
 

Peripheral airway function 
assessed by inert gas washout 

and impulse oscillometry 

 

 

 

Sanna Kjellberg 

 

 

School of Public Health and Community Medicine 

Institute of Medicine 

Sahlgrenska Academy, University of Gothenburg 

 

 

 

 

 

 

 

Gothenburg 2022 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peripheral airway function assessed by inert gas washout and impulse 

oscillometry 

© Sanna Kjellberg 2022 

sanna.kjellberg@gu.se 

 

ISBN 978-91-8009-829-8 (PRINT)  

ISBN 978-91-8009-830-4 (PDF) 

http://hdl.handle.net/2077/71509 

 

Printed in Borås, Sweden 2022 

Printed by Stema Specialtryck AB 

  

http://hdl.handle.net/2077/71509


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“To measure is to know.  

If you cannot measure it,  

you cannot improve it.” 

-Lord Kelvin 
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ABSTRACT 

Small (peripheral) airways play a key role in asthma. Despite this is lung 

function tests for assessing small airway function not included in the routine 

asthma management. Undetected small airway dysfunction (SAD) may partly 

explain why uncontrolled asthma is frequently reported among both children 

and adults with asthma. Respiratory symptoms are common after COVID-19, 

but the underlying pathophysiology is still unclear, and SAD can potentially 

be a partial explanation.  

The overall aim was to study the presence and extent of SAD in school age and 

adult asthma, as well as in individuals with a previous COVID-19 infection. 

We also aimed to study the relation between SAD and clinical symptoms in 

these patient groups.  

One school age asthma, one adult asthma and one COVID-19 cohort were 

studied. SAD was assessed using inert gas washout (IGW) tests including  

“single breath washout; SBW” and “multiple breath washout; MBW”, as well  

as impulse oscillometry (IOS). In addition, all participants performed 

spirometry and different clinical characteristics of asthma were assessed. 

Cohorts of healthy controls were also included to derive reference values for 

IGW and IOS outcomes in children and adults, respectively.  

We found that SAD was a prevalent finding in both school age and adult 

asthma as well as in COVID-19 cases. The presence and extent of SAD varied 

across reported outcomes and between the studied cohorts. In adults with 

asthma was SAD associated with a combination of three predictors: abnormal 

spirometry (FEV1), blood-eosinophil count > 4% and having a smoking 



 

history. In school age asthma was MBW derived Scond superior to other MBW 

and IOS derived indices in detecting SAD associated with clinical 

characteristics. In COVID-19 cases was MBW derived Sacin increased 

compared to non-COVID-19 cases, and even higher in those with remaining 

dyspnea.  

In conclusion, SAD was a prevalent finding in the studied cohorts and MBW 

and IOS provide complementary information. Optimally, both methods should 

be used in the lung function laboratory when assessing SAD in individuals with 

asthma. There also seems to be a potential for MBW test in the assessment of 

lung function in individuals with a prior COVID-19 infection.  

 

Keywords: multiple breath washout, single breath washout, asthma, SARS-

CoV-2, COVID-19 
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SAMMANFATTNING PÅ SVENSKA 

Astma drabbar ca 10% av den svenska befolkningen och en stor andel rapporterar 

otillräcklig astmakontroll trots adekvat astmamedicinering. Tidigare betraktades astma 

som en sjukdom som drabbar lungans stora luftvägar, medan man idag vet att det finns 

flera olika undergrupper av sjukdomen, så kallade fenotyper, som skiljer sig åt 

avseende symtom och sannolikt avseende underliggande sjukdomsmekanismer. 

Studier har också tydligt visat att både stora och små (perifera) luftvägar (luftvägar 

med innerdiameter < 2 mm) är engagerade vid astma och att inflammatoriska celler är 

som mest aktiva i små luftvägar. Trots denna kunskap inkluderar inte 

astmautredningen idag normalt funktionen i de små luftvägarna.  

Den nya sjukdomen Covid-19 har också visats ge symtom från luftvägarna, både i den 

akuta fasen men även i dess efterförlopp. Påverkan på små luftvägar är troligt, då 

viruset som orsakar Covid-19 (SARS-CoV-2) binder till receptorer som är vanligt 

förekommande här, men detta är ännu mycket outforskat.                                                                                                    

Syftet med denna avhandling var att med hjälp av de lungfysiologiska mätmetoderna 

multiple breath washout (MBW), single breath washout (SBW) och impulsoscillometri 

(IOS) studera hur vanligt det är med påverkan på små luftvägar hos barn och vuxna 

med astma, samt hos personer som genomgått Covid-19. Vidare ämnade vi också 

beskriva hur påverkan på små luftvägar är relaterade till kliniska symtom hos dessa 

sjukdomsgrupper.                                                   

Huvudresultaten visar att påverkan på små luftvägar är vanligt förekommande hos 

såväl individer med astma, som i efterförloppet av COVID-19, mätt med MBW och 

IOS. Förekomsten varierar beroende på undersökningsgrupp, val av mätmetod och val 

av utvärderingsparameter.  Hos vuxna astmatiker fann vi tre lättillgängliga kliniska 

variabler som kan prediktera sjukdom i små luftvägar; patologisk spirometri, förhöjda 

eosinofiler i blodet och en historia av tobaksrökning. Hos barn med astma var påverkan 

på lungans konduktiva små luftvägar mätt med MBW starkast kopplat till typiska 

astma symptom. Hos individer som drabbats av Covid-19 var påverkan på små 

luftvägar, mätt med MBW, kopplat till kvarvarande andningspåverkan.  

Genom att inkludera metoder som diagnostiserar sjukdom i små luftvägar i 

rutinsjukvården för astma, skulle medicinering som riktas till de små luftvägarna kunna 

erbjudas med potentiellt bättre astmakontroll som följd. Funktion i små luftvägar borde 

också tas i beaktande hos personer med kvarstående symtom från lungorna efter 

COVID-19, för att även här identifiera avvikelser och kunna behandla där sjukdomen 

är aktiv.     
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1 BACKGROUND 

Uncontrolled asthma is frequently reported among both children and adults 

with asthma, despite ongoing therapy. We also know that the small (peripheral) 

airways (innerdiameter < 2 mm) play a central role in asthma and should be 

included in the management of asthma. Despite this, measurements of small 

airway dysfunction (SAD) is not included in the routine management of 

pediatric and adult asthma. Lung function is only routinely assessed using 

spirometry, which is well known to not sensitively detect SAD. In this thesis, 

we have studied the presence and extent of SAD and its association with 

clinical outcomes in school age and adult asthma using inert gas washout 

(IGW) tests and impulse oscillometry (IOS).  

The long-term goal is to improve the management of asthma to reach fully 

controlled disease. To include sensitive lung function tests in the clinical 

management of individuals with asthma, where only spirometry is not 

sufficient, may be an important step. By identifying individuals with SAD and 

offering an extra-fine particle inhalation with the potential to target the small 

airways, the high rate of asthma sufferers with uncontrolled disease can 

potentially decrease. 

During the work with this thesis, the COVID-19 pandemic arise. Early in the 

pandemic, it became obvious that symptoms from the respiratory tract were 

common and play a central role in both the acute phase and in the aftermath. 

Small airways are often affected in COVID-19. Angiotensin-converting 

enzyme 2 (ACE-2) receptors in small airways provides an entry path for the 

virus causing COVID-19 (severe acute respiratory syndrome coronavirus type 

2 (SARS-CoV-2). We hypothesized that the small airways may be affected 

also as a sequel of COVID-19 and may at least partly explain the long-lasting 

respiratory symptoms reported in many individuals with a previous COVID-

19 infection. To explore this, we conducted a COVID-19 study, including 

individuals with a previous COVID-19 infection, where SAD was assessed 

using IGW and IOS.    
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1.1 STRUCTURE OF THE LOWER AIRWAYS 

The primary function of the lung is to provide effective gas exchange between 

the alveolar gas and the blood in the pulmonary capillaries, i.e. oxygen (O2) 

uptake and carbon dioxide (CO2) excretion. To achieve this in an effective way 

the architecture of the airways is of great importance. From larynx, the air is 

transported through the trachea, which is a 10-12 cm long tube with a diameter 

of approximately 2 cm 1. From trachea the airways start to divide in a 

dichotomous manner, each branching called a generation. For each generation 

in peripheral direction the airway lumen decreases 2, but since every generation 

contains more airways than the previous the total cross-sectional area increases 

for every generation. The airway tree is by convention divided into the central 

(large) airways, including airways with a diameter of > 2 mm and the 

peripheral (small) airways, where the airway diameter is < 2 mm, in the adult. 

In total, there are approximately 23 generations and the peripheral airways 

corresponds to approximately airway generation eight and distally, but can 

vary markedly even within the same lung 3. The airway tree is also partitioned 

into a conductive airway zone and an acinar (gas exchanging) airway zone. In 

the conducting airway zone (airway generation 0-16) gas in transported mainly 

by convection, i.e. “bulk flow”, towards and away from the acinar airway zone 

(generation 17-23) where gas is distributed mainly by molecular diffusion 4,5, 

Figure 1.   

 

Airways with an internal diameter of < 1 mm are termed bronchioles. The last 

conducting airway bronchiole is called the terminal bronchiole, with an 

internal diameter of less than 0.5 mm and it marks the entrance to the acinus, 

the gas exchanging zone 1. C-shaped rings of hyaline cartilage surrounding the 

airways maintain the stability of the trachea. The open part of the rings is 

directed posteriorly where smooth muscle fibers are supporting the airways. 

The cartilage structures prevent the airways from collapsing when the extra 

thoracic pressure increases, for instance during cough. The C-shaped cartilage 

structures will eventually become present to a lesser extent and after a few 

generations only plates of cartilage remain, supporting the airways. At the level 

of the bronchioles, no cartilage is present. The first generations of the acinar 

airways are termed respiratory bronchioles since alveoli are now present in the 

airway wall, and gas exchange can occur. The number of alveoli in the airway 

wall will successively increase and the airways are now called alveolar duct. 

The alveolar duct will eventually terminate in a cluster of alveoli, called the 

alveolar sac. Moreover, the acinus is defined as the lung unit supplied by a 

single terminal bronchiole 3. In peripheral airways with no cartilage support, 

elastic and collagen fibers in combination with the pulmonary capillaries form 

a delicate network acting as a scaffold. The elastic recoil of the lungs maintains 
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peripheral airway patency in the healthy lung, facilitated by surfactant covering 

the inner walls of the alveoli, which reduces surface tension 6.  

 

The dichotomous division with increasing cross-sectional area provides a 

structure where the inhaled air is evenly distributed in the airway tree and 

reaches the alveoli in an effective way. In the acinar airways, approximately 

500 million 7 of alveoli are packed together providing a large maximal area 

(130 m²) 6 for gas exchange. The inhaled air will here, by diffusion, enter the 

pulmonary capillaries, which cover almost the entire alveolar surface. The 

barrier that needs to be crossed is called the alveolar-capillary membrane and 

constitutes mainly of alveolar epithelial type I and type II cells in the alveolar 

wall 8 and endothelial cells in the wall of the capillaries. Between these two 

layers there is an extracellular matrix consisting of the basal membranes of the 

two cell layers and fibroblasts. The alveolar type II cells and alveolar 

macrophages are responsible for producing surfactant and phagocytosis of 

foreign materials, respectively 9. The mean thickness of the alveolar-capillary 

membrane is estimated at 0.6 µm 6.  

 

A large gas exchanging surface area and a thin alveolar-capillary membrane 

provide effective diffusion of gases as described by Fick’s law of diffusion 10: 

Vgas = A/T * D * (P1-P2), where Vgas=volume of gas, A=area, T=thickness, 

D=diffusion constant, and P1-P2 = partial pressure difference over the sheet. In 

other words, Fick’s law is telling us that a volume of gas traveling through a 

tissue sheet (alveolar-capillary membrane) is proportional to the area of the 

sheet, the diffusion constant, the partial pressure difference over the sheet and 

inversely proportional to the thickness of the tissue.  

 

The large pulmonary blood flow, the enormous alveolar and capillary surfaces 

in combination with the thin barrier to cross, provide good conditions to 

achieve an effective gas exchange even when the need for O2 supply to the 

tissues and CO2 elimination from the tissues is extremely high, i.e. during 

physical work.   
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Figure 1. A schematic illustration of the dichotomous division of the bronchial three. The 

numbers without unit denotes airway generation. Revised from Gustafsson et al. Spirometri 2.0. 

Affecta Publishing, 2019. Translated and published with permission.  

 

1.2 RESPIRATORY PHYSIOLOGY 

Respiratory physiology is the story of the journey of the O2 molecule from the 

surrounding air to the cells in the tissues and the story of the transport of the 

CO2 molecule in the opposite direction. Several factors and processes are 

involved in this story as illustrated in Figure 2. Thanks to Weibel’s anatomical 

measurements and calculations 2 of the human airway dimensions allowing for 

modeling of gas transport 4,5 we today know how this physiological journey is 

turned out. Weibel’s calculations are based on a symmetrical airway model, 

which is a simplification as the airways in the human lung are divided in a non-

symmetrical way 11 and the number of generations between trachea and the 

alveolar sacs varies in fact widely between different divisions in a single lung 
3. Nevertheless, his fundamental work has given researchers the opportunity to 

study the journey in detail.  
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Figure 2. Factors and processes involved in gas exchange. Figure revised from Gustafsson et 

al. Spirometri 2.0. Affecta Publishing, 2019. Translated and published with permission.   

