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“The beginning is the most important part of the work” 
 (Plato 427 - 347 B.C.)



ABSTRACT 
 

Exhaled nitric oxide (NO) is a useful marker for lower airway inflammation. Since NO was 
found to be a component of an exhaled breath in the early 1990́s, the Fractional Exhaled 
Nitric Oxide (FENO 50) measurement is now well accepted among clinicians as a 
complementary test in the management of asthma. It is also used to some extent as a marker 
for other airway diseases, e.g. to map inflammation in the peripheral parts of the airway tree. 
 
The first study in this thesis reports the development of a novel hand-held and highly portable 
instrument for exhaled NO measurement. It is principally intended for clinical use, but also 
potentially suitable for use in extreme environments, such as high altitude and spaceflight.  
 
A second study investigated the effects of microgravity on exhaled NO and was based on results 
from cosmonauts and astronauts stationed on the International Space Station (ISS). It was 
concluded that the 45 % decrease in exhaled NO levels found in microgravity might be due to an 
increased backdiffusion of NO in the peripheral airways. The underlying mechanism leading to 
this increase is likely more homogenous distributions of the lung parenchyma and pulmonary-
capillary blood. This would provide a more optimised airway caliber/length ratio which in turn 
would facilitate the gas diffusion from conducting airways to the alveoli. At the same time, the 
uptake of NO to the blood is likely to be enhanced due to an increased contact area between 
alveolar gas and pulmonary-capillary blood in microgravity. 
 
In the third study, two instruments designed to measure exhaled NO were investigated at 
altitude. Because of decreased gas density and increased gas diffusivity at altitude, they behaved 
differently with regard to flow control and detector sensitivity. The readings at, for example an 
altitude of 4000 m, became 60 % too high in one of the instruments. Procedures were 
recommended for correction of the instrument output, so that it becomes comparable to sea level 
use. It is also recommended that exhaled NO measurements are quantified as partial pressure of 
NO (PENO), which would make comparison of readings over a range of altitudes more simple. 
 
In the final study reported in this thesis, exhaled NO was studied in healthy humans at altitude. 
Measurements were performed at different levels of hypoxia down to an inspired PO2 of 
10.7 kPa at simulated high altitude in a hypobaric chamber and were compared to similar levels 
of hypoxia at sea level. After corrections for the above instrument deviations, the exhaled NO 
levels at altitude were decreased with up to 33 % at 5000 m. The lowering of PENO could be 
related to the lower density and the higher binary diffusivity for NO in air at altitude. It is 
therefore proposed that the decrease was due to an increased backdiffusion of NO with increased 
uptake in pulmonary-capillary blood.  
 
The overall conclusion of the thesis is that changes in the physical environment (gravity, 
pressure) have profound effects on the measurements of exhaled NO. 
 
 
Keywords: exhaled nitric oxide, hand-held instrument, electrochemical detector, microgravity, 
International Space Station, high altitude, hypobaric hypoxia, normobaric hypoxia, backdiffusion. 
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1 ABBREVIATIONS AND DEFINITIONS 
 

AC 

Ambient pressure 

    

      

ATP 

ATS 

Bpm 

BTPS 

CANO 

   

CE 

CO 

CO2 

cNOS 

DC 

DgNO 

DLCO  

DLNO 

DmCO 

DmNO 

eNOS 

ERS 

ESA 

EVA 

FENO 

FENO 0.05 

FENO 50 

FEV1 

FVC 

g 

G 

    

Alternating Current 

Barometric pressure (or atmospheric pressure), i.e. the amount of 

pressure exerted on a body by the sorrounding medium (normal 

barometric pressure is 1013.25 hPa = 760 mm Hg (Torr) = 1 ATA 

Ambient Temperature and Pressure 

American Thoracic Society 

Beats per minute 

Body Temperature Pressure Saturated 

Steady-state alveolar concentration of NO at an infinitely high 

exhalation flow (ppb) 

Counter Electrode 

Carbon monoxide 

Carbon dioxide 

constitutive Nitric Oxide Synthase 

Direct Current 

Gas phase diffusing capacity for nitric oxide (ml·min−1·mm Hg-1) 

Diffusing capacity of the lung for carbon monoxide (ml·min−1·mm Hg-1) 

