead electrocardiogram and peripheral oxygen saturation placed on the tail and 

bladder or rectal temperature were recorded continuously. A urinary or suprapubic catheter 

was inserted for monitoring of the diuresis. While still endotracheally intubated, the airway 

was suspended by a Weerda distending operating adult laryngoscope (Karl Storz SE & Co. 

KG, Tuttlingen, Germany) and maintained throughout the experiment, ensuring a full view 

of the laryngeal inlet.  

 

4.9 Study IV - Study protocol  
 

In Study IV, after animal preparation and preoxygenation, each animal performed two 

apnoeic periods of  70 and 10 L/min in alternating order. In between, the animals were 

allowed to rest and regain normal physiological parameters. See details of the experimental 

flow chart in Figure 6.  

 

 
Figure 6. Experimental flow chart of study IV. VT, Tidal volume; PEEP, positive end-

expiratory pressure; FIO2, Fraction of inspired oxygen; RR, respiratory rate; i.v.,  

intravenous; BG, Blood gas; PaCO2, partial pressure of arterial carbon dioxide; TOF, train 

of four; SpO2, peripheral oxygen saturation; ECG, electrocardiogram; BP, blood pressure.  

  

Animal preparation

• Supine position

• Endotracheal intubation

• Mechanical ventilation (VT 6-8 ml/kg, 

PEEP 5, FIO2 0.3-0.4, RR 21-32) 

• Total intravenous anesthesia

• Pulmonary and femoral arterial

catheter 

• Urinary catheter

• Suspension laryngoscopy

Prolonged apnoea 

• 70 or 10 L/min of nasal oxygen, FIO2 1.0 

• Patent airway, rigid laryngoscopy, visual control 

of airway 

• Arterial and mixed venous BG every 5 min

• SpO2, ECG, BP (femoral artery)

• Hemodynamic monitoring (PA-catheter)

• Skin temp, visual skin examination

• Cardiopulmonary imaging (before and after)

• Reintubation if SpO2 <85 %

Apnea, no supplementary O2

• Patent airway, rigid laryngoscopy

• Before or after prolonged apnea 1 & 2

• Arterial BG every minute

• Reintubation at SpO2 85%

PRE

• Baseline arterial and mixed venous BG

• PaCO2 5.3 (± 0.1) kPa

• Preoxygenation 5 min, FIO2 1.0 before 

apnea

• Control of pain reaction

• Neuromuscular block, TOF

• Extubation

Animal preparation PRE Prolonged Apnea 1Resting phase Prolonged Apnea 2Resting phaseApnea

Resting phase

• Approximately 90 min 

• Mechanical ventilation (VT 6-8 ml/kg, 

PEEP 5, FIO2 0.3-0.4, RR 21-32) 

• Recovery to baseline parameters

PRE PRE END
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4.10 Central haemodynamic monitoring 

 

For haemodynamic monitoring in study IV, an 8 F introducer was inserted in the femoral 

vein and thereafter, a 7 F Swan-Ganz catheter, Edwards Lifesciences, Irvine, USA) was 

inserted under fluoroscopy guidance (Philips XD20 angiographic system and 3DRA 

workstation, Philips Healthcare, Best, Netherlands) in the pulmonary artery and connected 

to a Vigilance monitor (Edwards Lifesciences, Irvine, USA). The location was confirmed 

by correct pulmonary artery pressure measurement and also used to monitor CO, mixed 

venous oxygen saturation, right ventricular end-diastolic volume and for sampling of mixed 

venous blood gases. A 7 F introducer (Terumo, Tokyo, Japan) was placed in the femoral 

artery and used for continuous arterial pressure monitoring.  

 

The cardiothoracic ratio was calculated from chest radiography from a posterior-anterior 

view by the ratio of the maximal cardiac and inner thoracic diameter before and at apnoea 

cessation.  

 

4.11 Statistics 

 

In all studies, continuous data were reported as mean and standard deviation (SD) or 

median with interquartile range as appropriate. Categorical data were reported as 

frequencies (proportions). A P-value of < 0.05 was considered statistically significant, and 

power analysis was performed before all studies. Statistical analysis and graphs were made 

using Prism version 6.0 and 8.0 (GraphPad, Software Inc, La Jolla, CA, USA) and SPSS 

Statistics version 24.0 and 25.0 (IBM, Armonk, New York, USA). 

 

Study I 

 

An independent samples t-test was used to investigate differences in arterial carbon dioxide 

between hyperventilation and normal ventilation during preoxygenation.  

 

Study II 

 

The aim was to detect a 10% change in lung volume at each time point between THRIVE 

and mechanical ventilation groups. For the primary outcome, lung volume changes over 

time and between groups (THRIVE vs MV), linear mixed-effects models were used, as well 

as in the data with several continuous variables over time and between groups. In the linear 

mixed-effects models, subjects were treated as random factors with regard to their repeated 

measurements on outcomes over time. The grouping variable (THRIVE vs MV) and time 

were regarded as fixed factors. The correlation structure of the repeated measurements was 

modelled using an autocorrelation structure of order 1 (AR1). When comparing differences 

in variables between groups, unpaired t-tests were used for continuous variables and 

Fisher´s exact test for categorical variables.  
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Study III 

 

Sample sizes were determined based on the primary outcome for the parallel Study II and 

also approximated to cover an estimated potential 10% change between THRIVE and MV 

of the primary outcome oxidative stress biomarker increase in the present study. The power 

analysis with a two-tailed alpha error of 0.05 and a beta error of 0.2 (power 80%) indicated 

that 15 patients in each group were needed. For the primary outcome, biomarker change 

over time, and between groups (THRIVE vs MV), repeated-measures ANOVA was used, 

as well as in the data with several continuous variables over time and between groups. If 

ANOVA revealed significant differences, pairwise comparisons between time points and 

between groups were made using paired t-tests. When comparing differences in variables 

between groups, unpaired t-tests were used for continuous variables and Fisher's exact test 

for categorical variables. All values were analysed, excluding dropouts from occasions B 

and C in the THRIVE group.  

 

Study IV 

 

For longitudinal data, repeated-measures ANOVA was used. If significant differences were 

revealed, pairwise comparisons between points of time and between groups were made 

using a Bonferroni post-hoc test. Paired and unpaired t-tests analysed differences between 

groups as appropriate for continuous variables. Correlation was assessed using Pearson 

correlation coefficient.  
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5 SUMMARY OF RESULTS 
 

5.1 Study I 

 

Thirty patients completed the study protocol, and apnoea was terminated as surgery was 

completed in all but one subject. The apnoeic time was 22.5 (4.5) min, with a maintained 

oxygenation throughout the apnoeic period (Figure 7A). SpO2 values were never below 91 

% (Figure 7B). The mean PaCO2 increased with 0.24 (0.05) kPa/min and ETCO2 increased 

with 0.12 (0.04) kPa/min. Hyperventilation during preoxygenation resulted in an initial 

lowering of TcCO2 but did not prolong the apnoeic time. No difference between PaCO2 and 

TcCO2 was seen at 10 min of apnoea (Figure 7C). The PaCO2 and pH interrelationship is 

demonstrated in Figure 7D.  