 

1.2.1 GAS MIXING AND VENTILATION INHOMOGENEITY 
The anatomy of the lower airways, with a dichotomous branching system of 

the airway tree with increasing cross-sectional area, will have implications for 

how the inspired and expired gas is distributed in the lung. In the first 

generations, gas is transported by convection, i.e. transport of gas from an area 

of high pressure to an area of lower pressure, “bulk-flow”. When reaching the 

entrance to the gas exchange zone (the acinus), approximately generation 16 

and distally, the linear flow velocity is low and molecular diffusion is the 

predominant gas mixing mechanism. Convective gas transport in the airways 

can be described by Poiseuille’s formula 10: V’ = (π*r4 / 8η) * (p1-p2) / L, where 

V’ = the volume of a fluid that crosses any section in a pipe per unit time, r = 
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radius of the pipe, η = viscosity of the fluid, p1-p2 is the pressure drop between 

the two ends of the pipe and L is the length of the pipe. Thus, Poiseuille’s 

formula tells us that the volume of gas crossing a section in the airway per unit 

time, i.e. flow, is highly dependent on the cross-sectional area (π*r4) of the 

airway. As the radius of the airway decreases peripherally, so does the flow in 

the airway. Soon after Weibel’s publication of the morphometry of the human 

lung 2, Malcolm Green used the formula of Poiseuille together with the airway 

dimensions calculated by Weibel to calculate the resistance for every 

generation in the airway tree, and concluded that the peripheral airways 

contribute by only 10 % of the total airway resistance 12. This theoretical 

finding was confirmed in experimental studies a few years later 13. The very 

low resistance in the peripheral airways will in fact result in only a minor 

increase of the total airway resistance, even when 50 % of the peripheral 

airways being totally occluded 14. The small contribution of the peripheral 

airways to total airway resistance has important implications for the choice of 

physiological methods to use when assessing peripheral lung function, as 

described in section 1.5. Conventional lung function tests, such as spirometry, 

are insensitive to detect peripheral airway obstruction, a finding that lead Ann 

Woolcock to term the peripheral airways “the silent zone within the lung” 15.  

Gas mixing mechanisms 

In order to maintain an effective gas exchange, the inhaled air must, during the 

time of a breath, be evenly distributed in the airway tree and efficiently mixed 

with the resident gas within the lung. In the late 1970s and in the beginning of 

the 1980s Engel and Paiva performed model simulations for gas mixing based 

the anatomical findings by Weibel 2 and Hansen & Ampaya 16. The Paiva and 

Engel theory describes two mechanism responsible for gas mixing, convection 

and diffusion, respectively 4,5. When peripheral airway obstruction occurs the 

gas mixing process will be disturbed resulting in increased “ventilation 

inhomogeneity” (VI). Convection is the predominant gas mixing mechanism 

in the conducting airways and diffusion is the predominant mechanism in the 

acinar airway zone. In the transition between the two zones, a so-called quasi-

stationary gas front will arise, separating bronchial gas, i.e. the inspired gas, 

from the resident gas, i.e. residual gas 17. At the end of an inspiration, the quasi-

stationary front will arise at the site where convection and diffusion contribute 

similarly to gas molecule movements. An example is when 100 % O2 is inhaled 

during a nitrogen (N2) multiple breath washout (MBW) test and resident N2 

molecules in the peripheral airspaces will move in peripheral direction by the 

force of convection, and the lower N2 concentration in the proximal airspaces 

will cause the N2 molecules to move in proximal direction due to molecular 

diffusion. The two “balancing” forces results in that a quasi-stationary front 
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arises approximately at the entrance to the acinus. Since diffusion is dependent 

of the molecular mass (MM) of the gas, the front will arise at somewhat 

different sites within the airways depending on the gas used. When breathing 

a heavy gas such as sulphur hexafluoride (SF6; MM 146 g/mol) the front is 

located more distally compared to a lighter gas such as helium (He; MM 4 

g/mol), while the front for N2 (MM 28 g/mol) is located somewhere in-

between. As a consequence, the dead space volume, i.e. volume of conducting 

airways, will be greater for the heavier gas compared to the lighter gas 18.  

Paiva and Engel termed the two mechanism responsible for ventilation 

inhomogeneity, convection dependent inhomogeneity (CDI) and diffusion and 

convection interaction dependent inhomogeneity (DCDI), respectively 19. 

They also demonstrated in experimental studies that the relative contribution 

from the two mechanism can be estimated by inspection of the evolution of the 

concentration normalized phase III slope (SnIII) from an expirogram during a 

MBW test, called SnIII analysis (described in detail in section 1.6.2), Figure 3.   

Proximal to the quasi-stationary front differences in specific ventilation 

between lung units due to differences in compliance and resistance will give 

rise to a raised phase III slope if filling and emptying occurs in sequence 

between these units. This CDI process results in a steady increase of SnIII over 

progressive breaths in a MBW test. The causes of CDI can further be divided 

into a “gravitational” CDI resulting from differences in inter-regional 

difference in lung expansions (compliance) between lung units along the 

pleural pressure gradient, and “non-gravitational” CDI due to structural 

differences among closely (intra-regional ventilation inhomogeneity) or 

widely (inter-regional ventilation inhomogeneity) separated lung units with 

different mechanical characteristics (resistance and compliance) 20,21. 

DCDI, on the other hand, reflects asymmetry at branch points in a zone close 

to the entrance to the acinus, where diffusion and convection contribute 

similarly to gas mixing 17,22. This asymmetry can be due to differences in cross-

sectional area at branch points or due to differences in volumes of subtended 

airways. Convective flow will favour airways with larger cross-sectional area 

and of smaller volumes (units with higher compliance). The resulting 

concentration difference between closely located lung units will subsequently 

however be equalized by diffusion, a phenomenon called “diffusive pendelluft” 
23, since the distances between these lung units are short enough to let diffusion 

occur. After inhalation of 100 % O2 the units of highest volume will empty 

first in the subsequent expiration and N2 concentrations in gas leaving branch 

points in oral direction are initially low. With gradual equilibration, N2 in the 

exhaled air will increase. The DCDI mechanism contributes to the gradually 
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increasing phase III slope over approximately the five first washout breaths or 

up to 1.5 lung volume turn overs (TO) after which a state of equilibration 

occurs 19.  

Structural asymmetries are present already in the healthy lung and more 

marked within the acinus than proximal to it, as priority has been given to 

maximize the number of alveoli for gas exchange in the acinus at the cost of 

airway asymmetry. Thus, DCDI will be the major contributor to ventilation 

inhomogeneity in healthy subjects 19 and these asymmetries are of course 

further enhanced when peripheral airway obstruction is present. Another 

reason for ventilation inhomogeneity in the healthy lung is the difference in 

specific ventilation between apical and basal parts of the lung, due to the 

pleural pressure gradient. Apical lung units are more expanded compared to 

the basal lung units in a standing individual. The compliance of the basal units 

will therefore be greater resulting in a greater specific ventilation in these lung 

units compared to apical units.  

Figure 3. Expirogram derived from an inert gas washout test. Phase I (absolute dead space), 

phase II (bronchial phase), phase III (alveolar phase) and phase IV (closing volume).     
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1.3 ASTHMA – A HETEROGENEOUS DISEASE 

Asthma is the most common chronic disease in children and one of the most 

common in adults. The global prevalence of asthma is estimated to 3.6%, 

although it varies markedly across the world, with highest prevalence in high-

income countries 24. In the adult US population, the prevalence is estimated to 

be 8% 25, and in Sweden , approximately 10% of the adult population is 

affected 26. The asthma prevalence among Swedish school age children is 

between 7-11% 27,28.    

  

The disease is characterized by airway inflammation, variable airflow 

obstruction and bronchial hyper-responsiveness. The severity can be graded 

according to a four step scale based on the dose and type of controller 

medication required in order to achieve the treatment goal of controlled 

asthma, presented by the Global Initiative for Asthma (GINA) 29.  

 

Overall, one-quarter of Swedish adults with asthma report uncontrolled 

disease, with prevalence being even higher (40%) in GINA steps 4-5 30. In a 

US patient asthma cohort, including both children and adults, uncontrolled 

disease was reported in between 45-59% across GINA steps 3-5 31. Only 15% 

of the adolescents reported well controlled asthma in a Swedish population-

based study, with uncontrolled disease present in a high proportion (38% in 

girls and 25% in boys, p=0.041) 32. The high proportion with uncontrolled 

asthma is worrying given its association with increased risk for exacerbations, 

reduced health status, increased health care utilization and long-term airway 

damage 30,33-38.   

 

Asthma has traditionally been considered as a homogeneous disease, but this 

position has been questioned and the importance of identifying different 

asthma phenotypes and endotypes has emerged over the last two decades.  

The concept of asthma is today considered an “umbrella” term reflecting 

different types and severities of the disease 39,40. The pathophysiology behind 

the disease is not fully understood, but it involves a complex gene-environment 

interaction 41, a gap in the knowledge that of course adds to the complexity of 

defining the phenotypes. However, some phenotypes have been identified, for 

instance type-II asthma including allergic asthma and chronic eosinophilic 

non-allergic asthma and non-type II asthma that is more heterogeneous, 

including for example exercised induced asthma. Other phenotypes include 

asthma with fixed airflow limitation, that is obesity related and exacerbation 

prone 40.  
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Post-mortem studies have clearly demonstrated that both central and peripheral 

airways are involved in asthma 42 and that the amount of activated eosinophils 

is greatest in the peripheral airways 43. Despite this, none of the phenotypes to 

date includes the function of the small airways.  

The importance of the peripheral airways in asthma is clearly stated in a 

manifesto 44 and in the large multicenter ATLANTIS (the Assessment of Small 

Airways Involvement in Asthma study) the role of small airway dysfunction 

(SAD) in asthma is comprehensively investigated 45,46. In order to achieve 

better asthma control, reduce mortality and morbidity and reduce the health-

care cost for asthma, research needs to be focused on identifying a “small 

airway asthma subtype”. The papers included in this thesis are also aiming to 

add knowledge to this field.  

 

Asthma is not only a heterogeneous disease with respect to the differing 

phenotypes, but the location where inflammation and airway obstruction is 

present has also a patchy, unevenly distribution. This patchiness results in an 

uneven ventilation distribution that has been demonstrated to be increased in 

individuals with asthma compared to healthy controls using imaging 

techniques, such as positron emission tomography 47, computed tomography 

(CT) 48-50 and hyperpolarized noble gas magnetic resonance imaging (MRI) 51 

methods. Hyperpolarized noble gas MRI, using, for instance, helium (He) in 

hyperpolarized form (3He) as tracer gas, gives functional information of the 

distribution of inhaled gas in the airway tree with high spatial resolution and 

without any radioactive exposure to the patient 52. This method has therefore 

been frequently used in imaging studies aiming to assess ventilation 

distribution patterns in individuals with obstructive pulmonary diseases.  

 

The reversible airway obstruction that varies over time in individuals with 

asthma was demonstrated to be relatively stable with respect to both location 

and extent by repeatable 3He MRI scans both within a short time-span of 42-

82 minutes, but also within a long time-span ranging between 1-476 days 53. 

Another study demonstrated that the location and size of the airway narrowing 

after inhalation of methacholine in asthmatic subjects were in general the same 

when the provocation was performed twice with a mean interval of 185 days 
54. Furthermore, Cadman et al 55 have demonstrated the presence of a patchy 

distributed ventilation inhomogeneity also in asthmatic children using 3He 

MRI and a correlation between the degree of ventilation inhomogeneity 

assessed by 3He MRI and clinical outcomes in asthmatic children were 

demonstrated by Altes et al 56.  
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1.4 COVID-19 – AN INFECTIOUS DISEASE  

COVID-19 is an infectious disease caused by Severe acute respiratory 

syndrome coronavirus type 2 (SARS-CoV-2). In March 2020 the World Health 

Organization (WHO) declared the COVID-19 outbreak a global pandemic.  

Approximately 532 000 000 cases has been confirmed so far 57, although there 

is a large amount of unknown cases. Most people infected with SARS-CoV-2 

will experience mild to moderate disease, not requiring hospitalization. 

However, in some people the disease will be critical and approximately 

6 300 000 death are reported globally. Even if most people will be fully 

recovered, a significant proportion will develop long-lasting symptoms. This 

has introduced the condition Post-COVID-19 58. Respiratory symptoms are one 

of the most frequently reported symptom among individuals with long-lasting 

COVID-19 symptoms 59.   

SARS-CoV-2 is known to enter the cell through angiotensin-converting 

enzyme 2 (ACE-2) receptors 60, which are localized on, but not limited to, 

alveolar type II cells in the alveolar region 61. Furthermore, ACE-2 receptors 

has also been reported to be expressed on alveolar macrophages 62. The large 

surface area of the small airways results in abundant of ACE-2 receptors in the 

small airways, and thus may be a site where the disease is acting.  

 

1.5 MEASURING PERIPHERAL AIRWAY 
FUNCTION 

The physiology differs in many ways between the peripheral and the more 

proximal, larger airways 14. When measuring the function in the peripheral 

airways it is of great importance to consider this. The total cross-sectional area 

for a given generation increases exponentially in peripheral direction, while 

the volume of gas that will pass is the same for each generation. This results in 

a low linear gas velocity in peripheral airways allowing for a laminar flow, 

while in more proximal located airways, the velocity is higher and more 

turbulent. The great total cross-sectional area and the low gas velocity will also 

result in a low total resistance in the peripheral airways. In fact, the peripheral 

airway resistance is only 10 % of the total airway resistance 63. Another 

difference is that the laminar gas velocity is independent of gas density, while 

the turbulent gas velocity is gas density dependent. This means that breathing 

a gas of higher density than air, for instance SF6 (which is a very dense gas), 

will result in higher airway resistance in central but not in peripheral airways. 

This characteristic can be used to indirectly determine the location of 
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obstruction by measuring forced expiratory flows while breathing gases of 

different density 64.  

The peripheral airways are also more prone to collapse, due to the lack of 

supporting cartilage. These airways are mainly kept open by mechanical forces 

in combination with surfactant lining the alveoli reducing the surface tension 

forces acting here. If the lung parenchyma is disconnected from the chest wall 

the lung would collapse totally due to the elastic recoil forces of the elastic 

fibers in the parenchyma and the chest wall would expand outwards. When 

connected, the forces of the chest wall and the elastic recoil in the lung 

parenchyma are acting in opposed direction with a resulting sub atmospheric 

pressure in the pleural cavity. The lung volume at which these two opposing 

forces are balanced is referred to as the functional residual capacity (FRC). As 

a result, the peripheral airways are kept opened by the elastic tissue in the lung 

parenchyma. Even though peripheral airways are more easily obstructed, there 

is a great advantage with having collapsible peripheral airways. During tidal 

breathing, even in a healthy subject, the terminal bronchiole will close when 

the volume of the subtended acini is 20 % of its regional total lung capacity 

(TLC) 65 to facilitate the following inspiration by increasing the compliance. 