Diffusing capacity of the lung for nitric oxide (ml·min−1·mm Hg-1) 

Membrane diffusing capacity for carbon monoxide (ml·min−1·mm Hg-1) 

Membrane diffusing capacity of nitric oxide (ml·min−1·mm Hg-1) 

endothelial Nitric Oxide Synthase 

European Respiratory Society 

European Space Agency 

Extravehicular Activity (space walk) 

Fractional Exhaled Nitric Oxide (ppb) 

FENO measured at the standardised exhalation flow 50 ml·s-1 (ppb) 

FENO measured at the standardised exhalation flow 50 ml·s-1 (ppb) 

Forced Expiratory Volume in one second (l) 

Forced Vital Capacity (l) 

Gravitational constant or acceleration due to gravity (9.81 m·(s2)-1 

Gravitoinertial force or the unit of the ratio of an applied acceleration to 

the gravitational constant 
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Hypergravity 

   

IBMP RAS 

iNOS 

ISS 

JawNO 

    

LDL 

Microgravity 

    

nA 

nNOS 

NO 

NOS 

NO2 

NTP 

PEEP 

PEF 

PECO2
 

PENO 

PIO2 

PO2 

ppb 

ppbv 

ppm 

PTM 

RE 

SD 

TLC 

V 

VC 

WE 

Conditions where the gravitoinertial force is greater than that on the 

surface of the Earth (greater than 1 G) 

Institute for Biomedical Problems at the Russian Academy of Sciences 

inducible Nitric Oxide Synthase 

International Space Station 

Rate at which NO is added to the exhaled gas as it passes through the 

conducting airways (pl·s-1) 

Lowest Detection Limit 

Conditions where the gravitoinertial force is practically absent/less than 

10-2 G 

nanoAmpere 

neuronal Nitric Oxide Synthase  

Nitric Oxide (nitrogen monoxide) 

Nitric Oxide Synthase 

Nitrogen dioxide 

Normal Temperature and Pressure (+20° C, 1013.25 hPa) 

Positive End-Expiratory Pressure 

Peak Expiratory Flow 

Partial pressure of Exhaled carbon dioxide (kPa) 

Partial pressure of Exhaled nitric oxide (mPa) 

Partial pressure of Inhaled oxygen (kPa) 

Partial pressure of oxygen (kPa) 

parts per billion 

parts per billion, volume fraction 

parts per million 

Pneumotachometer 

Reference Electrode 

Standard Deviation 

Total Lung Capacity (l) 

Volt 

Vital Capacity (l) 

Working Electrode 
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2 INTRODUCTION 
 

2.1 Nitric oxide synthesis and biological activity 

Nitric oxide (NO), also known as nitrogen monoxide, is a simple chemical molecule that has 
gained much interest among medical researchers in recent years due to its involvement in 
complex life processes. It is a member of the nitrogen oxides (NOx), all of which contain 
nitrogen and oxygen in varying amounts. For a long time it has been known to be an unstable 
gas formed during discharges in the atmosphere. NO is emitted from power generation plants 
and released in the exhaust of combustion engines of cars and trucks, where it plays a major 
role in the formation of photochemical smog.  
 
One of the main reasons that a large number of medical research studies involving NO were 
initiated in the past decade, was the presentation of the Nobel Prize to Robert F. Furchgott, 
Louis J. Ignarro and Ferid Murad in 1998 for their “discoveries concerning nitric oxide as a 
signalling molecule in the cardiovascular system”. 
 
NO had come to prominence somewhat earlier for these researchers. Endothelium-derived 
relaxing factor (EDRF) was first described in 1980 (Furchgott and Zawadzki, 1980), but its 
chemical structure was only identified in 1987 as nitric oxide (NO) by three independent 
research groups (Ignarro et al., 1987; Khan and Furchgott, 1987; Palmer et al., 1988). 
 