 

An increasing difference between ETCO2  and PaCO2 was seen, 0.73 (1.35) kPa 

preoperatively and increased to 3.11 (0.95) kPa post apnoea, calculated in 17 out of 30 

subjects. No haemodynamic instability was reported, and more favourable operating 

conditions compared to endotracheal intubation were reported from the ENT surgeons. 
 

 
Figure 7. Blood gas and saturation during apnoeic oxygenation, FIO2 1.0. (A) Partial 

pressure of arterial oxygen (PaO2). (B) Peripheral oxygen saturation (SpO2). (C) Partial 

pressure of arterial carbon dioxide (PaCO2) and transcutaneous carbon dioxide (TcCO2) 

in all subjects (n= 30) and during hyperventilation (n= 10). (D) PaCO2 (left y-axis) and pH 

(right Y-axis) during apnoeic oxygenation. BL= Baseline values before preoxygenation. 

Values are presented as mean (SD), (n= 30). 
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5.2 Study II 

 

Thirty patients completed the study protocol and randomised to either THRIVE or 

mechanical ventilation (MV), 15 in each group (Figure 8). There were no significant 

differences between the groups regarding age, BMI or smoking (Table 2). The apnoeic time 

was 17.9 (4.8) min in the THRIVE group and the mean time from intubation to end of 

surgery was 28.1 (12.8) min in the MV group.  

 

 

 
 

Figure 8. Consort flow chart. THRIVE, Transnasal humidified rapid insufflation 

ventilatory exchange; SpO2, peripheral oxygen saturation.  

  



 

 27 

Table 2. Patient characteristics in the THRIVE group and mechanical ventilation group. 

Data are presented as mean (SD) or number (percentage) as appropriate.  

 

 THRIVE  

(n= 15) 

Mechanical ventilation 

(n= 15) 

Female 7 (46.7%) 6 (40%) 

Male 8 (53.3%) 9 (60%) 

Age; years 48.2 (19.9) 51.3 (12.3) 

Length; cm 172.8 (8.9) 174.1 (6.1) 

Weight; kg 74.7 (18.6) 78.8 (14.0) 

BMI 26.0 (4.5) 26.0 (3.9) 

ASA 1  7 11 

ASA 2  8 4 

Smoker / Former smoker 3 / 2 3 / 1 

Packyears:  0 10 11 

                    1-10 1 3 

                    11- 20 0 1 

                    21-30 1  0 

                    > 30 3 0 

Asthma  1 0 

COPD 0 0 

OSA 0 1 

CVD 3 3 

THRIVE, Transnasal humidified rapid insufflation ventilatory exchange; ASA, American 

Society of Anesthesiologists physical status; COPD, Chronic Obstructive Pulmonary 

Disease; OSA, Obstructive Sleep Apnoea; CVD, Cardiovascular disease. 
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Lung volume changes 

 

Regarding lung volumes perioperatively, as well as postoperatively, no difference in delta 

end-expiratory lung impedance (dEELI) globally or any region of interest (ROI) were seen 

between the groups using EIT (Figure 9).  

 

  
 

Figure 9. Perioperative EIT, displaying delta End Expiratory Lung Impedance (dEELI) 

during THRIVE (n= 15) and Mechanical ventilation (n= 15). (A) Global dEELI (95% CI, 

0.37 − 0.89, P = 0.4). dEELI in regions of interests (ROI); (B) ROI 1 (95% CI 0.02 − 0.23, 

P = 0.09), (C) ROI 2 (95% CI 0.18 − 0.33, P = 0.55), (D) ROI 3 (95% CI 0.27 − 0.32, P = 

0.87), (E) ROI 4 (95% CI 0.18 − 0.08, P = 0.44). Data are presented as mean (SD). BL, 

baseline values before preoxygenation; Ind, at anaesthesia induction.  

 

 

Oxygen and carbon dioxide alterations 

 

There was no significant difference in PaO2 (P = 0.84) or SpO2 (P = 0.09) over time 

between the groups (Figure 10A). Mean PaCO2 increase in the THRIVE group was 0.28 

(0.10) kPa/min during apnoea, whereas ETCO2  increase was 0.17 (0.08) kPa/min (Figure 

10B). ETCO2 did not change in the MV group over time. The arterial-end tidal CO2 

difference increased from 0.4 (0.4) kPa to 2.2 (1.1) kPa and from 0.2 (0.4) kPa to 1.0 (1.3) 

kPa between baseline and end-of-surgery (P = 0.007) in the THRIVE and MV group, 

respectively.  

 

All but three patients in the THRIVE group were well-oxygenated (SpO2 ≥ 91%) 

throughout the procedure and continued apnoea until the end of surgery (Figure 10C). 

Three subjects with BMI between 29-33 were discontinued due to desaturation (SpO2 < 

90%) after 10-15 min of THRIVE, and therefore endotracheal intubated. All subjects were 
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perioperatively cardiovascular stable. Postoperative values of PaO2, PaCO2 and SpO2 are 

demonstrated in Figure 10C-E.  

 

 

 

        
 

Figure 10. Oxygenation and blood gases during THRIVE (n= 15) or Mechanical 

ventilation (n= 15). (A) Arterial oxygen partial pressure (PaO2), (B) arterial carbon 

dioxide partial pressure (PaCO2) and (C) peripheral oxygen saturation (SpO2) 

perioperatively. (D) Arterial oxygen partial pressure (PaO2), (E) arterial carbon dioxide 

partial pressure (PaCO2) and peripheral oxygen saturation (SpO2) postoperatively. Data 

are presented as mean (SD). THRIVE, Transnasal humidified rapid-insufflation ventilatory 

exchange; BL, baseline before preoxygenation; Ind, at anaesthesia induction; MV, 

mechanical ventilation.  
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5.3 Study III 

 

In this randomised controlled trial, the same patient cohort was included as in study II 

(Figure 8). Patient characteristics are demonstrated in Table 2. Arterial oxygen and carbon 

dioxide partial pressures during THRIVE and mechanical ventilation are demonstrated in 

Figure 10.  

 

Biomarkers of oxidative stress  

 

In both groups, MDA increased, from 11.2 (3.1) to 12.7 (3.1) μM in the THRIVE group 

and from 9.5 (2.2) to 11.6 (2.6) μM in the MV group between preoperative sampling and 

discharge from PACU (Figure 11). No difference in MDA increase between the groups 

could be demonstrated (P = 0.24). 

 

There was no difference in total antioxidant capacity (TAC) between the groups (P = 0.33) 

or over time in the THRIVE or MV group (P = 0.65) (Figure 11).  