When peripheral airways are collapsing gas is trapped distal to the obstruction, 

preventing total lung collapse. In disease, this collapse can occur at higher lung 

volumes, for instance in emphysema where the elastic fibers in the lung 

parenchyma and alveolar attachments are affected and the elastic recoil is 

decreasing or because of disturbance in the protective characteristics of 

surfactant. Other causes of obstruction are abnormal smooth muscle 

constriction and mucus plugging in the airways.  

The peripheral airways are known to be affected early in many chronic 

obstructive pulmonary diseases 66. Despite this, and that Ann Woolcock 

already in 1969 stated that the development of a simple and accurate test for 

assessing peripheral airway function is urgently needed 15, the routine 

management of asthma and chronic obstructive pulmonary disease (COPD), 

does not generally include any peripheral airway function assessment today.  

Dynamic spirometry is by far, the most common lung function test. By 

measuring maximal expiratory flow during forced expiration, the ventilatory 

capacity is measured. Forced expiratory volume in 1 second (FEV1) and its 

proportion of the total forced expiratory volume (FVC) over the full expiration, 

FEV1/FVC, are the most frequently reported indices from the test. Other 

indices reported are the maximal expiratory flow when 50 % or 25 % of FVC 

remains in the lung (MEF50 and MEF25, respectively) and the maximal mid-

expiratory flow between 25 and 75% of FVC (MMEF). The maximal flow 
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during the first part of the expiration is highly dependent on the applied 

external force and obstruction in larger airways, while end-expiratory flows 

(MMEF and MEF25) are considered to reflect peripheral airway obstruction 

and the elastic recoil of the lung. When the degree of peripheral airway 

obstruction increases the further decrease in the MMEF and MEF25 becomes 

less, limiting the utility of these variables, Figure 4. FVC shows an opposite 

behaviour with relatively low sensitivity to mild obstruction, while an 

accelerated decrease is seen with increasing obstruction 67. Using end-

expiratory flows, as a representative index of peripheral airway dysfunction is 

thus not ideal and is reported to be redundant over FEV1, FVC and FEV1/FVC 

in the clinical decision making 68. Thus, spirometry does not have the full 

potential to assess peripheral airway function in a sensitive way, and other 

methods are needed. Peter Macklem proposed three different physiological 

aspects of the peripheral airways that can be investigated in order to assess 

peripheral airway function; air trapping, ventilation inhomogeneity and 

independence of forced expiration to gas density 14. In Table 1, different 

measurement methods for assessing peripheral airway function are 

summarized. When selecting a method it is important to be aware of its 

limitations and lung function characteristics measured. Optimally, a 

combination of different methods is required to provide information on the 

manifold aspects of the peripheral lung function. In this thesis, the focus is on 

MBW and IOS, described in detail in section 1.6 and 1.7, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Correlation between spirometry outcomes and degree of obstruction. Revised from 

Gustafsson et al. Spirometri 2.0. Affecta Publishing, 2019. Translated and published with 

permission. 
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Table 1. Methods for assessing peripheral airway function.  

Method Measures Advantages Disadvantages 

Imaging 

techniques: 

HRCT and noble 

gas MRI 

Airway structure, 

ventilation 

inhomogeneity and 

air trapping 

Pictures of high 

resolution. 

Ventilation 

inhomogeneity and 

air trapping are 

visualized and 

quantified 

Expensive, HRCT 

gives exposure to 

radiation 

Spirometry: 

MMEF and 

MEF25 

Obstruction in 

peripheral airways 

Easy to use and a 

well-established 

method 

High variability and 

volume dependent 

Frequency 

dependence of 

dynamic 

compliance 

Peripheral airway 

resistance 

- Invasive and 

unpleasant for the 

patient (requires an 

esophageal catheter) 

Forced flow 

measurements 

with/without 

Heliox 

Resistance Non-invasive Not widely used 

Indirect evidence 

Body 

plethysmography 

Trapped gas 

(RV/TLC) 

Airway resistance 

Well-established 

method 

Cannot numerically 

separate central from 

peripheral airway 

resistance 

FOT: IOS Resistance and 

reactance 

Cheap, requires tidal 

breathing, quick 

Complicated theory 

behind the method 

Measures in the 

preferentially better 

ventilated airways 

Multiple breath 

inertgas washout 

(MBW) 

 

FRC, ventilation 

inhomogeneity and 

trapped gas (if a VC 

is performed at end of 

test ) 

Cheap, requires tidal 

breathing, can be 

performed in all age 

groups 

 

Time-consuming 

Single breath 

inertgas washout 

(SBW) 

 

Ventilation 

inhomogeneity, 

closing volume 

Validated against 

histopathological 

findings of small 

airway abnormalities 

Not specific to 

ventilation 

inhomogeneity in 

peripheral airways 
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1.6 INERT GAS WASHOUT 

Analysis of inert gas concentrations in expired breath, for assessing gas mixing 

within the lung, has been performed for over 200 years 69. In the early 1940s 

Cournand and Darling 70,71 performed the first multiple breath washout (MBW) 

test and Fowler 72 used the single breath washout (SBW) method to study 

ventilation inhomogeneity (VI) within the lung in the late 1940s. Today, the 

inert gas washout (IGW) method can be performed using several validated and 

commercially available systems and international consensus statements for 

MBW and SBW testing 73,74, has given the method a renaissance. 

IGW can be performed using two different methods; the tidal breathing MBW 

test and the SBW test, which is usually recorded over a vital capacity (VC) 75. 

The MBW test is used to determine the functional residual capacity (FRC), the 

degree of VI in the lung as a whole (global VI) and VI arising in the conducting 

and acinar airways, respectively. Although time-consuming, MBW is a 

feasible method across all age groups and requires minimal cooperation. SBW 

is a more time effective method since the maneuver includes only a single 

breath maneuver, but it is less informative, gaining information of global VI 

mainly. IGW are performed using inert gases 73, i.e. gases that do not 

participate in gas exchange, that are not metabolized, and are relatively 

insoluble. The most widely used inert gas is N2, which is washed out from the 

lung by breathing 100 % O2. Other inert gases used are He, SF6 and methane 

(CH4). In the following text, the use of N2 and SF6 as tracer gases are described 

since they are used in this thesis. Note that, N2 is a resident gas, and the washout 

can start immediately by breathing 100% O2, while the washout of SF6, must 

be preceded by a complete washin of SF6.   

Figure 5. Schematic illustration of a MBW system. 
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1.6.1 TECHNICAL SET-UP 
Washout recordings used in this thesis were performed either using the 

Exhalyzer-D device (EcoMedics AG, Switzerland) (paper I, II and IV) or using 

a customized system with a respiratory mass spectrometer for gas signal 

analysis (paper III).  

Exhalyzer-D 

The Exhalyzer-D device has been validated in vitro 76 according to current 

ATS/ERS consensus standards for IGW testing 73. It is an open circuit 

measurement system, i.e. a system with minimal rebreathing of expired gas, 

Figure 5. The device is an indirect N2 system, directly measuring [CO2] and 

[O2] with a mainstream CO2 analyzer (Capnostat, Respironics, Philips 

Healthcare, The Netherlands) and a side stream Oxigraph (Oxigraf Inc. 

Sunnyvale, CA), a laser absorption spectroscopy device. [N2] is subsequently 

calculated as: [N2] % = 100% - [CO2] % - [O2] %. The low fraction of Argon 

(Ar) is accounted for as a fixed proportion of [N2]. The Capnostat and the 

Oxigraph constitutes two of the four measurement points in the system. The 

third is a side stream ultrasonic molar mass (MMss) sensor and the fourth is 

the ultrasonic flow meter inserted in a “flow head”, placed just after the 

mouthpiece and bacterial filter. The integral of the product of gas concentration 

and flow gives the volume of gas. A critical point for accurate measurement is 

to precisely time-synchronize CO2, O2 and MMss signals to respiratory flow. 

In addition, sample flow to a side stream analyzer changes with the dynamic 

viscosity of the gas sample, and fixed delay times must be replaced by 

synchronization using dynamic delay correction (DDC) 77.  

Crosstalk error in Exhalyzer-D 

A “crosstalk“error in the Exhalyzed-D was recently acknowledged. This 

“crosstalk” means that the higher [CO2] is the more it suppresses the [O2] 

reading and vice versa. The underestimation of [O2] and [CO2] results in an 

overestimation of [N2]. This have two major implications: overestimation of 

FRC and of LCI. During the last year, equations correcting for this sensor 

crosstalk error have been published 78,79, and implemented in the latest version 

of the Spiroware software package (3.3.1).  

The clinical effect of this on measurements in adults with asthma as well as 

adult healthy controls has not yet been investigated. Comparison of N2 

uncorrected and N2corrected values for FRC and LCI has been shown to be 

significantly reduced after correction in both healthy infants and toddlers 78 and 
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in infants and toddlers with CF 80. In the CF study, both N2-MBW and SF6-

MBW recordings using Exhalyzer-D, were performed at the same test 

occasion. SF6-MBW recordings using Exhalyzer-D has been shown to 

perfectly correlate with simultaneously mass spectrometry recordings 77 and is 

unaffected by the crosstalk error. Interestingly, they reported increased 

difference between N2uncorrected LCI and SF6-LCI with increased disease 

severity (measured as SF6-LCI). Suggesting a greater impact of the crosstalk 

error in subjects with more advanced ventilation heterogeneity. The same 

results has also been found in older children mean age (SD) 11.1 (0.4) for 

healthy controls and 9.5 (0.4) for CF 79. Recently, Frauchiger et al. reported 

that the discriminatory ability between health and disease for LCI was 

unaffected after crosstalk correction in retrospective data from healthy children 

and children with CF 81.  

 

Mass spectrometry 

In paper III, a custom build open-circuit set-up (Figure 5) was used for MBW 

recordings. It consists of a quadrupole respiratory mass spectrometer (AMIS 

2000, Innovision AS, Denmark) for gas signal analysis and a 

pneumotachometer (PNT; Fleisch no 1, Metabo SA, Switzerland) for flow 

recordings. The PNT was heated (~37oC) to avoid condensation of moisture 

from expired breath. Gas was sampled into the mass spectrometer at 20 

mL/min via a capillary inserted in the middle of the air stream between the 

mouthpiece and the PNT. In order to align gas and flow signals the delay time 

of the mass spectrometer was calculated. The delay time is the time between a 

change in gas concentration occurs at the tip of the capillary to the mass 

spectrometer presents it. It can further be divided into lag time and rise time. 

Lag time is the time between the tip of the capillary is exposed to a change in 

gas concentration until the first deflection of the mass spectrometer is recorded 

(i.e. transport time in the capillary) and rise time is defined as the time between 

10% and 90% deflection in the mass spectrometer. In paper III, the delay time 

was calculated as lag time + ½ rise time.  
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1.6.2 MULTIPLE BREATH WASHOUT – MANEUVER AND 

REPORTED INDICES  
By tidal breathing of 100 % O2 or room air, the tracer gas (N2 or SF6) in the 

lung is washed out. From the expirogram the alveolar tracer gas concentration 

in the current breath is estimated by reporting the end-tidal gas concentration 

(Cet). When a regular breathing pattern is reached, the 100 % O2 or room air 

supply is switched on at the end of an expiration, i.e. at FRC-level. The 

washout is completed when a Cet below 1/40th of the starting tracer gas 

concentration is reached. This allows for calculation of FRC by summarize the 

total volume of N2 or SF6 expired during the washout (CEVtracer gas) and divide 

it by the N2 or SF6 concentration at the start of the washout (Cetstart) minus the 

N2 or SF6 concentration in the last breath of the washout (Cetend): FRC = 

CEVtracer gas / (Cetstart-Cetend).  

 

Global ventilation inhomogeneity 

LCI is one of several global indices reflecting how efficiently the lungs are 

cleared of the inert marker gas. A raised LCI is seen in the presence of 

differences in specific ventilation between parallel lung units even if sequential 

filling and emptying of the air spaces is not present. LCI will also rise if the 

serial dead space volume is increased, e.g. if a large external volume is added 

to the system, for instance a bacterial filter of high volume. Very small tidal 

volumes, approximately < 450 mL in an adult, will also lead to a higher LCI 

as airway dead space ventilation becomes relatively more pronounced. LCI is 

thus not a specific indicator of parallel airway ventilation inhomogeneity 82. 

Other indices reflecting global ventilation inhomogeneity is moment ratios and 

slope index (SI). Moment ratio describe how skewed the clearance of the tracer 

gas is to the latter portion of the washout 75. SI is the ratio between the slope 

from 50 to 100 % of TO and the slope from 10 to 50 % of TO, in a plot of 10log 

Cettracer gas versus TO 83.  

A more sophisticated utilization of semi-log plots of N2 washout involves a 

semi-log plot of the volume N2 exhaled in each breath vs. breath number. 

Assuming that the lung can be separated in a faster and a slower ventilated 

compartment the size and effective ventilation of these two compartments of 

the lung can be calculated 84. This so-called “compartment-analysis” gives a 

range of indices (supplementary file paper I), one is “specific ventilation ratio; 

SV-ratio”, which describes the ratio of specific ventilation between the faster 

and slower ventilated compartment. The principles of “compartment-analysis” 
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is based on previous studies by Robertson et al 85 and Fowler et al 86.  Larsson 

et al 87 reviewed the different global indices that have been used over the years 

including additional indices such as pulmonary clearance delay 86, the mixing 

ratio 88 and the mixing efficiently index 89. Since LCI is the most intuitive index 

to understand and explain to a patient, LCI is almost the solely reported global 

MBW index today, in both clinical and research settings.  