It was in 1992 that the Journal ‘Science’ heralded NO as “molecule of the year”. Some years 
previously the researcher Ignarro set out to identify the agent that acted to dilate blood vessels, 
which had been discovered and named EDRF by Furchgott. At that time, NO was primarily 
known as an air pollutant, but at a meeting of biomedical scientists in 1986, Ignarro officially 
proposed his theory that EDRF was NO. Furchgott, who independently had pursued the same 
theory, presented an equal proposal at the meeting. Subsequent research also supported their 
conclusions. Murad, the final member of the Nobel Prize winning team, had previously shown 
in his research on glyceryl trinitrate (nitroglycerin) and related vasodilators, that NO has a 
relaxing effect on vascular smooth muscle (Arnold et al., 1977). Thus, nitroglycerin has the 
effect of dilating blood vessels and is therefore prescribed today as a drug to prevent and 
relieve the pain symptoms from angina pectoris. 
 
Its beneficial effect was first discovered by Lauder Brunton in 1867 (Brunton, 1867), though 
the mechanism behind its benefits was obviously unknown. Somewhat ironically, Alfred 
Nobel, the inventor of the nitroglycerin-containing dynamite, was to be prescribed 
nitroglycerin for heart problems. He suffered from intense angina paroxysms towards the end 
of his life. During a visit to Paris in 1896, he wrote in a letter to his laboratory engineer and 
assistant Ragnar Sohlman (who played an important role in the execution of the will of Alfred 
Nobel and who also was instrumental in establishing the Nobel Foundation and organizing its 
cooperation with the prize-awarding institutions), that: 
 
“My heart trouble will keep me here in Paris for another few days at least, until my doctors 
are in complete agreement about my immediate treatment. Isn't it the irony of fate that I have 
been prescribed N/G 1, to be taken internally! They call it Trinitrin, so as not to scare the 
chemist and the public.” 
 
It is not known if he ever followed the advice of his doctors …           
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The investigations of the three Nobel Laureates paved the road to further findings related to 
numerous physiological and pathological properties of NO in living organisms. In humans, 
among other processes, it has been found to be involved in blood pressure regulation, 
neurotransmission, immune defense mechanisms and airway inflammation (Moncada and 
Higgs, 1993; Vallance and Leiper, 2002). The highly reactive nature of this free radical gas in 
biological tissue renders it to be scavenged by haem in haemoglobin and carried away from 
sites of activity via the blood circulation (Hyde et al., 1997; Silkoff et al., 1997; Dweik et al., 
1998). 
 

2.1.1   Human NO synthesis 

Endogenous NO synthesis in the human body, where NO is synthesised from the amino acid 
L-Arginine and oxygen (Stuehr, 1999), is regulated by three NO synthase (NOS) isoenzymes; 
two constitutive NO synthases and a third inducible NO synthase: 
 

• Constitutive (cNOS):  
• neuronal nNOS / type 1 NOS  
• endothelial eNOS / type 3 NOS  
 
(both are strictly Ca2+-regulated) 
 

• Inducible: iNOS / type 2 NOS – upregulated by e.g. cytokine and endotoxine exposure 
 
Co-substrates for the NO synthesis are L-arginine, oxygen (O2) and nicotinamide adenine 
dinucleotide phosphate (NADPH), which forms NO via the co-factors flavin mononucleotide 
(FMN), flavin adenine dinucleotide (FAD), tetrahydrobiopterin (BH4) and haem (iron 
protoporphyrin IX). The co-products from the synthesis are NO and citrulline (Alderton et al., 
2001; Vallance and Leiper, 2002). 
 
 

 
Figure 1. Endogenous synthesis of nitric oxide.  
 
 
2.2 NO in the airways 

Endogenous NO was initially found in exhaled air from animals and humans in 1991 
(Gustafsson et al., 1991). A few years later exhaled NO levels were found to be elevated in 
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asthmatics (Alving et al., 1993; Persson et al., 1994). Airway NO is formed in both the upper 
and the lower respiratory tract (Kobzik et al., 1993; Schedin et al., 1995; Kharitonov et al., 
1996; Lundberg, 1996; Tsujino et al., 1996; Silkoff et al., 1998). In the upper airways, iNOS is 
particularly expressed in the nasal cavity mucosa and in the paranasal sinuses (Lundberg et al., 
1995). In the lower airways, i.e. in the lungs, NO arises from production both within the 
conducting airways and in the alveolar part (Tsoukias et al., 1998; Tsoukias and George, 1998; 
Pietropaoli et al., 1999).  
 