 

 
Figure 11. Oxidative stress biomarkers preoperatively, at the end of the procedure and 

PACU discharge during THRIVE (n= 15) or Mechanical ventilation (n= 15). The 

horizontal bar in the box displays the median, edges of the box the interquartile range and 

the whiskers max and min. Dropouts are excluded from end of the procedure and PACU 

discharge in the THRIVE group. MDA, malondialdehyde; PACU, post anaesthetic care 

unit; TAC, total antioxidant capacity; THRIVE, Transnasal Humidified Rapid-Insufflation 

Ventilatory Exchange. 

 

 

Biomarkers for organ function  

 

All biomarkers are displayed in Figure 12. The inflammatory biomarkers leucocyte count 

and C-reactive protein (CRP) remained unchanged over time in both groups, and no 

differences were detected between the groups.  

 

During both THRIVE and MV, there was a discrete increase in S100B, yet below the 

reference value of 0.12 μg/L used in clinical practice at all measurements. The brain injury 
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biomarker NSE remained unchanged over time during THRIVE. During MV, a lower value 

was seen at the end of surgery.  

 

NTproBNP, a cardiac injury biomarker, decreased from 89.9 (93.1) to 86.6 (112.7) ng/L (P 

= 0.046) during THRIVE, while it increased during MV from 64.3 (56.8) to 74.3 (60.5) 

ng/L. Troponin T and the renal function biomarkers creatinine and Pt-eGFRcrea remained 

unchanged over time in both groups, and no difference was seen between the groups.   

 

 
 

Figure 12. Inflammatory (A-B), cerebral (C-D), cardiac (E-F) and renal (G-H) biomarkers 

preoperatively, at the end of apnoea and PACU discharge during THRIVE (n= 15) or 

Mechanical ventilation (n= 15). The box displays median and interquartile range and 

whiskers max and min. The dotted horizontal line represents the reference values; 

maximum in B-G, minimum in H and range in A. Dropouts are excluded from End of 

procedure and PACU discharge in the THRIVE group. CRP, C-reactive protein, NSE, 

neurone specific enolase; PACU, post anaesthetic care unit; THRIVE, Transnasal 

Humidified Rapid-Insufflation Ventilatory Exchange.  
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5.4 Study IV 

 

In this experimental model, nine animals endured prolonged apnoeic periods of at least 45 

min, irrespective of oxygen flow rate. One animal was excluded due to failed reintubation. 

There was no difference in apnoea duration between the two flow rates, 54.4 (4.6) min 

during 70 L/min vs 51.7 (4.3) min using 10 L/min (P = 0.2). While performing a period of 

apnoea without supplementary oxygen or airflow in seven pigs, the time to desaturation to 

SpO2 < 85% was 155.4 (11.2) sec (Figure 13).  

 

 

Figure 13. (A) SpO2 during apnoeic oxygenation with 70 and 10 L/min, FIO2 1.0 on the 

snout (n= 9) and without supplementary oxygen or airflow (n= 7). (B) SpO2 during apnoea 

without supplemental oxygen (n= 7). Data are presented as mean (SD). SpO2, peripheral 

oxygen saturation; BL, Baseline values before preoxygenation; Pre, at the end of 

preoxygenation.  

 

Haemodynamic effects of prolonged apnoeic oxygenation 

Continuous haemodynamic monitoring revealed several alterations during apnoea (Figure 

14). Most prominent, a doubling of mean pulmonary artery pressure (mPAP) was seen (P < 

0.001), irrespective of flow rate (P = 0.60). Mean arterial pressure (MAP) initially 

decreased (P < 0.05) and thereafter increased with both flow rates (P < 0.001). CVP 

increased up to 30 minutes of apnoea (P < 0.001). The heart rate decreased (0-15 min, P < 

0.05) and increased between 30-45 min (P < 0.05). Other than sinus tachycardia, no 

arrhythmias occurred, although electrocardiogram alterations were observed in all but one 

animal after 25-30 min. Cardiac index (CI) and end-diastolic volume increased with both 

flow rates (P < 0.001).  

The central temperature was unchanged (70 L/min, P = 0.98, 10 L/min, P = 0.07), but the 

skin temperature decreased (P < 0.05) during both flow rates. Pale skin with red patches 

was seen in all pigs after approximately 25 minutes. Arterial haemoglobin increased 

between 30-45 min (P < 0.001) and arterial lactate decreased continuously (P < 0.001). The 

cardiothoracic ratio increased in both flow rates (P = 0.001).  
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Figure 14. Haemodynamic effects in pigs using 70 and 10 L/min, FIO2 1.0 on the snout 

during apnoea (n= 9). (A) Mean pulmonary artery pressure (mPAP) and arterial carbon 

dioxide partial pressure (PaCO2), (B) Mean arterial pressure (MAP), (C) Central venous 

pressure (CVP), (D) Heart rate (HR), (E) Cardiac index (CI), (F) End diastolic volume 

(EDV), (G) Stroke volume, (H) Systemic vascular resistance index (SVRI), (I) Central and 

skin temperature, (J) Arterial haemoglobin (Hb), (K) Arterial Lactate and (L) 

Cardiothoracic imaging pre and post apnoea in one animal. Data are presented as mean 

(SD). 
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Oxygen; partial pressure, saturation, content and delivery 

 

The animals were well oxygenated during both apnoeic periods, with PaO2 above 13 kPa at 

45 min duration of apnoea. SaO2 declined to 90 (5) and 82 (22) % after 45 min of apnoea 

during 70 and 10 L/min, respectively (P < 0.05), with no difference between flow rates (P = 

0.29). SpO2 declined to 87 (6) and 86 (4) % at 45 min of apnoea during 70 and 10 L/min, 

respectively. In contrast, PvO2 and SvO2 continuously increased over time in mixed venous 

blood. The P[a-v]O2 continuously decreased during both flow rates (P < 0.05). Arterial 

oxygen content was unchanged over time (P = 0.11), whereas the venous oxygen content 

continuously increased (P < 0.001) during both flow rates. Oxygen delivery (DO2) 

increased over time (P < 0.05), and oxygen consumption (VO2) decreased between 0 and 

15 min during both flowrates (Figure 15).  

 

 
Figure 15. Oxygenation in pigs with 70 and 10 L/min, FIO2 1.0 on the snout during apnoea 

(n= 9). (A) Partial pressure of arterial oxygen (PaO2). (B) Arterial oxygen saturation 

(SaO2). (C) Peripheral oxygen saturation (SpO2). (D) Partial pressure of mixed venous 

oxygen (PvO2). (E) Mixed venous oxygen saturation (SvO2). (F) Arterial (CaO2) and 

venous (CvO2) oxygen content. (G) Oxygen delivery (DO2) and (H) oxygen consumption 

(VO2). Data are presented as mean (SD). BL, Baseline values before preoxygenation; Pre, 

At the end of preoxygenation. 
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Carbon dioxide and respiratory acidosis 

 

PaCO2 increased to 28.0 (2.5) and 28.7 (1.8) kPa at 45 min during 70 and 10 L/min, 

respectively (P < 0.05). The rate of PaCO2 increase between 0-45 min of apnoea was 0.48 

(0.07) kPa/min with 70 L/min and 0.52 (0.04) kPa/min with 10 L/min, a non-significant 

difference between flow rates (P = 0.22) (Figure 16).  