 

SnIII analysis derived indices 

SnIII analysis constitutes a detailed analysis of the phase III slope of the 

expirograms during a MBW and gives information about the location within 

the lung where VI is present. Crawford et al 19 demonstrated in experimental 

studies the CDI and DCDI contribution to the phase III slope during a MBW 

(described in detail in section 1.2.1) and Verbanck et al. 90,91 further refined the 

analysis method and described the indices Scond and Sacin, representing the CDI 

and DCDI mechanism, respectively. Firstly, the phase III slope of each 

expirogram during the washout is identified by adjusting a regression line 

between 50-95 % of exhaled volume 73, but avoiding any influence of the phase 

II (bronchial phase) and phase IV (airway closure). The effect of cardiac 

oscillations, present mainly in healthy subjects, must also be avoided. The 

effect of the dilution of the expired gas during the washout is then cancelled 

out by dividing the phase III slope with the mean concentration over the slope 
73, which gives the concentration normalized phase III slope (SnIII). When 

using a free tidal breathing pattern during the washout the SnIII is multiplied by 

FRC in order to compensate for differences in lung volumes between subjects 

and multiplied by VT/FRC to compensate for differences in VT during the 

washout, resulting in; SnIII × FRC × VT/FRC = SnIII × VT. SnIII × VT is then 

plotted versus TO, Figure 6. From this plot Scond is defined as the increase in 

slope from 1.5 – 6.0 TO and Sacin is calculated by subtract the CDI contribution 

to the total SnIII of the first breath. For simplicity, Scond × VT and Sacin × VT are 

denoted Scond and Sacin in this thesis.  
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Figure 6. A schematic illustration over the definition of Scond and Sacin, respectively. Revised 

from Robinson et al. Inert Gas washout: Theoretical Background and Clinical Utility in 

Respiratory Disease. Respiration. 2009. DOI: 10.1159/000225373. Copyright © 2009 Karger 

Publishers, Basel, Switzerland.     

 

1.6.3 SINGLE BREATH WASHOUT – MANEUVER AND 

REPORTED INDICES  
The SBW maneuver (measured over a VC) starts with a maximal expiration to 

residual volume (RV) followed by a subsequent inspiration of 100 % O2 to 

TLC and a subsequent expiration to RV. The respiratory flow is kept at 

approximately 500 mL/s. After inspiration of O2 the resident gas in the lung is 

mixed with the inspired O2 and the N2 expirogram derived during the following 

expiration represents the degree of uneven ventilation distribution, also 

including apical regions of the lung, since a maximal VC is performed. The 

most widely reported index from a SBW test is the phase III slope (SIII) of the 

expirogram, initially reported by Fowler et al 72. Other indices that a SBW test 

can derive are closing volume (CV) and closing capacity (CC).   
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1.7 IMPULSE OSCILLOMETRY 

Impulse oscillometry (IOS) is a commercially available forced oscillation 

technique (FOT), measuring small airway resistance and reactance. Its 

physiological concept was described already in 1956 by Arthur DuBois 92. The 

method is easy to perform, requires only 30 seconds of relaxed tidal breathing 

and no further data analysis, except from a minor quality control by the 

operator. Recently, updated technical standards was published by ERS 93.  

The IOS device consists of a loudspeaker generating pressure impulses (sound 

waves) with a frequency of 5 Hz. Every impulse is an intermittent impulse 

consisting of frequencies between 5 and 35 Hz. The device is also equipped 

with a flow meter (PNT) and an airway pressure sensor, Figure 7. The method 

is based on super imposition of pressure impulses to normal respiratory flow, 

by sending pressure impulses of different frequency down the airway tree. 

From the derived pressure/volume curve, the impedance between 5 and 35 Hz 

of the airway tree can be derived, which is the total force opposing the emitted 

pressure impulses. Impedance itself does not provide much clinical 

information of interest, but by using mathematical methods, the impedance can 

be divided into its sub elements; resistance and reactance, and further separated 

with respect to frequency, which is of clinical interest, Figure 8. The 

mathematical relationship between impedance (Z), resistance (R) and 

reactance (X) is given in the following equation: Z = (R² + X²)1/2.     

Resistance is the loss of energy of the pressure impulse propagating through 

the airway tree. The measured resistance during an IOS registration is the sum 

of all resistances in the airways, lung parenchyma and the chest wall, and 

represents “friction energy loss”. Pressure impulses of low frequencies 

(typically 5 Hz) will reach more distally in the lung compared to higher 

frequencies (typically 20 Hz) that will not propagate beyond more centrally 

located airways. The difference in measured resistance between 5 Hz (R5) and 

20 Hz (R20) will therefore reflect peripheral airway resistance 94. In a healthy 

lung without airway obstruction, the resistance is frequency independent, and 

R5-R20 close to zero. In an individual with peripheral airway obstruction, the 

resistance measured at 5Hz will increase, while R20 is unaffected, resulting in 

increased R5-R20, also denoted “frequency dependence of resistance” (FDR).  

Reactance can be further divided into capacitance (C) and inertance (I), where 

capacitance dominates at low frequencies (thus reflecting peripheral airways) 

and inertance dominates at higher frequencies. Capacitance represents the 

energy required when the pressure impulse dilates the airway on its way. 

Inertance represents the energy loss when the pressure impulse is accelerated 
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in the airway. From a clinical point of view, only capacitance is of interest, and 

commonly reported outcomes are reactance at 5Hz (X5), Fres (resonant 

frequency), i.e.  the frequency where capacitance and inertance cancel out each 

other, and AX (area of reactance), which is defined as the area under the curve 

for reactance measured from 5 Hz up to Fres, Figure 8.  

 

Figure 7. Impulse oscillometry setup. Pressure impulses generated by the loudspeaker 

are transmitted through the pneumotachometer and enter the mouth via the 

mouthpiece.  
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Figure 8. Schematic illustration of the contribution to impedance (z) by reactance (X) 

and resistance (R), in relation to frequency (f). Revised from: Gustafsson et al. 

Spirometri 2.0. Affecta Publishing, 2019. Translated and published with permission.  
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1.8 CLINICAL RELEVANCE OF SMALL AIRWAY 

DYSFUNCTION IN ASTHMA 

SAD is prevalent in both pediatric and adult asthma, present across all 

severities 95,96 and despite spirometry being normal 97,98. Its association with 

clinical asthma characteristics supports the importance of detecting this SAD.  

Uncontrolled asthma in both children and adults has been linked to several 

aspects of SAD, including increased alveolar inflammation 99, increased 

ventilation heterogeneity 100 and increased small airway resistance and 

reactance 101. In adults with asthma, Abdo et al. 102 recently showed that the 

severity of SAD is associated with worse asthma control and increased number 

of severe exacerbations. In the longitudinal report from the ATLANTIS study 
45, presence of SAD was shown to predict future decrease in asthma control 

and exacerbations in adults with asthma. Ventilation heterogeneity has also 

been related to improvement in asthma control after inhaled corticosteroid 

(ICS) therapy in adults with asthma 100.  

In children with mild to moderate asthmatic symptoms, ventilation 

heterogeneity in the conducting airway zone and alveolar airway inflammation 

were associated with number of exacerbations in the past year 103. Furthermore, 

IOS outcomes were significantly worse in asthmatic children with uncontrolled 

versus controlled asthma 101. In the longer perspective, abnormal IOS findings 

seem to predict and be an early sign of future disease progress. Studies have 

shown that increased small airway IOS outcomes predict future loss of asthma 

control in children with controlled asthma 104. Moreover, abnormal IOS in 2-7 

years old asthmatic children was significantly associated with abnormal post 

bronchodilation spirometry in adolescence 105. Schulze et al. showed that 

airway resistance assessed by IOS were a better predictor for exacerbations 

than both spirometry and degree of bronchial hyper-responsiveness 106.  IOS 

may hence potentially be a useful and sensitive tool for early detection of small 

airway obstruction in children.   

Bronchial hyper-responsiveness has been linked to SAD. Over 20 years ago, 

Wagner et al. 107 measured small airway resistance, by a wedged bronchoscope 

technique, and showed that the resistance increased more rapidly in individuals 

with asthma versus controls when exposed to histamine.  It has also been 

showed in adult asthma that methacholine induced symptoms was significantly 

correlated with increased small airway reactance, assessed by IOS, while the 

change in FEV1 was not that closely correlated 108. Ventilation inhomogeneity 

measured by MBW and SBW have also been shown to predict bronchial hyper-

responsiveness in both children 109,110 and adults 111 with asthma.  
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2 AIM 

The overall aim was to study the presence and extent of small airway 

dysfunction assessed by inert gas washout and IOS in school age and adult 

asthma. As the COVID-19 pandemic break out in 2020, the aim was extended 

to also include small airway dysfunction following COVID-19 disease. 

Moreover, we also aimed to study the relation between small airway 

dysfunction and clinical symptoms in these patient groups.  

 

Paper I: The primary aim was to assess the prevalence of small airway 

dysfunction in an adult asthma cohort, recruited from primary care centers, 

using N2 MBW and IOS. The secondary aim was to investigate the relationship 

between small airway dysfunction and clinical asthma features easily 

accessible in asthma clinics or general practice.  

 

Paper II: The primary aim was to compare the prevalence of small airway 

dysfunction in the same asthma cohort as in paper I, as determined by N2 SBW 

and N2 MBW-derived outcomes. The secondary aim was to identify clinical 

characteristics predictive of abnormal N2 SBW findings.  

 

Paper III: The aim was to compare rates of abnormality in SF6-MBW and 

oscillometry indices in a cohort of asthmatic school-aged children recruited 

from a secondary care outpatient clinic, both at baseline and after 

bronchodilation (BD). We also aimed to examining how indices of small 

airway dysfunction relate to important asthma outcomes such as asthma 

control, baseline and reversible airway obstruction (as assessed by spirometry), 

degree of airway inflammation (FeNO50) and bronchial hyper-responsiveness.  

Paper IV: The aim was to compare how N2 MBW and IOS outcomes reflects 

distinctive aspects of small airway dysfunction following COVID-19, and how 

the extent of small airway dysfunction is related to remaining respiratory 

symptoms and physical function following COVID-19 infection.  
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3 PARTICIPANTS AND METHODS 

3.1 STUDY COHORTS 

This thesis is based on one adult asthma cohort (paper I and II), one school age 

asthma cohort (paper III) and one COVID-19 cohort (paper IV), Table 2. All 

papers report cross-sectional data. However, the study with the COVID-19 

group is originally designed as a longitudinally study and part of an ongoing 

research project called COWAS (COVID-19 Work Ability and Small 

airways), described in section 3.1.1.  

Adult participants with asthma were recruited via primary health care in 

Skaraborg County in West Sweden. Doctors and nurses provided study 

information to patients who fulfilled the inclusion criterions with no exclusion 

criteria present. Advertisements were also placed in the waiting rooms. 

Children with asthma were recruited via the secondary care asthma outpatient 

clinic at Skaraborg Hospital, Sweden. All children attending the clinic during 

a limited period of time who fulfilled the inclusion criterions with no exclusion 

criteria present, were asked to participate in the study. Both the adult and 

pediatric asthma study were carried out at the Respiratory Research 

Laboratory, Skaraborg Hospital, Skövde, Sweden. Participants in the COWAS 

project, were recruited via a post-COVID-19 outpatient clinic at the 

Sahlgrenska University Hospital, Gothenburg, Sweden, via primary health care 

in Gothenburg and via advertisements. Healthcare staff at the post-COVID 

clinic and in the primary care provided study information to patients who 

fulfilled the inclusion criterions with no exclusion criteria present.  

Generally, inclusion in the asthma cohorts required a physician confirmed 

asthma diagnosis with no systemic disease present. In paper IV, participants 

with a SARS-CoV-2 confirmed polymerase chain reaction (PCR) test via a 

nasal swab were included if they also reported dyspnea and/or cough in the 

acute phase of infection and/or in the aftermath.  
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Table 2. Summary of the included study cohorts.  

Study cohort Included in paper 

# 

Lung function 

tests performed 

Clinical 

information 

Adult asthma cohort, 

n=196 aged 18-61 

years 

I and II, in paper II 

194/196 subjects 

were included 

Spirometry, IOS, N2 

MBW and N2 SBW 

(paper II). 

FeNO50, B-Eos, 

ACT, allergic 

sensitization, 

medication 

score, respiratory 

questionnaire 

Pediatric asthma 

cohort, n=57 aged 8-

18 years 

III Spirometry, IOS and 

SF6 MBW pre and 

post BD 

FeNO50, ACT, 

medication 

score, FEV1 

reversibility and 

bronchial hyper- 

responsiveness 

COVID-19 cohort, 

n=33 aged 27-63 

years 

IV Spirometry, IOS, 

DLCO and N2 MBW 

Respiratory 

questionnaire,  

including 

mMRC, physical 

function (6MWT 

and 1MSTST) 

          

3.1.1  THE COWAS PROJECT 
The acronym COWAS stands for “COVID-19 Work Ability and Small 

airways” and is an ongoing research project at the Department of Occupational 

and Environmental Medicine at the University of Gothenburg. The overall aim 

of the project is to give the best presumptions for a healthy and sustainable 

work life after COVID-19 infection. The project consists of one quantitative 

part investigating the impact on small airway function, from a physiological 

and biochemical perspective, assessing lung function together with analysis of 

the surfactant composition. The other part is a qualitative study investigating 

factors that hinders and promotes return to work after sick leave due to 

COVID-19. The quantitative study has a longitudinally design aiming to assess 

small airway function over time, and the result published in paper IV is an 

explorative cross-sectional report based on the first 43 enrolled participants. In 

the COWAS project, a non-COVID-19 cohort (healthy controls) is also 
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included. The real benefit from including healthy controls will be when 

longitudinally investigating small airway function, as serving as their own 

controls. The COWAS project also aims to include a cohort of participants 

exposed to dust, fume, or gas at their workplace, with a potential increased risk 

for small airway injury following COVID-19. In these participants, reduction 

of work exposure may be necessary to maintain a healthy and sustainable work 

life.    