NO production is generated by expression of iNOS, primarily in the epithelial cells (Robbins 
et al., 1994; Lane et al., 2004), where there is a continuous low expression of iNOS in the 
normal lower airway epithelium (Guo et al., 1995). The production is increased upon 
induction in the epithelial cells (Asano et al., 1994; Hamid et al., 1993), predominantly by 
proinflammatory cytokines (Robbins et al., 1994) or bacterial endotoxines (Guo et al., 1995). 
NO enters the airway lumen by gas diffusion via a concentration gradient, thereby 
conditioning the exhaled air with NO (Byrnes et al., 1997a, 1997b; St. Croix et al., 1999). All 
three forms of NOS are present in the airways (Ricciardolo et al., 2004), but only the 
expression of iNOS correlates to exhaled NO levels (Lane et al., 2004). As the gas phase 
concentration levels of exhaled NO in healthy humans is as low as in the 5 - 35 parts per 
billion (ppbv) (volume fraction) range, early measurements were limited to a purely qualitative 
analysis. Potential anatomical sites in the human body where gas phase NO samples might be 
collected and analysed, are hollow organs like the airways, the intestines and the urinary tract, 
but up until now, the airways have been by far the major site of interest. 
 
The early discoveries at Karolinska Instituet (Gustafsson et al., 1991; Alving et al., 1993; 
Persson et al., 1994) changed the diagnostic and therapeutic direction of asthma management. 
Today, it is established that exhaled NO measurements can be used as a complementary tool to 
monitor the degree of airway inflammation and the effect of pharmacological treatment, since 
exhaled NO concentrations drop towards normal during inhaled steroid treatment (Barnes and 
Kharitonov, 1996). It has been shown by several research groups that in asthmatics (Massaro 
et al., 1995; Baraldi et al., 1997; Saleh et al., 1998; Silkoff et al., 2001; Kharitonov et al., 
2002) inhaled corticosteroids produce a marked reduction on exhaled NO in a dose-dependent 
way. 
 
As NO is a free radical with an unpaired electron, it is an unstable molecule. It has a short half-
life of 0.1 to a few seconds in most biological systems, whereas inside erythrocytes it is 
consumed within 2 ms (Liu et al., 1998; Thomas et al., 2001). This property also makes the 
direct measurement of the existence and activity of NO difficult. This might be why in the past 
NO was sometimes quantified by an indirect determination of L-citrulline, a metabolite 
produced when NO is formed from L-arginine (Figure 1). 
 

2.2.1   Measurement method and normal levels 

The single breath technique, or more specifically the Fractional Exhaled Nitric Oxide (FENO) 
method, which requires a constant expiratory flow of 50 ml·s-1 and is reported in volume 
fraction units (ppb), is the recommended method to measure exhaled NO concentrations 
originating from the central part of the lower airways in humans (ATS/ERS, 2005).  
 
There is a broad concensus among researchers and clinicians today that this is an easy to 
perform, non-invasive and highly reproducible surrogate marker method to measure 
eosinophilic airway inflammation. A few years ago, recommendations for the interpretation of 
FENO values was published (Taylor et al., 2006). This guide was designed to be used as a 
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clinical tool primarily for asthma management, aiding in the diagnosis and monitoring of the 
therapeutic effect of anti-inflammatory medication. It was based on publications from a 
multitude of studies investigating exhaled NO levels in asthmatics made during the last decade 
or so. 
 
A normal NO concentration in healthy humans is in the range 10 - 35 ppb in adults and a little 
lower, at around 5 - 25 ppb, in children (Taylor et al., 2006; Olin et al., 2007). In asthma 
patients, who are not correctly treated with anti-inflammatory medication or in steroid-naïve 
asthmatics, the exhaled NO value commonly reaches 70 - 100 ppb, and sometimes well above 
that. 
 

2.2.2   Multiple-flow models 

The FENO test is taken at the level of mouth, though the aim of the test is to map the NO 
turnover of the entire airway tree. Therefore, to further understand the endogenous NO 
exchange and the strong interdependence between the exhalation flow and the NO 
concentration in different parts of the lower airways, a simplifying model is required (Hyde et 
al., 1997).  
 