Mixed venous carbon dioxide (PvCO2) increased to 26.2 (2.4) and 25.8 (4.1) at 45 min of 

apnoea during 70 and 10 L/min. The P[v-a]CO2 shifted from positive at baseline to 

increasingly negative during apnoea (P < 0.001). The arterial pH decreased to 6.85 (0.02) 

and 6.83 (0.01) at 45 min of apnoea during 70 and 10 L/min (Figure 16).  

 

Figure 16. Carbon dioxide and pH in pigs using 70 and 10 L/min, FIO2 1.0 on the snout 

during apnoea (n= 9). (A) Arterial carbon dioxide partial pressure (PaCO2) and (B) mixed 

venous carbon dioxide partial pressure (PvCO2). (C) PaCO2 -PvCO2 inter-relationship and 

(D) PaO2-PaCO2 inter-relationship. (E) pH in arterial and (F) pH in mixed venous blood. 

Data are presented as mean (SD). BL, Baseline values before preoxygenation; Pre, At the 

end of preoxygenation. 
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6 DISCUSSION 
 

 

In this thesis, it is shown that apnoeic oxygenation using high-flow nasal oxygen during 

general anaesthesia enables oxygenation in combination with a slower carbon dioxide rise 

compared to traditional apnoeic oxygenation, thereby extending the safe apnoeic period 

after anaesthesia induction in healthy adults. There was no change in lung volumes 

measured with EIT while using the technique compared to mechanical ventilation. The 

oxidative stress biomarker MDA increased with both apnoeic oxygenation and mechanical 

ventilation, as well as a discrete non-clinical relevant increase in S100B. No other 

perioperative changes in biomarkers were seen with apnoeic oxygenation using HFNO. In 

an experimental animal model, several central haemodynamic parameters were affected 

during increasing hypercapnia, primarily a prominent elevation of mean pulmonary artery 

pressure, and increased cardiac output, arterial blood pressure and central venous pressure. 

In animals different oxygen flow rates generated equally effective oxygenation, with a 

similar carbon dioxide rise.  

 

Up until the start of the work of this thesis, only the observational study by Patel & Nouraei 

had been published 15. Soon after that, HFNO as a sole method of oxygenation during 

shorter laryngeal surgery gained rapid recognition and was brought into clinical use, 

worldwide and in our department. However, several questions were raised regarding the 

respiratory and circulatory effects and whether certain groups of patients may not benefit or 

be put into harm during apnoeic oxygenation. Still, in recent years, mainly observational 

studies have been published.  

 

In Study I, apnoeic oxygenation with HFNO was used for oxygenation during laryngeal 

surgery and was the first publication of repeated arterial blood gas assessment during the 

technique. Oxygenation was well maintained in adults with a BMI < 30 with mild systemic 

comorbidities for up to 30 minutes, and the PaCO2 rise was 0.24 kPa/min. The increase in 

arterial carbon dioxide was in line with Patel & Nouraei, who stated an increase of 0.15 

kPa/min, although arterial samples were not obtained in all subjects 15. Later, other 

observational studies during laryngeal surgery have reported a venous CO2 rise of 0.21 

kPa/min 76 and arterial rates of 0.25 and 0.27 kPa/min 137, 138. Moreover, hyperventilation 

during preoxygenation to reduce carbon dioxide before apnoea did not increase the apnoeic 

time, and the initial difference was equalised within 5 minutes. Study I included subjects 

with a BMI < 30 and no or mild systemic disease. Therefore, the results may not be 

applicable in a more compromised patient cohort.  

 

During apnoea, ETCO2 levels are not possible to monitor. Therefore, in Study I, 

transcutaneous CO2 monitoring was evaluated, and the TcCO2 and PaCO2 values correlated 

closely. TcCO2 monitoring during apnoea has mainly been studied in children with good 

accuracy 68, 69. Still, in a recent randomised trial, two different TcCO2 monitors from the 

same manufacturer showed divergent results 138. Based on this, TcCO2 monitoring as an 

alternative to repeated blood gas monitoring needs to be further evaluated. 
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However, end-tidal CO2 demonstrated a slower increase than arterial CO2, indicating an 

impaired gaseous exchange and increased pulmonary V/Q mismatch over time during 

apnoea. This finding has previously been described during apnoea in brain death 

diagnostics 139 and, more recently, during apnoeic oxygenation 76.  

 

Several clinical observational studies have used ETCO2  as the only carbon dioxide 

monitoring method 72. Patel & Nouraei demonstrated an ETCO2 increase of 0.15 kPa/min 
15, and To and colleagues reported an ETCO2 rise of 0.17 kPa/min 71. On the other hand, 

Yang and colleagues performed a case series of 100 microlaryngoscopies, where no carbon 

dioxide monitoring was performed until the termination of apnoea and only SpO2 < 80% 

was used as a termination criteria 75. Since the end tidal-arterial carbon dioxide difference 

increase with time during apnoea, ETCO2 measurement will underestimate the actual 

burden of carbon dioxide during apnoeic oxygenation.  

 

From the findings in Study I, with increasing ETCO2-PaCO2 difference, one could speculate 

that there might be an increased V/Q mismatch during apnoeic oxygenation compared to 

standard care, i.e. mechanical ventilation. On the other hand, high-flow nasal oxygen 

creates a passive positive airway pressure of approximately 1 cmH2O per 10 L of oxygen 

flow in the spontaneously breathing subject, dependent on whether the mouth is opened or 

closed 46. As previously stated, this reduces atelectasis in the awake spontaneous breathing 

subject 140, 141 and could theoretically also prevent atelectasis during apnoeic oxygenation.  

 

Therefore, in Study II, lung volume changes over time were evaluated, with the hypothesis 

that HFNO during apnoea with FIO2 1.0 would result in increased atelectasis compared to 

mechanical ventilation using FIO2 0.3. Lung volume changes were assessed with EIT 

perioperatively. No difference in lung impedance between apnoeic oxygenation using 

HFNO and mechanical ventilation was demonstrated, either during apnoea or 

postoperatively. Therefore, the interpretation of this finding was that lung volume changes 

do not differ between apnoeic oxygenation and mechanical ventilation over time. Notably, 

the formation of atelectasis during apnoeic oxygenation using HFNO may still occur since 

an amount of atelectasis formation is also common during mechanical ventilation.  

 

Airway pressure during apnoeic oxygenation has since the conduction of Study II been 

investigated by Riva and co-workers, demonstrating a flow-dependent increase of pressure 

with the mouth closed, but a negligible pressure difference with the mouth open, as is the 

case with these study settings 142. The lack of positive pressure when using high-flow with 

an open mouth may further increase the risk of atelectasis formation during apnoeic 

oxygenation. So far, no other study is describing atelectasis and lung volumes during 

apnoeic oxygenation with HFNO. To evaluate and quantify atelectasis formation precisely, 

one would need a different technique, such as computerised tomography. 