 

3.2 HEALTHY COHORTS 

Five separate healthy control cohorts generated predicted values for IOS, 

MBW and SBW outcomes in both adults and children, Table 3. The majority 

were recruited by sending invitation letters to randomly selected individuals 

via the Swedish Population Registry called “Statens Personadressregister” 

(SPAR), while SF6 MBW controls also were recruited by contacting the local 

school 109 and via staff at the hospital. Generally, a healthy control was defined 

as a person without known respiratory disease and without respiratory 

symptoms. No history of tobacco smoking was allowed, except in the healthy 

SBW cohort, where a smoking history of less than five pack-years were 

allowed, due to practical reasons. In the pediatric healthy cohorts, a history of 

premature birth was an exclusion criterion. The vast majority were tested at the 

Respiratory Research Laboratory at Skaraborg Hospital, Skövde, Sweden, by 

the same certificated staff that examined participants with asthma.    
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Table 3. Summary of included healthy cohorts.  

Healthy 

cohort 

n 

(females) 

Age (years) 

mean (SD) 

range 

Reported outcomes Applied in 

paper # 

IOS adults  158 (54%) 37 (15)      

18-62 years 

R5, R20, R5-R20, AX 

and SqAX 

I and IV 

N2 MBW 

adults 

400 (52%) 46 (17)      

17-71 years 

LCI, Scond, Sacin, 1st breath 

SnIII and compartment-

analysis derived indices 

I, II and IV 

N2 SBW 

adults 

224 (52%) 39 (17)      

15-65 years 

N2SIII II 

IOS 

pediatrics 

146 (47%) 12 (3)          

6-18 years 

R5, R20, R5-R20, AX 

and SqAX 

III 

SF6 MBW 

pediatrics 

69   (51%) 13 (3)          

8-18 years 

LCI, SI,  Scond and Sacin III 
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3.3 SPIROMETRY 

Dynamic spirometry was performed using a Jaeger MasterScreen system 

(CareFusion, Germany) in accordance with ATS/ERS standardization 

document applicable at the time of testing 112,113. Outcomes were related to 

Swedish reference values reported by Hedenström et al. 114,115 in paper I and II, 

and to the Global Lung Function Initiative (GLI) reference equations 116 in 

paper III and IV.  

The derived flow/volume loop, Figure 9, together with numerical parameters; 

FEV1, FVC, FEV1/FVC and MMEF, MEF50 and MEF25 gives valuable 

information about the ability of the chest wall to move air into and out from 

the lungs, i.e. ventilation. Thus, dynamic spirometry gives information about 

the capacity of ventilation and the mechanical characteristics of the lung.  

 
 

Figure 9. Flow/volume loop from a dynamic spirometry. Revised from Gustafsson et al. 

Spirometri 2.0. Affecta Publishing, 2019. Translated and published with permission. 
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3.4 IMPULSE OSCILLOMETRY 

IOS was performed using a Jaeger MasterScreen system (CareFusion, 

Germany) in accordance with ATS/ERS standardization document applicable 

at the time of testing 93,117, although two recording were sufficient in paper I. 

Reported outcomes were R5, R20, R5-R20 (i.e. FDR, frequency dependence 

of resistance) and AX. This gives information about resistance measured at 5 

Hz (approximately at the level of small conducting airways) and at 20 Hz 

(central airway resistance), respectively. By calculating the difference between 

R5 and R20 small airway resistance is assessed, while AX reflects the 

reactance in small airways. AX is defined as the area under the curve for 

reactance measured from 5 Hz up to Fres, Figure 8. AX is reported as square 

root AX (SqAX) in paper I, II and III because of the boosted effect on AX 

when both reactance and Fres increase in an individual with peripheral airway 

obstruction. SqAX represents the geometric mean of reactance and delta 

frequency from 5 Hz to Fres.    

 

3.5 INERT GAS WASHOUT 

N2 MBW and N2 SBW were performed using the Exhalyzer-D device 

(EcoMedics AG, Switzerland). In paper I and II the Spiroware software version 

3.1 included in the Exhalyzer-D was used for data recording while an in-house 

written software based on TestPoint (Capital Equipment, USA) software 

package was used for offline data analysis and quality control. The basic 

algorithms in TestPoint are applied in the Spiroware software package. In 

paper IV Spiroware software version 3.3.1 was used for both recording and 

analyzing data.  

SF6 MBW was performed using an AMIS 2000 respiratory mass spectrometer 

(Innovision AS, Denmark) for gas signal recordings together with an in-house 

written software based on TestPoint (Capital Equipment, USA) software 

package. Recorded SF6 MBW raw data were subsequently analysed using an 

in-house written software based on LabView (National Instruments 

Corporation Ltd, UK) software package. In “supplementary file paper III” a 

detailed description of SF6 MBW set-up and recording procedure are given.   
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All inert gas washout recordings were performed in accordance with consensus 

statements for the method 73. For MBW the quality control criteria’s stated by 

the consensus paper 73 were applied, while for SBW a somewhat modified 

approach was undertaken, only requiring at least two acceptable SBW test, 

with a coefficient of variability (CV%) of expiratory VC < 10 % as the primary 

acceptability criteria.  

A flow/volume calibration of the ultrasonic flow meter (Exhalyzer-D) and the 

pneumotachometer (SF6 MBW) was performed daily using a precision syringe 

with fixed volume. Calibration of gas analysers was performed using medical 

air (21% O2) and 100 % O2 in the Exhalyzer-D, and using a calibration gas 

containing 4.0% SF6, 4.0% He, 7.0% CO2, 20.9% O2 and 64.1% N2 (certified 

1.0% relative accuracy, AGA Specialgas, Sweden) for calibration of the mass 

spectrometer. 

Between every N2 MBW test a time equal to the washout time was passed 

allowing for “washin” of N2. During these minutes, the subject was asked to 

walk slowly in the corridor outside the laboratory to further enhance the washin 

of N2. For the same reason a period of two minutes was passed between the N2 

SBW tests. This procedure was not undertaken in the SF6 MBW test, since SF6 

is an exogenous gas and both the washin and washout phase are included in 

the test procedure.  

During MBW, a regular stable VT was achieved using a visual feed-back 

system displayed on a computer screen in front of the participant. The target 

VT was individual and based on body weight (approximately 12-15 mL/kg 

body weight). During SBW the feed-back system was turned off and the 

inspiratory and expiratory flow was kept at < 500 mL/s using a resistor placed 

between the bacterial filter and flow-head and by instructions from the 

operator. 

Derived indices from MBW and SBW tests are described in section 1.6.2 and 

1.6.3, respectively.  
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3.6 DIFFUSING CAPACITY  

Diffusing capacity of the lung for carbon monoxide (DLCO) was measured 

using a Jaeger MasterScreen system (CareFusion, Germany), in accordance 

with current ATS/ERS guidelines 118, and related to GLI reference equations 
119. DLCO was measure using the Single-Breath technique with methane (CH4) 

as tracer gas allowing for calculation of alveolar volume (VA). The principle 

for DLCO measurements is to estimate the ability for gas exchange with CO 

as a surrogate for O2. The primary outcomes from a DLCO test are VA and 

KCO, while DLCO is a combination of these, DLCO = KCO × VA.  

KCO reflects the elimination rate of CO during the breath hold time, corrected 

for the initial dilution of CO after the inhalation: KCO =∆[CO]×∆t×PACO 

where, t = time and PACO is the partial pressure in the alveoli for CO. In this 

equation, the partial pressure for CO in the lung capillaries is assumed to be 

zero. KCO is expressed in mmol/min/kPa.  

In 1957 Forster and Roughton 120, separated this process into two main 

components; membrane (DM) and reactive (ɵ×Vc) conductance, respectively. 

DM represents the diffusion over the alveolar-capillary membrane and ɵ×Vc 

represents the reaction rate (ɵ) for the binding of CO to the Hb molecule and 

the volume of blood in the lung capillaries available for gas exchange (Vc). 

DLCO is thus a non-specific measure influenced by many factors and 

processes and should therefore be interpreted with caution. By interpreting 

KCO (i.e. DLCO/VA) alone, the physiological aspects of the lung parenchyma 

and capillaries can be assessed independent of lung volume.  

3.7 CLINICAL INFORMATION 

In the asthma studies FeNO50 was measured as an indicator of increased type 

2 airway inflammation. In adults, concentration of eosinophils in blood was 

also measured. Burden of asthma medication was estimated by arbitrary 

constructed “medication scores” and asthma control was assessed using the 

ACT (adults and children). In the adult asthma cohort allergic sensitization was 

tested using skin prick test and a standardized panel including common 

pollens, house dust mite, furred pets, and mold allergens. In the school age 

asthma cohort magnitude of airway reversibility was assessed by inhalation of 

salbutamol and degree of bronchial hyper-responsiveness was assessed using 

a dry air hyperventilation challenge test.  
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In the COVID-19 cohort, the modified Medical Research Council (mMRC) 

dyspnea scale was used. Moreover, physical function was estimated using both 

a standardized 6-minute walk test (6MWT) and the 1-minute sit to stand test 

(1MSTST). For a detailed description of the included clinical information, 

please see the individual papers.  

3.8 STATISTICS 

Statistical tests used in this thesis mainly includes: Student’s t-test, Chi²-test or 

Mann-Whitney U-test for unpaired group comparisons, Wilcoxon signed rank 

test or McNemar’s test for paired group comparisons and ANOVA or Kruskal-

Wallis test for comparisons of more than two groups. The strengths and 

direction of correlation between variables were expressed using Pearson or 

Spearman correlation coefficient, respectively. Simple and multiple linear 

regression were used to assess the ability of one (simple) and a set of (multiple) 

independent variables to predict the dependent variable. In paper III Principal 

Component Analysis (PCA) was used to visually show the shared variance 

between a variety of lung function outcomes and clinical asthma 

characteristics. In paper III and IV quantile regression was applied, as 

discussed below. Generally, lung function outcomes were expressed in z-score 

and upper and lower limit of normal were defined as ±1.96 z-score, this 

approach is also discussed below.  

 

3.8.1 EXPRESSING LUNG FUNCTION IN Z-SCORE  
Generally, lung function outcomes in this thesis are expressed as z-scores with 

limits of normal defined as ±1.96 z-scores (or the corresponding 97.5th 

percentile). Z-score is calculated as: z-score = (measured value – predicted 

value) / SD or RSD, where predictive value and RSD are derived from linear 

regression equations or simply mean SD in the reference population. However, 

this approach assumes that the residuals from the regression are normally 

distributed with constant variation over the age range studied, i.e. the residuals 

are homoscedastic. The age span in our healthy control cohorts were relatively 

narrow, including only school aged children or only adults up to 71 years. The 

residuals from our models were assumed to be normally distributed with 

variation independent of age.    

Comparison of lung function measured by different methods and definition of 

limits of normal is central in this thesis and by expressing lung function in z-

scores (instead of % predicted), this comparison is facilitated since outcomes 
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are standardized to the same scale and consistent cut-offs (i.e. ± 1.96 z-score) 

can be used throughout.     

However, the major advantage of expressing lung function in z-scores is when 

the lung function outcome of interest is not equally distributed over the full age 

span studied, which often is the case when including observations covering a 

wider age span than we did. This has a biological explanation since the 

relationship between body size and lung function is dependent on age, and a 

wider scatter in lung function is seen in younger age and in the elderly 

compared to ages in between.  

In this case, if simply derive z-scores based on a linear regression equation 

with a fixed RSD, the span between -1.96 and +1.96 z-score will not capture 

95% of the observations. The heteroscedasticity must be taking into account 

by using more sophisticated regression methods, for instance the LMS-method 

as applied in the GLI reference equations, which includes observations from 

individuals between 3 to 95 years old 116. The use of z-scores instead of % of 

predicted value was recently highly recommended in an ERS/ATS 

standardization document 121.  

In the standardization document, they also recommended ±1.64 z-score as cut-

off for clinical decision making and ±1.96 z-score when screening a general 

population (or its corresponding percentiles). However, it is important to 

remember that falling outside these defined normal ranges does not necessary 

imply disease or ongoing pathology, it can also indicate a subject with 

statistically unusual lung function despite being normal. However, the 

likelihood that an abnormal process is ongoing increases the further outside the 

normal range the observations are. To not over classify the prevalence of 

abnormal lung function in our studies we preferred to use the cut-off ±1.96 z-

score. Thus, we increase specificity for less sensitivity.  

3.8.2 QUANTILE REGRESSION  
Quantile regression analysis has the ability to study associations between one 

(or a set of) independent variables and different percentiles, for instance the 

50th percentile (median) in the dependent variable. In the context of lung 

function the method is particularly useful when studying the association 

between exposure (for instance air pollutions) and lung function when the 

influence on lung function is expected to differ over the range of lung function 
122. For instance, an individual with low lung function is expected to have a 

more detrimental effect of being exposed than an individual with optimal lung 

function.  
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However, in this thesis we have use the method for other purposes. Quantile 

regression is suitable for skewed data and robust to outliers, therefor we used 

the method to derive the 97.5th percentile (ULN) in IOS outcomes in the 

reference population of healthy children (paper III), since these outcomes 

showed a right skewed distribution. We also used quantile regression in paper 

IV, to calculate the 95% CI for the difference of medians between unpaired 

groups.   
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4 RESULTS 

In this chapter, results from paper I-III are compiled to give a summarized view 

over the findings in the two asthma cohorts. Results from the COVID-19 

cohort (paper IV) are presented separately. As a final point, predicted values 

and reference equations derived from the healthy control cohorts are 

summarized. For further details, please see the individual papers.  

4.1 ASTHMA COHORTS 

The adult asthma cohort enrolled 196 (109 females, 56 %) asthma individuals 

who performed IOS and N2 MBW, while 194 of them performed acceptable N2 

SBW recordings. Inadequately (ACT<20) and poorly (ACT<16) controlled 

asthma was reported by 39% and 20%, respectively. The majority (175/196, 

89%) were on regular inhaled controller medication, only eight of them used 

pressurized metered dose inhales for medication delivery, and the remainders 

used dry powder inhalers. A history of smoking was reported by 60/196 (31%), 

referred to as “ever-smokers”. Among ever-smokers, six were current smokers. 

Blood eosinophilia, defined as > 4 % of total white blood cell count, was 

present in 72/196 (37%). Increased FeNO50 (> 25 ppb) occurred in 59/196 

(30%), median (range) FeNO50, 17 (2-190 ppb). FEV1 was within the normal 

range in 140/196 (71%), while FEV1 < -3 z-scores was found in 19 subjects 

(9.6%).  