Mapping is usually based on the classical Weibel model that is built around theoretical 
dicotomous branching of the airways (Weibel, 1963), with 23 airway generations from the 
trachea to the alveoli. Commonly, a two-compartment model with a rigid tube, resembling the 
conducting airway compartment (airway generation 1 - 16) and an alveolar compartment 
(airway generations 17 - 23) is used (Tsoukias and George, 1998; Pietropaoli et al. 1999; 
Jörres, 2000; Silkoff et al., 2000). By performing exhaled NO measurements in healthy 
subjects at several expiratory flows and plotting the measured NO concentration against 
1/flow, a resulting linear regression line with high correlation is achieved. The slope of the line 
corresponds to the NO flux added to the gas stream by the conducting airways (JawNO) and the 
intercept with the y-axis is the extrapolated alveolar NO concentration (CANO), at an infinitely 
high exhalation flow (Tsoukias et al., 1998; Pietropaoli et al., 1999; Lehtimäki et al., 2001; 
George et al., 2004; van Veen et al., 2006). JawNO is in turn related to the cellular NO 
production rate and the diffusing capacity of NO in the conducting airway walls, i.e. the ability 
for NO to pass from the production site within the airway wall to the airway lumen. The 
intercept estimation is necessary as it is not practically achievable to perform the exhalation at 
an infinitely high flow to define the actual alveolar concentration. 
 
The advantage of using such models is the potential to differentiate between central airway 
diseases like asthma and mixed asthma and chronic obstructive pulmonary disease (COPD) 
pathology (Papi et al., 2000; Kharitonov and Barnes, 2006), from more peripherally related 
airway inflammations such as in isolated COPD without an asthma component (Brindicci et 
al., 2005), allergic alveolitis (Lehtimäki et al., 2001) and scleroderma lung disease (Girgis et 
al., 2002). The modelling approach also lends itself to the use of a range of exhalation rates, 
reasonably between 10 and 500 ml·s-1, instead of being restricted to pre-defined flows. In 
addition it aids in the selection of instrumentation and development of methodologies for such 
hitherto non-standardised applications. 
 

2.2.3   Retrograde transport of NO in the peripheral airways 

To further develop the algorithms for these measurements, a refined airway model, the Trumpet 
model, was more recently elaborated (Shin and George, 2002; Condorelli et al., 2007). Here, the 
model has a trumpet shape, where the epithelial cell surface has an increasing area per unit 
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volume in the peripheral direction of the airway tree. This model emphasizes the fact that there 
is a progressively decreasing axial gas velocity towards the periphery for a given airflow at the 
level of the mouth. It also adds the possibility of estimating the axial backdiffusion of NO. 
Backdiffusion denotes flow in the retrograde direction during exhalation, from more proximal 
airway generations to the transitional and respiratory zones of the airway tree (generations 17 - 
23), where the NO molecules are effectively scavenged into the pulmonary capillary blood. This 
scavenging is due to the very high affinity of NO to haemoglobin, which serves as an infinite 
sink for NO (Rimar et al., 1993; van der Lee., 2007).  
 
It is thought that the NO taken up by the blood emanates from two anatomicaly distinct sources 
of the airways, namely the alveolar tissues and the conducting airways, where the latter is 
reaching the alveolar compartment by backdiffusion (Van Muylem et al., 2003; Kerckx et al., 
2008). Their mathematical model, based on Weibel’s lung morphology data (Weibel, 1963), 
proposed that the distribution of the alveolar membrane area and the conducting airway 
surface area was such that there was a minimal distance between the two. This morphological 
design of the acinar region facilitates convective flow in the peripheral airway branches close to 
the alveoli but, as it is so slow, diffusive gas transport dominates. Therefore, NO formed, at 
least in the more peripheral parts of the conducting airways, should easily diffuse into the 
alveolar space. This theory was confirmed in another investigation, where the rate of 
backdiffusion of NO was modified by decreasing the molecular mass of the breathing 
medium, e.g. by using helium (He) as a dilutant in the breathing gas mixture instead of the 
nitrogen (N2) in air (Shin et al., 2004, 2006; Kerckx et al., 2008). With an He-O2 mixture in the 
airways, exhaled NO was reduced, most likely due to enhanced backdiffusion and alveolar 
uptake of NO to the blood. The lower density of the He-O2 mixture in comparison to air, 
leading to a concomitant increase in diffusivity of the gas mixture by a factor of 2.4, is most 
likely the reason for the change of the rate of backdiffusion of NO. Due to the extremely high 
affinity of NO to haemoglobin, NO is promptly captured by the blood in the lung capillaries. 
Model computations suggests that some 40 % of the NO formed in the conducting airways is 
transferred by backdiffusion to the alveoli (Condorelli et al., 2007) during normal air breathing. 
Therefore, NO production in the airways is 1.7 times larger than the amount of exhaled NO 
measured at the mouth. Enhanced axial backdiffusion may also be induced by reducing the 
ambient pressure since the binary diffusion coefficient for a mixture of two gases, in this case 
NO and air, is increased in an inverse proportion to the ambient pressure (Chang, 1985). As 
another additive mechanism, exhaled NO levels are also influenced by the degree of 
constriction/compression of the peripheral conducting airways (Verbanck et al., 2008). 
 