 

During anaesthesia, a higher BMI is associated with an increased risk of difficult airway 

management 143, an increased reduction of FRC after anaesthesia induction 82, 144 and is 

associated with a faster desaturation after apnoea onset 145. Taken together, this increase the 

risk of perioperative hypoxemia and impaired gaseous exchange during obesity. 



 

 39 

Ramachandran and co-workers demonstrated an increased apnoeic time with supplementary 

nasal oxygen of 5 L/min during anaesthesia induction in the obese 32 and Heard and co-

workers reported prolonged apnoeic time with low flow buccal oxygen administration in 

subjects with BMI 30-40 146. Lyons and colleagues observed that the obese had a shorter 

safe apnoeic time than the normal weight subject 76. Therefore, in study II, the inclusion 

criteria of the upper limit of BMI were raised to 35 to evaluate the technique in the broader 

setting.  

 

In Study II, three out of 15 subjects desaturated to SpO2 < 90% after approximately 10-15 

min of apnoea, all with a BMI > 29, two were smokers, and two had hypertension. This 

was, of course, a pretty large proportion of the subjects in the apnoea group (3/15) but also 

considered an important clinical finding. The study sample was too small to investigate 

whether any differences in lung impedance could be seen in this sub-group compared to all 

subjects receiving apnoeic oxygenation. It has previously been reported a 10% risk of 

desaturating during apnoeic oxygenation with HFNO in a review of observational studies 

and case reports 147.  

 

As in Study II, others have also reported observations of desaturation in the obese during 

apnoeic oxygenation. In the case series by Waters and co-workers, 7/105 subjects 

desaturated during apnoeic oxygenation, with a reduction of 30% in enduring apnoea for 30 

min with BMI > 25 compared to BMI < 25 72. Thereafter, obesity during apnoeic 

oxygenation has been further investigated in controlled studies. Wong and colleagues 

randomised subjects with BMI > 40 and Cormach & Lehane grade I-II to either HFNO or 

no supplementary oxygen during apnoea. In 40 included subjects, the safe apnoea time, 

defined as SpO2 > 95%, was 261 s with HFNO compared to 185 s without oxygen supply 
148. Recently, Schutzer-Weissman and co-workers demonstrated a significantly increased 

risk of desaturation with face-mask oxygen of 15 L/min, compared to HFNO 70 L/min in a 

morbidly obese cohort of 60 subjects 149. Guy and colleagues demonstrated in an obese 

cohort with BMI  > 40 a prolonged time with SpO2 < 95% when using HFNO versus 4 

L/min, 356 s vs 210 s respectively 150.  

 

Most common is an observed desaturation within the first minutes of apnoea, which may be 

due to failure of keeping a patent airway, known as increasingly difficult with increased 

weight. Despite this, a wide variety of time to desaturation has been reported in the 

previous studies. Schutzer-Weissman speculated that the body position may influence the 

results but did not find any apparent relationship in earlier studies between degrees of 

elevation of the upper body and time to desaturation during apnoeic oxygenation in obese 

subjects 149. Taken together, the reason for differences in time to desaturation during 

apnoeic oxygenation is currently unclear and require further investigation.  

 

Study III is the first study to examine biomarkers for oxidative stress and routine 

biochemistry for vital organ function to evaluate the safety aspects of apnoeic oxygenation 

with HFNO. We could compare this novel technique with routine clinical practice by 

randomising subjects to either apnoea or mechanical ventilation. The oxidative stress 

biomarker MDA increased in plasma in both groups perioperatively, whereas TAC (total 

antioxidant capacity) remained unchanged. Recently, MDA during general anaesthesia is 
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demonstrated to increase more with higher FIO2 
151. However, mixed results of MDA 

increase have been described in a review article of oxidative stress perioperatively 152. 

Naturally, the lung is the organ most exposed to inhaled substances and is most at risk 

during hyperoxia. A previous animal study has demonstrated a depletion of metabolic 

metabolites, but no histological alterations were seen in the lung after exposure to 

hyperoxia for 5 hours 153. Here, we have not investigated the local effects of hyperoxia, and 

our findings may rather lay the ground for further analysis of local tissue alterations during 

apnoeic oxygenation with HFNO. Our results indicate that subjects are indeed exposed to 

an amount of oxidative stress during apnoeic oxygenation with HFNO, but not more than 

current clinical practice.  

 

Furthermore, an increase of S100B was seen, a biomarker for cerebral injury, although also 

found in extracerebral tissues, mainly adipose tissue. The observed increase was without 

any clinical significance since it was well below reference values used in daily practice. All 

other biomarkers remained unchanged over time and between the groups, except for a slight 

increase in NT-proBNP in the mechanically ventilated group, with all mean values below 

the reference value.  

 

Cardiovascular effects of apnoeic oxygenation with HFNO is a concern and have 

previously not been investigated. The hyperoxia may cause several cardiovascular effects, 

including coronary arterial vasoconstriction, as seen in animals and humans 129, 130. Study 

III showed no increase in Troponin T perioperatively and no other cardiovascular effects 

than a slight increase in heart rate and blood pressure, as seen in Study I. No arrhythmias 

have been observed in study I-III during a minimum PaCO2 of 7.13.  

 

Taken together, in this cohort of patients, apnoeic oxygenation with HFNO does not seem 

to affect biomarkers for vital organ function in adults with mild systemic comorbidities 

during anaesthesia and in the early postoperative period. Since the sample size was 

relatively small and with discontinued subjects in the apnoeic oxygenation group, further 

evaluation of primarily cardiovascular effects, including subjects with more severe 

cardiovascular and pulmonary comorbidities, is recommended. 

 

An observation of interest in Study I-III was that the highest increase of PaCO2 occurred 

during the first minutes of apnoea. After that, the increase of CO2 was slower than in the 

first minutes. This has previously been described during apnoea, but the explanation is not 

fully established 23, 27, 139, 154. It may reflect the venous-arterial admixture of carbon dioxide 

in combination with the Haldane effect 27. 

 

In Study IV of this thesis, an animal model was set up to study the central haemodynamic 

effects and the impact of oxygen flow rates during apnoeic oxygenation with HFNO. In a 

cross-over design, the animals served as their own control and prolonged apnoeic 

oxygenation was studied with two different flow rates of oxygen, 70 L/min and 10 L/min in 

each animal. The finding that oxygenation was equally effective, with a similar carbon 

dioxide rise using both oxygen flow rates, was somewhat surprising since earlier models 

indicate a more effective carbon dioxide elimination with higher flow rates 59. Moreover, 

the carbon dioxide rise of approximately 0.5 kPa/min is double the rate in Study I-III and 
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was somewhat surprising. To speculate, this finding may be due to the use of young 

animals with a higher carbon dioxide production in combination with smaller stroke 

volumes that will lead to a less effective carbon dioxide elimination from cardiac 

oscillations. Also, anatomical differences of animals and humans may contribute to the 

higher CO2 rise.   