There was no significant difference in FEV1 between ever and never-smokers, 

while FEV1/FVC and MEF25 (z-scores) was significantly lower in ever-

smokers; median (range), -0.63 (-5.12; 3.15) vs -0.32 (-4.59; 2.04), p<0.01 for 

FEV1/FVC and -2.03 (-3.85; 1.47) vs -1.52 (-3.73; 2.01), p<0.05, for MEF25.  

The school-age asthma cohort enrolled 57 (17 females, 30%) children aged 8-

18 years. Unlike adult asthma participants, children performed MBW using 

SF6 as inert marker gas. Inadequately (ACT<20) controlled asthma was 

reported by 40%. All subjects were prescribed a short-acting beta2 agonist 

(SABA), and 68% were on regular inhaled corticosteroid (ICS) therapy. 

Increased FeNO50 (> 20 ppb) occurred in 42%, median (range) FeNO50 14 

(4-208 ppb). Pre bronchodilation FEV1 was within the normal range in 47/57 

(82%) and FEV1/FVC in 38/57 (67%). A significant FEV1 bronchodilator 

response (≥ 12% increase) occurred in 49%, leaving post FEV1 and post 

FEV1/FVC within the normal range in 57/57 (100%) and in 52/57 (91%), 

respectively.    
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4.1.1 PREVALENCE OF ABNORMAL LUNG FUNCTION  
FEV1 was below -1.96 z-scores in 56/196 (29%) and in 10/57 (18%) of adults 

and children with asthma, respectively. The corresponding finding for 

FEV1/FVC were 44/196 (22%) and 19/57 (33%), and when assessed by MEF25 

51/196 (26%) and 9/57 (16%), respectively.  

In adults: among IOS and inert gas washout outcomes, N2-Scond was most 

frequently reported as abnormal (92/196, 47 %), followed by N2-LCI (87/196, 

44%) and N2-Sacin (83/196, 42%). N2-SBW derived N2SIII was above +1.96 z-

scores in 48/194 (25%). IOS derived R5 was abnormal in 82/196 (42%) and 

R5-R20 in 61/196 (31%).     

In children: highest rate of abnormality was identified by R5-R20: 35/56 

(63%), followed by SF6-Scond: 31/57 (54%), while SF6-LCI, SF6-Slope index 

and SF6-Sacin was abnormal in a minority: 6/57 (11%), 12/57 (21%) and in 

13/57 (23%), respectively, Figure 10. Note that, N2 was used as tracer gas in 

the adult cohort, while SF6 was used in the school-age cohort.  

 

 

Figure 10. Percentage with findings below or above ±1.96 z-score in the adult and school age 

asthma cohorts. Note that SI was only reported in children and N2SIII only in adults. All 

children had FVC within the normal range.    
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4.1.2 CLINICAL CHARACTERISTICS AND SMALL AIRWAY 

DYSFUNCTION 
In the adult asthma cohort (paper I) three predictors for having SAD were 

identified; FEV1 < -1.96 z-scores in combination with a tobacco smoking 

history and/or blood-eosinophils > 4 %. Individuals with asthma with all three 

predictors showed the highest average LCI, Scond, Sacin and SV-ratio and the 

second highest average R5-R20 (all expressed as z-scores) compared to 

subjects having one, two or none of the predictors, Figure 11. In ever-smokers, 

all IOS and MBW outcomes, except for R5 and Scond, were significantly 

increased versus never-smokers and the differences remained for several 

outcomes when individuals with a smoking history ≥ 5 pack-year were 

excluded.  

 

Individuals with asthma with an abnormal N2SIII  were on average older than 

the remainders (48.1 vs 42.8 years, p=0.001), presented a slightly higher 

FeNO50 value (22 ppb vs 16 ppb, p=0.032) and had (on average) all spirometry 

and MBW outcomes more pathological compared to those with a normal N2SIII, 

p<0.001 for all. Among individuals with abnormal N2SIII number of pack-years 

smoked and being an ever smoker was significantly correlated with N2SIII (ρ 

0.41 and 0.40, p<0.01 for both). Across the entire asthma cohort, N2SIII 

significantly correlated with ACT-score (ρ -0.23, p<0.01), with blood 

eosinophil counts (ρ 0.20, p<0.01) and with pack-years (ρ 0.21, p<0.01).  

 

In the school age asthma study, in addition to ACT, FeNO50, medication score 

and FEV1 % predicted, the degree of FEV1 reversibility and bronchial hyper- 

responsiveness was also included as clinical asthma characteristics. All SF6-

MBW and IOS outcomes correlated significantly with medication score, 

baseline FEV1 and FEV1 reversibility, with strongest correlation between Scond 

and FEV1 reversibility (ρ 0.67, p<0.001). LCI, Scond and Slope index 

additionally correlated with FeNO50, with strongest correlation versus Slope 

index (ρ-0.45, p<0.001). Scond was the only SAD outcome that significantly 

correlated with the magnitude of bronchial hyper-responsiveness (ρ=0.43, 

p<0.001). None of the derived IOS or SF6-MBW outcomes did significantly 

correlate with ACT, although abnormal Sacin was associated with worse asthma 

control assessed by ACT, median (range), 18 (12; 23) vs 21 (14;27), p<0.05. 
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Figure 11. Small airway dysfunction outcomes expressed as median z-scores (z), filled 
symbols and numerically. Subgroups defined with respect to presence/absence of 
reduced FEV1, blood eosinophils >4% and smoking history, are indicated below 
plots. Revised from: Kjellberg et al. Clinical characteristics in adult asthma 
associated with small airway dysfunction. Respiratory Medicine. 2016; 117: 92-102 
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4.1.3 ACCORDANCE BETWEEN LUNG FUNCTION 

OUTCOMES 
In both adults and children, the majority had concordant findings (i.e. both 

normal or both abnormal) between FEV1 and MBW outcomes (indicated by 

the two lightest blue pieces in the pie chart in Figure 12). However, abnormal 

Scond, despite normal FEV1 was observed in 38% of the children and in 26% of 

the adults. Presence of abnormal FEV1 despite MBW being normal was a much 

less frequent finding. Concordance between FEV1 and R5-R20 was high in 

adults, 79% (indicated by the two lightest green pieces in Figure 12), while 

FEV1 and R5-R20 findings were concordant in 48% of the children. In fact, 

48% of the children had abnormal R5-R20, despite FEV1 being normal. The 

concordance between R5-R20 and MBW findings in the adults were 72% for 

Scond, 73% for Sacin and 77% for LCI. Despite normal R5-R20, abnormality was 

observed in 18-22% across MBW outcomes. In children, R5-R20 was 

abnormal despite LCI within the normal range in 55% of the individuals. 

       

Figure 12. Accordance across FEV1, IOS and MBW findings in the adult and school age asthma 

cohort, respectively.  
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Comparison of N2-SBW and N2-MBW outcomes in the adult asthma cohort 

are given in Figure 13. The majority had concordant findings, but MBW 

outcomes were abnormal between 22% (Sacin) to 29% (Scond) despite normal 

N2SIII. While abnormal N2SIII in combination with normal MBW was a much 

less frequent finding.  

 

Figure 13. Accordance across N2-SBW derived N2SIII and N2-

MBW findings in the adult asthma cohort.  

 

 

4.2 COVID-19 COHORT 

The results cover the first 33 participants and 10 healthy controls enrolled in 

the COWAS project, described in detail in section 3.1.1. Most of the COVID-

19 participants had an initially mild COVID-19 infection not requiring 

hospitalization (29/33, 88%), while four were hospitalized. The median time 

between infection and inclusion in the study was 330 days, with a large 

variation ranging from 14 to 671 days.  

Lung function 

Lung function impairment was most prevalent assessed by N2 MBW, where 

Sacin was above ULN in 14/33 (42%), LCI in 13/33 (39%) and Scond in 6/33 

(18%), respectively. COVID-19 cases had significantly higher Sacin (z-score) 

vs healthy controls; median (IQR), 1.74 (0.23; 2.79) vs -0.69 (-0.91; -0.06), 

p=0.002. Neither LCI nor Scond did significantly differ between cases and 

controls. Among reported IOS outcomes, R5-R20 (z-score) was significantly 

increased in COVID-19 cases vs controls; median (IQR), -0.48 (-1.23; 0.28) 

vs -1.23 (-1.48; -0.63), p=0.012, but only above ULN in 3/33 (9%). All but two 

COVID-19 cases had spirometry (FEV1, FVC, FEV1/FVC and MEF25) within 
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the normal range, and all but two had DLCO and DLCO/VA within the normal 

range.     

Respiratory symptoms 

The majority of COVID-19 cases had remaining cough and/or dyspnea at the 

time of participation (17/33, 52%), with the most frequently reported 

manifestation being dyspnea (12/33, 36%), followed by dry cough (10/33, 

30%) and productive cough (4/33, 12%). The only lung function outcomes that 

significantly differed between COVID-19 cases with/without remaining 

dyspnea were LCI and Sacin (z-score); ( median (IQR), 2.57 (1.65; 4.27) vs 0.70 

(-0.14; 2.03), p=0.006 for LCI and 2.96 (1.20; 5.17) vs 1.23 (-0.12; 2.10), 

p=0.009, for Sacin, Figure 14.  

 

Figure 14. LCI and Sacin in individuals following COVID-19 infection without/with remaining 

dyspnea. 
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4.3 HEALTHY CONTROL COHORTS 

Predicted lung function outcomes in the healthy reference populations are 

summarized in Table 4. In “supplementary file paper I”, additionally 

“compartment analysis” outcomes together with 1st breath SnIII derived from 

N2 MBW are given.    

Table 4. Predicted values for IOS, MBW and SBW outcomes. Height in cm. 

Healthy 

cohort 

Outcome Predicted value/reference equation 

(SD/RSD) 

IOS        R5 (kPa/L/s) Females: 0.376 (0.074) Males: 0.318 (0.069) 

18-62 yrs R20 (kPa/L/s) Females: 0.316 (0.067) Males: 0.274 (0.059) 

 R5-R20 (kPa/L/s) Females: 0.059 (0.040) Males: 0.044 (0.038) 

 AX (kPa/L) Females: 0.271 (0.181) Males: 0.197 (0.178) 

 SqAX (kPa/L)1/2 Females: 0.498 (0.151) Males: 0.413 (0.164) 

   

IOS         

6-18 yrs 

R5 (kPa/L/s) 50th percentile: 1.682688-0.007276×height 

97.5th percentile: 2.053958-0.008542×height 

 R20 (kPa/L/s) 50th percentile: 1.093095-0.004266×height 

97.5th percentile: 1.280385-0.004487×height 

 R5-R20 (kPa/L/s) 50th percentile: 0.538723-0.002737×height 

97.5th percentile: 0.909356-0.004538×height 

 AX (kPa/L) 50th percentile: 3.252981-0.017318×height 

97.5th percentile: 6.533866-0.033656×height 

 SqAX (kPa/L)1/2 50th percentile: 2.537468-0.011767×height 

97.5th percentile: 3.824575-0.017877×height 

   

N2 MBW  LCI 6.152+0.0211×age (0.439) 

17-71 yrs Scond × VT  Females: 0.0163+0.00008×age (0.005842)           

Males: 0.0166+0.00004×age (0.003789) 

 Sacin × VT  Females: 0.0502+0.0003×age (0.01881)               

Males: 0.0480+0.0005×age (0.02036) 

 SV-ratio 2.820+0.011×age (0.423) 

   

N2 SBW 

15-65 yrs 

 N2SIII (%/L) 2.489+0.007×age – 0.010×height (0.3325) 

   

SF6 MBW    LCI 6.13 (0.40) 

8-18 yrs Slope Index 0.88 (0.06) 

 Scond × VT  0.017 (0.004) 

 Sacin × VT 0.058 (0.014) 
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5 DISCUSSION 

5.1 SUMMARY OF RESULTS 

In this thesis, SAD was a prevalent finding in both adult and school age asthma 

as assessed non-invasively by IOS and MBW. The prevalence varied across 

reported outcomes and cohorts. Notably, the reported prevalences are highly 

dependent on characteristics of the population examined and applied reference 

values. It’s also important to note that MBW was performed using differing 

devices and tracer gases in the two asthma cohorts. In order to not over classify 

the prevalence of abnormal lung function in our cohorts we preferred to use 

cut-off of ± 1.96 z-score. Thus, we increase specificity for less sensitivity.   

Ventilation inhomogeneity in the conducting airways (Scond) was present in 

approximately 50% in both the adult and school age cohort. In the adult asthma 

cohort, the ventilation inhomogeneity seems to be more widespread in the lung, 

given the abnormality in both LCI and Sacin in approximately 50% of the 

participants.  In contrary, ventilation inhomogeneity in the school age asthma 

cohort seemed to be most prevalent in the conducting airway zone, with 

abnormal LCI in 11%, abnormal Slope index in 21% and abnormal Sacin in 23% 

of the cohort. 

In children, the prevalence of R5-R20 abnormality was much higher than in 

adults (63% versus 31%) and identified in a high proportion of children despite 

MBW outcomes and FEV1 being normal, Figure 12. Interestingly, R5-R20 was 

normalized in 45/56 (80%) of the children after bronchodilation, indicating that 

R5-R20 is detecting a reversible bronchoconstriction typical of asthma. Earlier 

studies have shown that R5-R20 may be an early marker of small airway 

obstruction (section 1.8).  

 

We also assessed how SAD is associated with clinical outcomes. In the adult 

asthma cohort was SAD associated with a combination of three predictors:  

FEV1 <-1.96 z-scores, blood eosinophil count > 4 % and having a smoking 

history of ≥ 0.5 pack-years. An ACT score < 16 in combination with abnormal 

FEV1 was also predictive of SAD, while abnormal FEV1 in the absence of 

additional predictors did not signal SAD. Among lung function outcomes, 

ACT score showed the strongest correlation with Scond, while it did not 

correlate significantly with Sacin. N2SIII were abnormal in 25% and correlated 

with ACT score, blood eosinophils and smoking history.  
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In the school age asthma cohort, all IOS and SF6-MBW outcomes significantly 

correlated with burden of asthma medication and FEV1 reversibility. Among 

all SAD outcomes, Scond was most frequently associated with clinical asthma 

outcomes, including the magnitude of bronchial hyper-responsiveness 

(ρ=0.43, p<0.001). Abnormal Sacin was associated with reduced asthma control 

as assessed by ACT.  R5-R20 was however not associated with other typical 

asthma symptoms, such as bronchial hyper-responsiveness.   