In the present thesis, the rate of alveolar-to-blood NO uptake, i.e. the lung diffusing capacity of 
NO, is a key parameter for the hypothesised decrease in exhaled NO level and increased 
backdiffusion of NO at decreasing gravity and at reduced ambient pressure. The traditional 
model that has been used to generally describe lung transfer of a gas x was presented by 
Roughton and Forster (Forster et al., 1957): 
 
 
1 / TL  =  1 / Dgx  +  1 / Dmx  +  1 / (θx · Vc)   (Eq. 1) 
 
 
They compared the transfer of NO over the alveolo-capillary membrane to the classical study 
that used CO (instead of NO) (Carlsen and Comroe Jr., 1956), which was then further 
investigated (Carlsen and Comroe Jr., 1957, 1958) to show that the transfer rate of gas x is 
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determined by the conductance for x in the alveolar gas (Dgx), the conductance for x in the 
alveolo-capillary membrane (Dmx), the conductance for x within the erythrocyte (red cell θx), 
and by the volume of blood in the lung capillaries (Vc). The factor describing diffusion in the 
gas phase (Dgx) is usually considered negligible for inhaled test gases such as CO. 
 
As the reaction of NO with haemoglobin is about 280 times faster than that of CO (Tamhane 
et al., 2001; Zavorsky and Murias, 2006), the erythrocyte resistance to NO is negligible 
(Johnson et al., 1996). Therefore, the diffusing capacity of the lung for inhaled nitric oxide 
(DLNO) equals the membrane diffusing capacity for NO (DmNO), and is independent of lung 
capillary blood volume and the haemoglobin concentration.  
 
The theoretical ratio of DLNO/DmCO, calculated as the ratio between the solubility of the gas in 
plasma at + 37 °C (Bunsen coefficient) divided by the square root of their respective 
molecular weight, is 1.97 (Zavorsky et al., 2004; Zavorsky et al., 2008). In practical tests 
however, the ratio has been shown to be a little bit higher at between 2.0 and 2.5 (Tamhane et 
al., 2001; Murias and Zavorsky, 2007). 
 
In subjects exposed to increased gravity in the head-to-feet direction, a decrease in the lung 
diffusing capacity (DLCO) by 21 % at twice the normal gravity (2 G) and by 34 % at three times 
the normal gravity (3 G) (Rohdin et al., 2002) has been shown. Lung diffusing capacity 
(alveolar-to-blood transfer) for CO in microgravity was enhanced by 11 - 27 % (Prisk et al., 
1993; Verbanck et al., 1997) during tests at sustained microgravity. Pulmonary diffusing 
capacity for NO, DLNO has been reported increased by 47 % at transient microgravity during 
parabolic flights (Vaïda et al., 1997). This was equal to the increase of DmCO, whereas the DLCO 
increase at the same time was 62 %. 
 

2.2.4   Measurements of exhaled NO in extreme environments 

2.2.4.1   Exhaled NO effects of decreased ambient pressure 

As airway inflammation, primarily in the form of asthma, has a high prevalence in the 
population globally, it is important to ascertain that available methods for the analysis of 
exhaled NO can also be used wherever humans dwell or reside, for example at high altitude 
locations (Appendix A, Paper III ). In addition, NO formation in the lungs might be involved 
in high-altitude pulmonary oedema (Duplain et al., 2000; Beall et al., 2001; Hoit et al., 2005; 
Brown et al., 2006; Stuber et al., 2008), which has an implication on the health status for those 
people living, working and travelling at high altitude. There are several reasons why the present 
standard FENO technique may yield different measurement results at reduced ambient pressure, 
i.e. at high altitude, in comparison to investigations of the same subject at sea level: for example, 
molecular oxygen is necessary for the synthesis of NO (Gustafsson et al., 1991; Dweik et al., 
1998), and the partial pressure of oxygen is reduced at high altitude.  
 