 

The central haemodynamic parameters registered from a pulmonary artery catheter 

demonstrated a continuously increasing mean pulmonary artery pressure during apnoea 

with both flow rates. With a rise in PaCO2 from 5.3 to 30 kPa, the mPAP nearly doubled 

from 18 to over 30 mmHg during 45 min of apnoea, and the increase was positively 

correlated to the CO2 increase. This finding aligns with earlier animal models and human 

studies of hypercapnia and apnoeic oxygenation 115, 117, 155. Notably, CO and CI increased, 

whereas other parameters such as HR, MAP, CVP and SVRI demonstrated a biphasic 

pattern. Peripheral circulation was also affected and may impair tissue oxygenation during 

severe hypercapnia. In an earlier model of hypercapnic acidosis limited to pH 7.1, a similar 

haemodynamic pattern is seen, with an increase of mPAP, HR, MAP and a decrease in 

SVRI 115, and further demonstrated an increased pulmonary vascular resistance during 

hypercapnia 156. A similar response is described in humans, where the mPAP increased with 

14 mmHg during an ETCO2  increase from normal values to 7 kPa in awake healthy 

subjects. Peripheral vascular resistance, heart rate, stroke volume, cardiac output and mean 

arterial pressure were also increased during hypercapnia 117.  

 

The biphasic observations of several haemodynamic parameters may be explained by the 

initial cardiovascular response reflecting the effect from CO2 and pH alterations, followed 

by an increasing effect from catecholamines that over-shadow the direct impact from 

respiratory (hypercapnic) acidosis. Catecholamine release is known to occur in response to 

hypercapnia. In an animal model, a PaCO2 of 15 kPa resulted in a more than 3-fold 

norepinephrine increase 111. Catecholamine release during hypercapnic acidosis in humans 

was first demonstrated by Low and colleges 112. Norepinephrine increased more than 

epinephrine in both studies.   

 

Moreover, Study IV included a short apnoeic period without fresh gas flow or 

supplementary oxygen in seven animals after preoxygenation for 5 min. Here, the time to 

desaturation < 85% was only 2.5 min and this short time to desaturation is probably best 

explained by high basal metabolism and young age resulting in higher oxygen 

consumption. In relation to the time with adequate oxygenation during apnoeic 

oxygenation, it is clear that supplementary oxygen prevents desaturation in this setting.  

 

The lack of difference in CO2 elimination seen between the oxygen flow rates in Study IV 

needs to be analysed further. Up until the recent year, the general perception has been that 

high-flow of oxygen during apnoeic oxygenation results in increased carbon dioxide 

elimination, as first stated by Patel & Nouraei with the expression THRIVE in 2015 15. 

THRIVE (transnasal rapid insufflation ventilation exchange) implies that high-flow of 

oxygen increase ventilation during apnoea, although a full explanation of the mechanism is 

not established. In models, an increased turbulent gas flow has been seen, and increased 

stroke volumes resulted in increased CO2 outflow with higher oxygen flow rates of oxygen 
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59. In combination, these findings aid the upward gas movement and result in increased 

carbon dioxide elimination.    

 

The expression THRIVE has been used extensively in publications for the last 5-7 years, as 

in Study I-III of this thesis. Indeed, the carbon dioxide increase during apnoeic oxygenation 

with HFNO is slower than older studies of apnoeic oxygenation. However, one needs to 

consider alternative factors than the increased oxygen flow rates. In a recent randomised 

controlled trial of 25 healthy subjects, Riva and colleagues demonstrated no difference in 

carbon dioxide rise, 0.27 kPa/min, during all flow rates using minimal, low, moderate and 

high-flow in a non-inferiority design 142. Similar findings are demonstrated in randomised 

controlled trials of children, where high-flow nasal oxygen during general anaesthesia did 

not result in increased CO2 elimination 68, 69. Although the carbon dioxide elimination did 

not increase with higher oxygen flow rates, one needs to keep in mind that oxygenation was 

more efficient. Taken together, these studies and our experimental model do not support an 

increased ventilatory effect with HFNO during apnoeic oxygenation. Therefore, other 

plausible explanations must be discussed.  

 

When comparing the rates to historical data, several flaws may occur. The setting and 

selection of study subjects vary, and the use of anaesthetic drugs and the depth of 

anaesthesia may differ. Succinylcholine used in most historical publications increases 

carbon dioxide production and O2 consumption compared to rocuronium, and current 

anaesthetic drugs may reduce metabolism, generating less CO2. Also, different modes of 

oxygen supply (intratracheal, buccal, and nasal) in historical data may generate different 

rates of CO2 increase. Finally, by the influence of the non-linear rate of CO2 rise, the 

duration of apnoea needs to be adjusted for.  

 

To summarise, the effect on carbon dioxide elimination during apnoeic oxygenation needs 

to be investigated further and the expression “THRIVE” may not be entirely correct. 

Instead, the expression “apnoeic oxygenation with high-flow nasal oxygen” has been used 

throughout this thesis.  

 

6.1 Methodological considerations  
 

Adult subjects with an ASA class I-II was included in Study I-III to ensure relatively 

healthy individuals as study subjects. In Study I, subjects with BMI < 30 was included. 

Based on the results from Study I, the BMI limit was increased to < 35 in Study II-III to 

gain further knowledge of the technique in the more overweight population. Therefore, the 

findings may not be generalised to a population with more advanced comorbidities or BMI 

>35, and these cohorts need further investigation. PaCO2 > 11 kPa and pH < 7.15 were set 

as discontinuation criteria, and therefore, the results only reflect changes within these 

limits.  

 

Study I-III was conducted by a few anaesthetists familiar with the technique in close 

collaboration with a small group of ENT surgeons in a single hospital, thereby ensuring a 

similar approach in each subject. Before inclusion, each considered case was evaluated and 
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approved by the responsible surgeon. The airway was kept patent during apnoea, with 

constant supervision during suspension laryngoscopy. To ensure apnoea, all subjects 

received the neuromuscular blocking drug rocuronium, and the neuromuscular blockade 

was continuously assessed by train-of-four monitoring.  

 

EIT for monitoring lung volume changes has been validated against CT scan and body 

plethysmography 157, 158, and used in various situations such as PEEP titration 159-161. EIT 

measures impedance changes, both compared to the last breath and over time compared 

with a set baseline. Here, in Study II, the baseline was measured with the subject awake in a 

supine position with the head slightly elevated approximately 20 degrees before 

preoxygenation and induction of anaesthesia. Changes in impedance over time will reflect 

changes in aeration of the lungs. Still, it may also be affected by the positioning of the 

electrode belt, body position alterations, and changes of intrathoracic fluid load.  

 

EIT as a mode of evaluating lung volumes was chosen in Study II due to features such as a 

non-radiation, non-invasive and bedside monitoring with a non-user dependent approach. 