 

In the COVID-19 group, examined on average 11 months after the disease 

onset, and where completely different underlying pathophysiological 

mechanisms may be present, both LCI and Sacin were significantly increased in 

individuals with remaining dyspnea. R5-R20 and Sacin was significantly 

increased in cases versus controls. However, there was a large discrepancy 

between presence of SAD identified by the differing methods. IOS derived R5-

R20 was abnormal in 9%, while N2-MBW outcomes were abnormal in 42% for 

Sacin, 39% for LCI and 18% for Scond, respectively. These results highlight the 

importance of measuring small airway function in this patient-group.  
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5.2 PRESENCE AND EXTENT OF SMALL AIRWAY 

DYSFUNCTION IN ASTHMA – COMPARISON 

WITH OTHER STUDIES 

 

The ATLANTIS study 

Given the importance of defined cut-offs and selection of study population in 

assessment of SAD prevalence, it is of interest to compare our results with 

others. So far, the most comprehensive assessment of presence and clinical 

relevance of SAD in adult asthma is conducted in the impressive multicenter 

ATLANTIS study 45,46. The study includes 773 adults with asthma and 99 

healthy controls at a comparable age to our adult cohort. As in our study, they 

allowed a smoking history, although with a maximum of 10 pack-years. Unlike 

in our study, this smoking history was allowed also in the healthy control 

cohorts in the ATLANTIS. Assessment of SAD included IOS, N2-MBW, 

spirometry, body plethysmography, CT scans and reduction in FVC after 

methacholine challenge. IOS and N2-MBW were performed according to the 

same international guidelines as adopted in our studies and with the same N2-

MBW device as we used (Exhalyzer-D, EcoMedics, Switzerland), while IOS 

device was not specified. Reference equations for IOS and N2-MBW outcomes 

were derived based on their healthy controls. However, they used a less strict 

approach for defining LLN and ULN (± 1.64 z-score) than we did (± 1.96 z-

score). 

This less strict approach may partly explain the higher prevalence of abnormal 

spirometry in the ATLANTIS study compared to our findings; reporting 

abnormal FEV1 in 40%, FEV1/FVC in 51% and MEF50 in 52%, with 

corresponding findings in our study: 29%, 22% and 40%, respectively. The 

same trend was seen for IOS, being abnormal in 42 and 41% using R5-R20 

and AX, compared to 31 and 33% in our adult asthma cohort. However, their 

finding supports the strong association between R5-R20 and AX, as seen in 

our study.  

On the other hand, Scond and Sacin abnormality was a less frequent finding in the 

ATLANTIS study, reported in 30% and in 19% of the participants, 

respectively. The corresponding prevalence were 47% and 42%, in our study 

of adult asthma. This discrepancy can be explained by applied predicted values 

and definition of ULN. Therefore, we re-calculated z-scores of Scond and Sacin 

in our asthma cohort to be based on reference equations derived in the 
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ATLANTIS study, and used 1.64 z-scores as ULN (i.e. the same approach as 

used in the ATLANTIS study). The prevalence of abnormal Scond and Sacin was 

then dramatically reduced, only present in 30/196 (15%) for Scond and in 20/196 

(10%) for Sacin! In Figure 15, measured Scond and Sacin (in our adults with 

asthma) are given together with predicted values and ULN according to the 

ATLANTIS study and according to our own reference equations.    

A striking difference is the higher ULN, and for Sacin the higher predicted value 

observed based on the ATLANTIS reference equations, compared to our 

equations. This may be explained by fewer healthy controls included in the 

ATLANTIS study (n=99) compared to ours (n=400). In the ATLANTIS study, 

predicted Sacin in males and in older females were almost equal to ULN for Sacin 

in our study. This can possibly be due to 20/99 healthy controls in the 

ATLANTIS study being ever smokers, while this was an exclusion criteria in 

our cohort, given the “silent” Sacin increase in ever smokers without respiratory 

symptoms and with normal spirometry 123.  

Comparing absolute measured values, unbiased of applied reference equations, 

gives more comparable Scond and Sacin findings between the two studies, Table 

5. Both Scond and Sacin in asthma individuals seem to be slightly higher in the 

ATLANTIS study compared to ours, and Sacin was higher also in the healthy 

controls in the ATLANTIS study, while Scond was slightly lower compared to 

our findings.  

Overall, the discrepancy in prevalence of abnormal spirometry, IOS and MBW 

findings is likely due to differing ULN, even though the severity of the disease 

and population characteristics may influence the results. Asthma control 

assessed by ACT score were however comparable 21 (18; 24) in ATLANTIS 

versus 20.5 (17; 23) in our cohort, median (IQR). In the ATLANTIS, 39% had 

their first asthma diagnosis before age 18, while 56% had their first asthma 

diagnosis before age 20 in our cohort. Moreover, in ATLANTIS 24% were 

ever-smokers, with corresponding 31% in our study. In the ATLANTIS study 

4% were on biologics while none had this therapy in our cohort.  

 

 

 



S. Kjellberg 

49 

Table 5. Average Scond and Sacin in asthmatic individuals and healthy controls 

included in our adult asthma study (paper I) and in the ATLANTIS study. 

Median (IQR) or mean (SD) are given.  

 Asthma Healthy controls 

Study Paper I, n=196 ATLANTIS, 

n=382 

Paper I, n=400 ATLANTIS, n=99 

Scond 

(abs) 

0.027          

(0.020; 0.039) 

0.035          

(0.020; 0.060) 

0.021         

(0.007) 

0.015         

(0.000; 0.030) 

Sacin 

(abs) 

0.097          

(0.070; 0.128) 

0.113          

(0.080; 0.170) 

0.069         

(0.026) 

0.088         

(0.060; 0.130) 
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Figure 15. Measured value of Scond and Sacin in 196 adult individuals with asthma plotted 

against age. Predicted values and ULN based on reference equations in paper I and in the 

ATLANTIS study are also given. The scatter seen for predicted value and ULN based on the 

ATLANTIS study is due to also height is a predictor in these equations.  



S. Kjellberg 

51 

 

 



Peripheral airway function assessed by inert gas washout and impulse oscillometry 

52 

Other studies assessing SAD in adult asthma 

 

The prevalence of SAD in adult asthma as determined using various modalities 

was reviewed by Usmani et al. 96 a few years ago. Both imaging and 

physiological methods were included for SAD assessment: spirometry, body 

plethysmography, IOS, MBW and high-resolution CT (HRCT). Overall, SAD 

was present in 50% to 60% of the asthmatic individuals in the reviewed studies. 

Moreover, it was present across all severity categories of asthma and 

frequently seen even in patients with absent evidence of proximal airway 

obstruction.  

 

The review by Usmani et al. included four studies using MBW, 124-127. In these 

studies, the prevalence of abnormal Sacin ranged between 46 % and 74 %. 

However, fewer participants were included in these studies (n=18-66) 

compared to ours (n=196), and defined Sacin cut-off were based on fewer healthy 

controls (n=17-180) compared to our (n=400). Patient selection, tracer gas used 

for MBW in combination with differences in reference values applied may well 

explain the wide ranges of SAD prevalence reported. Our finding of Sacin being 

abnormal in 42% seems to be a representative finding for the adult asthma 

population in general. The present large cohort (n=196) was recruited from 

primary care and included subjects with a wide range of disease severity. Our 

adult asthma cohort also matches characteristics and findings in the West 

Sweden Asthma Study, a large population-based study 128.   

 

Verbanck et al. 127 also reported abnormality in Scond in all 30 included 

participants, despite including asthmatic individuals of varying disease 

severity (baseline FEV1 [% pred] 27 to 108%, mean [SEM] 75% ± 4%). This 

finding confirms the high sensitivity for Scond to detect SAD, even if FEV1 is 

within the normal range, as demonstrated also in our cohort.        

 

In the reviewed studies by Usmani et al. using IOS for assessment 129-132, the 

prevalence of SAD ranged between 33 %, when asthmatic individuals with 

normal FEV1 was investigated 132 and 70 %, when individuals requiring high 

dose ICS were included 130. The diverging asthma severity in the studied 

cohorts and the varying ULN used for defining SAD may be the primary 

reasons for the differing findings. Alfieri et al. 129 and Anderson et al. 130 both 

used 0.030 kPa/L/s for R5-R20 as ULN, while a stricter approach was practised 

by Pisi et al. 132 (0.075 kPa/L/s) and by Manoharan et al. 131 (0.10 kPa/L/s). The 

0.030 kPa/L/s was defined as the 75th percentile in 24 healthy controls, while 

Pisi et al. and Manoharan et al. motivated their cut-offs as being “a 

conservative ULN” and “somewhat arbitrary”. Their approaches contrast to 

ours where ULN for R5-R20 were defined as 0.137 kPa/L/s for females and 
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0.118 kPa/L/s for males, respectively. This resulted in a prevalence of abnormal 

R5-R20 of 31 % in our adult asthma cohort. Predicted values and ULN for R5-

R20 more consistent with our findings have been reported by others. Although 

ULN was not defined, the mean value for R5-R20 in 322 healthy non-smoking 

adults were 0.06 (0.05) (mean(SD)) in a report by Crim et al. 133. A mean value 

of 0.06 kPa/L/s was also reported in a Swedish cohort 134 of 252 presumably 

healthy adults (no history of chronic bronchitis, emphysema or COPD). No 

information about SD was given. The findings are in the same range as in our 

healthy control cohort in which mean (SD) for R5-R20 among females were 

0.059 (0.040) and among males 0.044 (0.038), respectively.  In a study by 

Schulz et al. 135 of healthy individuals aged 45-89 years, the 95th percentile of 

R5-R20 was 0.13 kPa/L/s for males and 0.18 kPa/L/s for females, respectively. 

Based on a comparison with these three studies our determination of the ULN 

for R5-R20 seems adequate.  

 

Unfortunately, also recently published studies have used these very low cut-

offs. Both Abdo et al. 102 and Cottini et al 136 used 0.07 kPa/L/s as ULN for R5-

R20, and identified abnormality in 53% in mild/moderate asthma and in 75% 

in severe asthma 102 in 268 adults participating in a multicentre asthma study. 

This relatively low cut-off resulted however in 16% of their 69 healthy controls 

being classified as abnormal. Cottini et al. reported R5-R20 abnormality 

between 58% (GINA step 2) and 79% (GINA step 5), in a group of 400 adults 

with asthma 136.  

 

Other studies assessing SAD in school-age asthma 

 

Reported prevalence of SAD across different studies seems to be more 

consistent in school age asthma compared to adult asthma. Our finding of 

abnormal LCI in 11% is consistent with findings in other studies including 

school aged children with mild to moderate asthma, reporting abnormal LCI in 

9% 137 and 15% 109, respectively. However, Steinbacher et al. 138, reporter a 

somewhat higher prevalence of 26% in children with “inactive asthma”. By 

others, LCI has been reported to be significantly increased in severe vs 

mild/moderate school age asthma 139, abnormal in 44% in children with severe 

therapy resistant asthma 140 and abnormal in 79% in children with severe 

asthma 141.  

Only two of these studies report Scond and Sacin in addition to LCI. Keen et al. 
109 reported Scond abnormality in 66% of school aged children with mostly 

mild/moderate asthma, which are in line with our results. However, they 

reported Sacin abnormality in 38%, which is somewhat higher than what we 

found (23%). Irving et al. 140 reported Scond abnormality in 44% among school 
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age asthma children with GINA step 4-5, and in 52% in a sub-group with 

severe therapy resistant asthma, while Sacin was abnormal in only 5%. Recently, 

Wawszczak et al. 142 found SAD to be a very prevalent finding in school age 

children with asthma exacerbation, present in all children as assessed by Scond 

and in 76% by Sacin.   

The pattern of presence and extent of SAD, as assessed by MBW, found in our 

school age cohort seems to be concordant with previous findings in the 

literature. Overall, Scond can better discriminate between health and disease than 

LCI, which is most often within the normal range in mild/moderate asthma. 

Sacin is by nature a less robust index highly dependent on the adjusted 

regression line over phase III of the first breath of the washout.  This may partly 

explain the diverging Sacin prevalences. Although, Sacin seem to be a less 

frequent finding than abnormal Scond in children with asthma.  

Summary 

To determine prevalence of SAD is complex since there is no generally agreed- 

upon definition of SAD and thus no gold standard for assessing it. SAD is 

multidimensional, both with respect to underlying pathology (for instance 

airway inflammation, smooth muscle constriction and airway remodelling) and 

with respect to the location within the small airways being affected. In a longer 

perspective, the knowledge of long-term clinical implications of abnormality 

of the different methods is very limited. Thus, the best way of measuring SAD 

is probably using a combination of tests taking all these differing aspects into 

account.  

Determination of SAD prevalence is further complicated by the lack of large 

population-based reference equations to define limits of normality, which is 

obvious in the comparison of SAD prevalence in asthmatic individuals as 

discussed above. Obviously, SAD prevalence will also depend on the 

prevalence of smoking history.  
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5.3 IOS VERSUS IGW IN THE CLINIC AND FOR 

RESEARCH STUDIES 

Measuring lung function during tidal breathing reflects its function during 

physiologically relevant conditions, compared to measuring over the full lung 

volume, for instance during spirometry. The tidal breathing technique also 

increases the feasibility in younger children and other patients with difficulties 

to perform advanced breathing maneuvers.   

The IOS and MBW tests are based on very different measurement principles, 

and thus reflects differing aspects of lung function. IOS measures impedance 

from which resistance and reactance can be calculated, to derive information 

about the mechanical characteristics of the respiratory system. MBW present 

information about the efficiency of ventilation distribution resulting from 

differences in mechanical and anatomical properties across the lung, including 

very peripheral lung units. Thus, it is not surprising that the reported results 

from the different methods used in the present studies did not demonstrate a 

perfect agreement.   