Results in this area are partly contradictory and require further studies. For instance, exhaled NO 
partial pressure has been shown to decrease during the first hours after arrival at altitude (Brown 
et al, 2006). On the other hand, a longer stay at high altitude has been demonstrated to result in 
an increased elimination of NO in the exhaled gas, especially in subjects not prone to high 
altitude pulmonary oedema (HAPE) (Duplain et al, 2000). In those who live at altitude, for 
example residents of Tibet and Bolivia, it has been found that they have a higher fractional 
concentration of NO in exhaled air than sea level residents (Beall et al, 2001). Stuber et al. 
(2008) proposed that an increased level of exhaled NO might be an indication of adaptation to 
long-term exposure to hypoxia in high-altitude populations. A proposed increase of the 
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synthesis of NO in airway epithelia is thought to be protective against pulmonary hypertension 
Hoit et al., 2005).  
 

2.2.5   Effects of combined reductions in gravity and ambient pressure 

2.2.5.1   Exhaled NO during space flight: Effects of gravity 

The Russian Space Program reported that peak airflows during maximum inspiratory and 
expiratory efforts are reduced after long-term space flights (Baranov et al., 1992). Candidate 
mechanisms for the reduced flow capacity are airway inflammation due to continuous 
inhalation of dust and aerosol particles, as dust never settles in zero gravity (Sundblad et al., 
2002) and deconditioning of respiratory muscles. However, findings during recent bed rest 
simulations contradict the latter explanation (Montmerle et al., 2002). Therefore, dust 
inhalation remains a potential health-degrading factor in long-term microgravity.  
 
For very long-term future space flights, exhaled NO monitoring of inflammatory airway 
reactions will be a vital safety feature, as chemically aggressive dust is likely to be found both 
on Mars and on the Moon (Latch et al., 2008). During the Apollo flights to the moon 40 years 
ago, a large amount of dust contaminated the interior of the moon landing module after 
extravehicular activity and astronauts reported that their eyes and airways were very irritated. 
The exhaled NO method is an easy way to investigate if degradation of lung capacity might be 
caused by inhalation of toxic dust. 
 
Gravity itself may also influence the rate of formation of NO in the airways. These factors 
include mechanical stretch/shear forces of lung tissue (Bannenberg and Gustafsson, 1997) and 
certain stress hormones (Adding et al., 2001). In microgravity, the volume to length geometry 
of the airways are optimised, which give the more peripheral airways a less rigid structure, with 
a homogenous shape, most likely resulting in facilitated backdiffusion and uptake of NO to 
alveolar blood.  
 
2.2.5.2   Exhaled NO during space flight: Effects of reduced ambient pressure 

Future space habitats on the moon and on planet Mars are likely to have an atmosphere with 
lower pressure than on Earth. The reduced pressure will lead to proportionally reduced gas 
density and an increased deposition of aerosol in the lung periphery (Peterson et al., 2008). It 
is therefore important to investigate the effects of reduced ambient pressure on airway NO, 
especially in association with microgravity conditions, where gas diffusion effects will be 
added or might even be synergistic.  
 
 
2.3 Requirements for a portable NO analyser 

2.3.1   Basic requirements for instrument development 

With the currently available chemiluminescence instruments as a reference, the overall task in 
one of the studies in this thesis (Paper I) was to minimise the sampling system, find a suitable 
analysis technology and pack all of the constituent components into an attractive chassis, both 
for commercial appeal and for the ease of handling for the patient/user. 
 