The obvious drawback is the lack of absolute numerical quantification of the lung volume 

changes; instead, the results demonstrate relative differences. A minute approach to avoid 

alterations in belt position was executed by continuous observation of the study subjects. 

Moreover, i.v. fluid administration was under 300-400 ml, highly unlikely to increase the 

intrathoracic fluid load enough to influence the impedance monitoring.  

 

The power calculation in Study II revealed that a sample size of 15 in each group was 

needed to detect a difference in lung volume of 10%, believed to have a clinical impact, 

especially for a more compromised patient. The calculation did not include a proportion of 

discontinued subjects, which would have been needed retrospectively. Also, with a larger 

sample size, a difference in lung volumes between discontinued and non-discontinued 

subjects may have been possible to analyse.  

 

In Study III, the oxidative stress biomarkers MDA and TAC were chosen because they 

react to oxidative stress exposure quickly and are stable over time once the samples were 

frozen. An experienced molecular biologist analysed all samples. Since the same study 

objects were used in Study II and III, the power calculation performed referred to changes 

in lung volume. Still, it was also approximated to detect a difference in the primary 

outcome oxidative stress biomarkers.  

 

Study II & III were performed at two sites of Karolinska University Hospital due to the 

relocation of potential study subjects from one place to the other after the study started. 

This included moving study-specific equipment, education, and information to operating 

and anaesthetic nurses but involved the same ENT surgeons and research group. Both sites 

used a day-surgery approach, similar pre-anaesthetic evaluation and were equal regarding 

other equipment used. Therefore, the relocation was not believed to influence the study 

results.   

 

In Study IV, pigs were used for an apnoeic oxygenation model. Physiological experimental 

models typically use pigs due to their similarity with human physiology and size, but 
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differences between animals and humans may still influence the results 162. A pulmonary 

artery catheter is considered the gold standard for central haemodynamic monitoring and 

involves direct measurement of pulmonary artery pressure, CVP, SvO2 and temperature. 

Other parameters such as CO and SV are derived from the primary measurements. 

Furthermore, CI, SVRI, oxygen delivery (DO2), consumption (VO2) and arterial oxygen 

content (CaO2) are calculated from the primary and derived parameters.  

 

Parameters were defined as:  

 

CO = SV x HF    

CI = CO/ BSI 

SVRI = (MAP -CVP)/ CI x 80 

VO2 = CO x (C[a-v]O2 x 10) 

DO2 = CO x CaO2 x 10 

CaO2 = ((Hb x1.36) x (SaO2/100)) + (PaO2 x 0.0031) 

 

The pulmonary vascular resistance was not calculated since the pulmonary capillary wedge 

pressure was not measured and would have been valuable information in retrospect. 

Moreover, catecholamine release would have been interesting to evaluate.  

 

Blood gas analysis has been a key aspect of this thesis. All blood gases were analysed 

instantly to avoid inaccurate measurements, as a higher PaO2 and lower pH may develop 

with stored samples. Samples were drawn and handled to prevent the admixture of air 

bubbles. The blood gas monitor ABL 90 (Radiometer, Brønshøj, Denmark) compensates 

for temperature in calculations and self-calibrate and performs quality checks routinely. 

The limits of analysis are a PaCO2 > 33.5 kPa.  

 

6.2 Ethical considerations 
 

The studies included in this thesis raised several ethical considerations. Apnoeic 

oxygenation as a concept is not new, but the application with the additive of high-flow 

nasal oxygen is. The main advantage is the potential of preventing desaturation during 

general anaesthesia and airway management, with the drawback of carbon dioxide 

elevation. The safe upper limit of arterial carbon dioxide is currently not established. 

Despite the lack of clinical studies evaluating the functionality and adverse effects of the 

technique, it is used worldwide during shorter laryngeal surgery. Therefore, in our opinion, 

these controlled studies were needed to gain knowledge of its effects and potential 

drawbacks.  

 

In Study I-III, the termination criteria were set as PaCO2 >11 kPa, lower pH limit of 7.15 

and lower SpO2 level of 90%, values known from earlier studies to be of little harm for 

healthy individuals with a possibility to be reversed by mechanical ventilation. Apnoea was 

terminated if any criteria were met, and the patient was endotracheal intubated. The 
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placement of an arterial catheter in an awake subject caused a short period of pain and 

included small risks of haematoma, bleeding and damage to the vessel. All subjects 

received oral and written information before inclusion with sufficient time to think and ask 

questions before enrolling in the studies.  

 

Potential advantages of participating in Study I-III were reported better working conditions 

for the surgeon, with an improved view of the operating field without a tracheal tube 

obscuring parts of the laryngeal inlet and close perioperative monitoring of vital signs and 

blood gases.  

 

In Study II, EIT monitoring may cause discomfort from the elastic electrode band around 

the thorax, but no other apparent risks are involved with EIT monitoring. Intrathoracic 

implantation devices were set as exclusion criteria due to a reported threat of interference 

with EIT. In Study II-III, the total amount of sampled blood was < 40 ml and not 

considered to cause the study subjects any harm. 

 

The parameters in Study IV would not be possible to obtain ethically in human subjects 

since it involved extensive monitoring, extreme pathophysiological situations and the 

subsequent risk of permanent or fatal organ damage. The animals arrived premedicated and 

were under constant general anaesthesia during the experiments to prevent discomfort and 

stress. Neuromuscular blockade was only used after ensuring deep anaesthesia by pinching 

the hoof with a tweezer. After the experiment, the animals were euthanised intravenously. 

The knowledge obtained from this study is of critical importance when designing clinical 

studies of physiological effects of apnoeic oxygenation using HFNO and for understanding 

extreme hypercapnia and respiratory acidosis in various clinical situations.  

 

6.3 Clinical considerations  
 

These findings add essential knowledge of the physiology and use of apnoeic oxygenation 

with HFNO to extend the safe apnoeic time and prevent desaturation. It is used in various 

situations, mainly during short laryngeal surgical procedures. In this setting, the tubeless 

operating field allows better working conditions, may reduce surgical time, and reduce the 

risk of airway trauma due to endotracheal intubation. Apnoeic oxygenation requires total 

intravenous anaesthesia since the admission of volatile agents is impossible. 

 

Although proven to prolong the safe apnoeic time, some patients will not benefit as 

efficiently from its use and desaturate within a short time. A patent airway is essential while 

using apnoeic oxygenation, and a failure of establishing patency will hinder the gas flow 

and lead to desaturation and impaired elimination of carbon dioxide. Also, the clinician 

may be over-confident and put into a state of false safety that the technique will sufficiently 

oxygenate the patient for up to 30 min. Moreover, it is not considered a rescue method 

when a patient already has desaturated before applying apnoeic oxygenation since the FRC 

needs to be a reservoir of oxygen. Based on this, the anaesthetist and surgeon responsible 

will always have to establish an alternative airway management plan in case of failure or 

prolonged time of surgery.  
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The studies in this thesis demonstrate that end-tidal CO2 is grossly underestimating the true 

PaCO2 and is therefore not sufficient for CO2 monitoring and also impossible to perform 

during apnoea. Calculation of an approximate safe apnoeic time from the previous rates of 

CO2 rise will also not be accurate since the rate varies between subjects. TcCO2 monitoring 

is currently not widely used, requires correct handling and is not yet sufficiently studied; 

therefore, to date not recommended for CO2 monitoring. Peripheral oxygen saturation 

routinely monitors oxygenation but includes pitfalls. During hypotension, the measurement 

will be delayed and be less accurate, anaemia may provide false low values, and with dark 

skin, there is an increased risk of overestimating pulse oximetry measurements during low 

oxygen saturation 163. Henceforth, the recommendation is to evaluate the gaseous exchange 

by blood gases, either arterial or venous, with a point-of-care approach.  