From a practical point of view, IOS is the preferable method as it is less time 

consuming and easy to perform for the patient as well as for the technician. 

The IOS method also seems to identify a reasonable proportion of adults with 

SAD within the adult asthma cohort, and a high proportion in the school age 

asthma cohort. However, R5-R20 was only moderately associated with FEV1 

reversibility and not at all with bronchial hyper-responsiveness and ACT score 

in asthmatic children. Its ability to predict future asthma deteriorations, as 

reported by others (section 1.8) may indicate that R5-R20 is a sensitive 

measure of small airway obstruction early in the disease process in children 

with asthma, but further longitudinal studies are needed to test this hypothesis.  

On the other hand, IOS is a method measuring preferentially in the better 

ventilated airways, since the pressure impulses are propagated preferentially 

through the most open airway of parallel pathways at branch points. 

Constriction of airways by 70-80% leads to ventilation defects in adult asthma 
143. This will presumably prohibit the entrance of the IOS pressure impulses in 

those constricted airways. Moreover, unevenly distributed peripheral airway 

obstruction is probably masked when using methods such as IOS or spirometry 

as flow will be directed to non-flow limited airways 144. In patients presenting 

with markedly obstructed airways in the lung periphery the severity of SAD 

could therefore be underestimated when using IOS. Nevertheless, IOS is a 

handy method in the lung function laboratory and in the outpatient asthma 

clinic. It can also be used in connection with methacholine challenge and dry 
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air hyperventilation challenges as it allows for repeated measurements with 

short time intervals. 

In this thesis, “MBW detected SAD” was a prevalent finding in both adults and 

children with asthma. Furthermore, in the school age cohort, MBW outcomes, 

and in particular Scond, was superior to IOS in detecting SAD of clinical 

importance. The MBW method gives valuable information about ventilation 

distribution in the whole lung, as far out as at the entrance to or even within 

the acinar airway zone. MBW findings are weighted towards the slowest 

ventilated lung units, in contrast to IOS, which can explain its better 

performances. However, MBW is a time-consuming test, and thus not optimal 

in a busy asthma clinic, and its use is therefore limited to the lung function and 

research laboratories of hospitals. Although, mass spectrometry, as used in the 

school age asthma study, is the gold standard for gas signal analysis, it is a 

cumbersome and expensive method. Therefore, for both clinical and research 

purposes the preferred MBW device should be one that is commercially 

available and validated in accordance with current international guidelines, for 

instance the Exhalyzer-D device, as used in our adult asthma and COVID-19 

study.   

When both IOS and MBW are performed, a more detailed and complementary 

picture of SAD is given. The results from paper II indicate that the additional 

value of performing SBW test in adults with asthma is limited.  

The insensitivity of SBW to detect SAD seems to result from the diminished 

DCDI and non-gravitational CDI contribution to the phase III slope when 

measured over a VC (as discussed in paper II). Potentially an alternative 

approach for SBW test can be applied where SIII only is measured over a tidal 

breath, i.e. 1st breath SnIII. The 1st breath SnIII represents the total CDI and 

DCDI contribution to the phase III slope in the first breath of a washout. Sacin 

is calculated by subtracting the CDI contribution (which is minimal in the first 

breath, Figure 6) from total SnIII, thus, Sacin almost represents 1st breath SnIII. 

The high prevalence of pathological Sacin in the adult study (42 %) compared 

to prevalence of SAD assessed by SBW (25 %) supports this hypothesis.   

However, the SBW test seems to be more useful in specific conditions. In 

smokers, N2SIII in combination with spirometry have been shown to accurately 

predict lung function decline 145.  In a CF cohort of 31 subjects aged 13-45 

years, examined in the Respiratory Research Laboratory in Skövde, N2SIII was 

abnormal in 65 %, with a majority (13/20, 65 %) of the subjects demonstrating 

a FEV1 within the normal range 146. The major reason for this high prevalence 

compared to findings in the asthma cohort seems to result from a generally 
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more severe lung disease in the CF cohort. However, in subjects with advanced 

SAD the SBW test might be an alternative to MBW for monitoring disease 

progression or response to therapy, as the time required to perform a full 

washout of N2 in these subjects is far too long.   

In our COVID-19 study (paper IV), MBW derived LCI and Sacin were abnormal 

in a significant proportion of individuals with a prior COVID-19 infection, and 

the outcomes were also associated with remaining dyspnea. Recently, 

ventilation heterogeneity (expressed in ventilation defect percent, VDP) 

assessed by 129Xe MRI was reported to be increased in individuals with post-

acute COVID-19 syndrome compared to never-COVID-19 individuals 147. In 

this study, they also performed N2-MBW, although only reporting LCI. LCI 

did not differ between ever and never-COVID-19 individuals but correlated 

with post 6-MWT SpO2 as did VDP, which also correlated with 6-MWD.  

In our explorative COVID-19 study, the utility of IOS in detecting SAD and 

its correlation with respiratory symptoms seems limited, although R5-R20 was  

significantly increased in COVID-19 cases versus controls and even more 

increased in four cases with remaining productive cough, it was only abnormal 

in a few.  

Thus, in COVID-19 cases, the pathophysiology behind remaining respiratory 

symptoms and reduced physical function may partly be explained by 

ventilation heterogeneity in the small airways. While 129Xe MRI seems to 

sensitively detect this abnormality, MBW is a more available method in both 

the clinic and research setting and should be used when investigating lung 

injuries caused by COVID-19 infection. Even if we did not find any striking 

evidence of the usefulness of IOS in individuals following COVID-19, nor 

could we dismiss it. Given the wide availability and the ease of use of the 

method, we believe that it should be included in studies of lung function in the 

context of COVID-19, until more evidence of its clinical utility is found.   
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5.4 STRENGTHS & LIMITATIONS  

The major strengths of this thesis are the large asthma cohorts examined in the 

same laboratory by a few staff members. The assessment of SAD is throughout 

done using both IGW and IOS, and a wide range of putative SAD outcomes is 

reported. Since the cohorts are recruited from the primary care and a secondary 

care outpatient clinic, the study samples are representative from a “real-life” 

perspective. However, when using this approach of asking a patient to 

participate, some patients will decline. A limitation of the studies is that a 

formal dropout analysis has not been performed. However, the willingness to 

participate was very high and we have no reason to believe that selection bias 

has distorted or overestimated our findings.   

Large population-based reference values for IGW and IOS are lacking, 

hampering the identification of individuals with abnormal findings. In both the 

adult and pediatric setting, we chose to recruit our own controls and derive in-

house reference equations. Most healthy controls were recruited by a stratified 

randomly selection of individuals from the Swedish national registry (SPAR). 

Approximately 20% of the invited individuals chose to participate. We cannot 

completely exclude that individuals with respiratory symptoms and lung 

diseases were included, since we had to rely on what they reported in 

questionnaires. Moreover, it is well known that there is a certain selection of 

people more willing to participate in studies, than others. 

The COVID-19 study is designed for a longitudinal follow-up, where the 

individuals will be their own controls in the follow-up. The intention is to 

include individuals both with and without remaining respiratory symptoms. It 

is however reasonable to believe that individuals with remaining symptoms are 

more willing to participate, than those fully recovered from their disease, 

causing a selection bias. The present cross-sectional analysis of the first 

included subjects, will hence not allow us to consider how prevalent the 

findings of SAD are. The purpose of the manuscript is merely to report that 

SAD seems to be one important aspect of post-COVID-19. As lung fibrosis is 

a well-known long-term risk after other Corona virus (MERS and SARS), it 

seems of importance to consider. 

The longitudinal design is also the reason why we chose to include both ever-

smokers and individuals with asthma in the COVID-19 group, while this was 

exclusion criteria’s in the healthy control cohort. There were reports in the 

literature that both asthma and smoking may influence the prognosis of the 

disease, why it seemed of importance to include these groups in the study. In 

the current cross-sectional analyses, it may however bias the results. As 
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discussed in paper IV, it seems however not to impact our findings in any major 

way, as both smoking and asthma were as common among those with SAD as 

those without. 

The correction equation for the “crosstalk” error in Exhalyzer-D (described in 

section 1.6) was introduced in Spiroware 3.3.1, and thus used in N2 MBW 

recordings in paper IV. However, Exhalyzer-D recordings in the adult asthma 

cohort are not corrected for this error. The true effect of this can only be 

clarified after recalculation with the correction equations applied. This has not 

yet been done, mainly due to the initial recommendation from the company 

(EcoMedics AG, Switzerland) not to do this for data already collected in 

clinical studies 148. The company also concluded that the influence on N2-SBW 

recordings is not significant.  

A few studies have investigated the impact and clinical relevance of this error, 

but only in pediatric CF and healthy controls (section 1.6.1). Based on those 

findings, is it reasonable to believe that our N2-LCI values will be significantly 

reduced after correction, but there is no reason to believe that the proportion of 

abnormal findings are affected. The impact on N2SIII derived from SBW is not 

expected to be of clinical significance. Since Scond and Sacin, as well as N2SIII 

are based on the alveolar phase III slope, there is noting that supports 

significant changes in these outcomes either. Anyhow, the impact on both N2-

SBW and SnIII analysis outcomes after crosstalk correction needs to be further 

investigated.  
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6 CONCLUSIONS  

In this thesis, SAD, as defined by MBW and/or IOS indices above ULN, was 

a prevalent finding in individuals with a chronic inflammatory disease – 

asthma- and in individuals following an infectious disease – COVID-19. The 

prevalence varied with the physiological measure used, with differing patterns 

observed in the three cohorts examined. This suggests that different subtypes 

of SAD may be present.  

In the asthma cohorts, SAD was present in approximately half of the 

participants. This confirms findings in previous reports.  

In the adult asthma cohort, abnormal ventilation distribution in the conducting 

airway zone (raised Scond) was found in 47 % of the subjects. The least common 

abnormal finding was a raised phase III slope using the N2 SBW test, identified 

in 25 % of the study population. R5-R20 measured by IOS was abnormal in 31 

% of the subjects. FEV1 below LLN in combination with blood eosinophil 

count > 4 % and/or a history of tobacco smoking were predictive of SAD, while 

reduced FEV1 alone was not associated with SAD. N2 MBW test was found to 

be a more sensitive physiological method for identifying SAD compared to 

IOS and N2 SBW.  

In the school age asthma cohort, R5-R20 derived from IOS identified SAD in 

63% of the participants, while abnormality in Scond (54%) was found in the 

same extent as in the adult asthma cohort (47%). Overall, the associations 

between clinical characteristics and MBW outcomes were stronger than those 

for IOS outcomes. Scond was the only SAD outcome to be significantly 

correlated with magnitude of bronchial hyper-responsiveness, and Sacin the 

only one to associate with asthma control.  

The importance of assessing SAD in individuals with a previous COVID-19 

infection was shown in our explorative COVID-19 study, where Sacin was 

significantly increased in COVID-19 cases versus non-COVID-19 cases, and 

further increased in those with remaining dyspnea. Sacin was abnormal in 42%, 

while LCI was abnormal in 39% of COVID-19 cases. This small airway 

involvement was present despite both spirometry and DLCO were normal in 

almost all cases. These explorative findings indicate the importance of 

including small airway function in both research and the clinical care of 

patients with respiratory symptoms following COVID-19 disease.  
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While IOS or other forms of FOT is the most suitable method to use in a busy 

outpatient (pediatric and adult) asthma clinic, the complementary information 

given by the combination of N2 MBW and IOS indicates that the use of both 

methods ought to be the standard in clinical hospital lung function laboratories 

and in asthma research laboratories. The N2 SBW test seem not so useful for 

assessing SAD in adult asthma as the additional information gained by the 

SBW test beyond MBW was limited in our study. Including assessment of 

SAD in COVID-19 research and clinical care of patients following COVID-19 

may help us understand its pathophysiology and improve therapy.  

Spirometry (FEV1) was normal in a high proportion of the participants despite 

presence of SAD, while the opposite, i.e. a finding of reduced FEV1 and normal 

peripheral airway function as assessed by IOS, MBW or SBW, was much less 

common. Using spirometry as the sole physiological method for diagnosis and 

clinical management of asthma, and in research studies in particular, may limit 

our efforts to improve asthma control.  
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7 FUTURE PERSPECTIVES  

Taking SAD into account is today seen as an important step in understanding 

asthma and improving management 44. The optimal way to assess SAD is 

however unclear, and although the physiology of the small airways, as 

discussed in this thesis, are of great importance, it is not telling us the full story.  

SAD is a complex feature and by combining physiological information with 

biomarkers and imaging findings a more comprehensive picture of the ongoing 

SAD process is probably given.   

One important focus in asthma research should be to conduct large-scale 

longitudinal studies including a wide range of asthma severities that optimally 

includes both children and adults. It is important to assess both large and small 

airway function, in combination with biomarkers and imaging markers to study 

SAD in a wider perspective.  

Another important step is to establish large population-based reference values 

for both the MBW and IOS method, in order classify abnormality with higher 

precision.  

 

In the lung function laboratories of general and university hospitals, both 

MBW and IOS ought to be used in the assessment of SAD in routine (pediatric 

and adult) asthma management as well as for research purposes. However, the 

majority of adults with asthma are managed by primary care where MBW and 

IOS methods are not expected to be available. It is therefore important to 

develop and validate practical guidelines or questionnaires based on simple 

clinical asthma features, which are easily assessed in the primary care. This 

may help the clinician to identify individuals with asthma and SAD. 

 

The importance of small airways in chronic obstructive lung disease have been 

known for a long time. The new infectious disease COVID-19 clearly 

highlights that the small airways may play an important role in other conditions 

too. Some COVID-19 studies clearly indicate that alterations in small airways 

are present. Until we know more about the pathophysiology behind the disease, 

it is of great importance to include assessment of SAD in the context of 

COVID-19, in order to not limit our efforts to gain knowledge and to improve 

the management of the disease.   
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