 

To prevent barotrauma, one must avoid air trapping in the lungs, and therefore, HFNO and 

concurrent facemask ventilation are not recommended. Also, there have been reports of 

pneumothorax, pneumomediastinum and pneumocephalus during the use of HFNO in 

children 164, 165.  

 

Apnoeic oxygenation with HFNO is not considered a secured airway, which always 

involves the risk of aspiration. Gas insufflation of the stomach, thereby increasing the risk 

of vomiting by using HFNO have been discussed. Still, studies have not demonstrated 

increased ventricular gas content by its use or reported any gastric contents in the airway 

during rapid sequence induction 64, 166. Other situations where HFNO is considered contra-

indicated are during skull base fractures or severe nose pathologies. Furthermore, it is 

currently not recommended during laser surgery due to a risk of ignition in the oxygen-

enriched environment 167.  

 

Preoxygenation with HFNO has been proved efficient in the cohorts of the studies included 

in this thesis. Moreover, to expand the use, HFNO for adequate perioxygenation during 

rapid sequence induction has been demonstrated 63-65. The obvious advantage is the 

continuous oxygen flow during airway management, where subjects are more at risk of 

desaturation and often present with difficult airways. Notably, in a recent publication 

evaluating adverse airway management events in Great Britain, HFNO was seldom used 

during airway management despite a predicted difficult airway before anaesthesia induction 
168.  

 

From the observations in this thesis and other publications, a more vigilant mindset is 

recommended when using apnoeic oxygenation in the obese cohort. Moreover, though 

hypercapnia seems to be well tolerated by most patients when normoxemic, before further 

studies are available, patients with concurrent ischaemic heart disease or pulmonary 

hypertension should only be exposed with caution to moderate to severe hypercapnia due to 

the risk of deterioration.  
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7 CONCLUSIONS 
 

The conclusions from this thesis are as follows:  

 

• Apnoeic oxygenation with high-flow nasal oxygen [THRIVE] during laryngeal 

surgery enable oxygenation in patients with mild systemic disease and a BMI < 30 

with a pH at or above 7.13 for 30 min. The technique prolongs the safe apnoeic 

period in this cohort, but concurrent monitoring of arterial CO2 and pH is 

recommended since capnography is not possible during apnoea.  

 

• No difference of lung volume changes was found during apnoeic oxygenation with 

HFNO [THRIVE] compared to mechanical ventilation during laryngeal surgery in 

subjects with no or mild systemic disease and a BMI < 35. The recent findings of 

CO2 rise and oxygenation ability of apnoeic oxygenation with HFNO are confirmed. 

Desaturation during apnoea in three subjects with BMI ≥ 29 raises concerns, and 

therefore, further studies of compromised patients are recommended. 

 

• Both apnoeic oxygenation with HFNO [THRIVE] and mechanical ventilation were 

associated with an increase in an oxidative stress biomarker. However, no clinically 

relevant changes in cerebral, cardiac, inflammation or kidney biomarkers were 

demonstrated during apnoeic oxygenation with HFNO or mechanical ventilation.  

 

• A model of prolonged apnoeic oxygenation in pigs demonstrates adequate 

oxygenation for at least 45 minutes and a carbon dioxide increase of 0.5 kPa/min, 

leading to similar distinct haemodynamic effects with both low- and high-flow nasal 

oxygen. Most importantly, a nearly doubled mean pulmonary artery pressure, an 

increase in cardiac index, HR, arterial blood pressure and signs of reduced 

peripheral circulation were seen. This comprehensive animal study adds valuable 

knowledge of the physiology during apnoeic oxygenation using HFNO.  
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8 FUTURE PERSPECTIVES 
 

This thesis contributes to the understanding of apnoeic oxygenation, particularly while 

adding high-flow nasal oxygen. Furthermore, apnoeic oxygenation in the perioperative 

setting serves as a valuable tool since the technique expands the safe apnoeic period. This 

may contribute to safer difficult airway management, serve as an alternative airway 

management technique during laryngeal surgery, and a less stressful education situation 

when learning various intubation techniques. Still, many questions regarding its effects 

remain unanswered.  

 

Until now, mainly observational studies and case reports have been published. Only a few 

randomised controlled trials evaluating apnoeic oxygenation with HFNO have been 

performed, mainly in obese subjects and children. Recently, one single-centre study has 

explored the effect of different flow rates of oxygen, with only five subjects in each group 

of flow rates 138. Here, larger multicenter trials are needed to explore oxygenation 

efficiency and carbon dioxide elimination using different flow rates of oxygen and in 

different cohorts such as age, weight, co-morbidities and smoking status. There is an 

immediate need for basic requirements for these studies, such as a defined minimum 

apnoeic time, monitoring with arterial blood gas measurements and complete 

neuromuscular blockade with continuous monitoring to generate comparable study settings. 

Moreover, the terminology is not clearly defined and needs to be more stringent. If further 

studies fail to prove improved ventilation with the addition of HFNO during apnoea, 

another terminology than the acronym THRIVE is required.  

 

To expand the clinical use, apnoeic oxygenation with HFNO may have a place outside the 

operating theatre, such as in the radiological intervention suite that requires high precision 

and a non-breathing patient. In the prehospital setting or during cardiac arrest, when a 

definitive airway may not be possible to establish, apnoeic oxygenation may provide 

sufficient oxygenation for a short amount of time. In a low-income setting that may lack 

both equipment and trained anaesthetic staff, apnoeic oxygenation with a standard nasal 

cannula may substitute for a high-flow device and thereby prevent desaturation during 

airway management. Moreover, with an addition of oxygen supply through a laryngoscope, 

perioxygenation during airway management may be possible without nasal oxygen supply.  

 

Further investigations of pulmonary physiology during apnoeic oxygenation with HFNO 

are needed, where animal models can contribute to the understanding of pulmonary 

ventilation/perfusion effects. In addition, there is still a need to describe the gas movement 

to determine modes of flow and the impact of flow rate in the human airway since the data 

available are based on models and calculations. Furthermore, there is a need to explore the 

upper limit of carbon dioxide in healthy patients and patients with co-morbidities.  
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“Trust I seek, and I find in you, every day for us something new. 

 

Open mind for a different view, and nothing else matters.” 

 

J. Hetfield 
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