There were also three methodological stipulations that had to be adhered to, in order to make 
the sample collection meet FENO guidelines (ATS/ERS, 2005): 
 

• Exhalation at a fixed flow rate of 50 ml·s-1, due to the flow sensitivity of the exhaled 
NO measurement method (Silkoff et al., 1997; Kissoon et al., 2000) 
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• To apply an exhalation counter pressure to secure closure of velum palatinum (the soft 

palate) during the exhalation. This causes the nasopharynx and nasal cavity to be 
isolated from the lower airways, which minimises the risk of contamination from the 
hundred- to ten thousand-fold higher NO concentration in the upper airways compared 
to in the lower airways (Kharitonov and Barnes, 1997; Silkoff et al., 1997) 

 
• To ensure inhalation of NO-free air, therefore minimising the risk of potentially high 

ambient levels of NO influencing the measurement. To achieve this, the breathing 
manoeuvre had to incorporate proper dead space separation during the sampling. An 
NO scrubber (filter) should be incorporated in the instrument and the subject should be 
forced to make a deep inhalation to Total Lung Capacity (TLC) from the instrument 
mouthpiece, thereby inhaling scrubbed NO free air and then performing the steady 
slow exhalation for sampling (Baraldi et al., 1998; Piacentini et al., 1998; Steerenberg 
et al. 2000)  

 
A further key requirement for a new NO instrument was a reliable and robust analysis, 
system, without performance-degrading interference from other exhaled and ambient 
gaseous compounds. Human exhaled air consists of more than 200 different gaseous 
compounds (Pauling et al., 1971; Krotoszynski et al., 1977), albeit in trace amounts. These 
would be potential serious limitations for accurate analyses at low NO concentrations. 

 

2.3.2   Earlier standard instrumentation 

For decades, the generally accepted “gold standard” of gas phase NO analysis was the 
chemiluminescence method, although mass spectrometry (MS) was very occasionally used in 
combination with gas chromatography (GC). A number of vendors within the NO analysis 
instrumentation market were active in selling chemiluminescence instruments for environmental 
and industrial applications long before the realisation that NO in exhaled air was an important 
marker (Gustafsson et al.1991; Alving et al., 1993; Persson et al., 1994). Therefore, the most 
natural way of measuring exhaled NO in the early 1990´s was to apply the same principles. 
However, the mass of these instruments was around 50 kg, they were very costly and they 
needed a vacuum pump and an ozone generator. It was also necessary to perform regular 
reference gas calibrations to produce accurate measurement results. 
 
The chemiluminescence technique detects NO molecules on the basis of chemiluminescence 
energy. Ozone gas (O3) is generated in the instrument and, combined with the NO molecules in 
an air-stream sample, led into a depressurised reaction chamber. The following chemical 
reactions take place in the measurement chamber of the chemiluminescence analyser: 
 
NO + O3 → NO2*  + O2 → NO2 + O2 + hν 
 
These reactions produce excited state nitrogen dioxide (NO2*) molecules. In the above formula, 
hv represents fotons formed by radiated emission, at a wavelength range of 600 - 3000 nm, with 
an intensity maximum of approximately 1200 nm. In the excited energy state, the NO2*  
molecule emits electromagnetic radiation (photons), which can be detected as light by a 
photomultiplier tube. The resulting electrical output signal is calculated and as long as O3 is 
present in an excess amount, it corresponds linearly to the NO concentration in the sample. 
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2.3.3   New instrument and detector technology 

To date, apart from a few laboratory and research reports on laser techniques (Roller et al., 
2002; Bakhirkin et al., 2004), chemiluminescence analysis was the only technique to be found 
effective for the application of clinical exhaled NO measurement. After intense development 
and testing of several analysis technologies, a semi-disposable electrochemical detector with 
the required performance regarding lowest detection level, linearity, accuracy, repeatability 
and insensitivity to potentially interfering gaseous analytes, was selected. The functional 
principles of the two instrument types are shown in Figure 1, Paper III . 
 
 
2.4 Requirements for NO analysis at altitude 

An established standard method for the measurement of exhaled NO in asthma patients should 
reasonably include the ability to monitor a population or perform research at any habitable 
altitude around the world (Appendix A, Paper III ). The proposed establishment of space 
stations on the lunar surface and on planet Mars would also most likely require available 
instrumentation to monitor lung health and exhaled NO according to current plans. These 
habitats are likely to have an atmosphere with lower pressure than that found on Earth or on 
the ISS. In combination with lowered gravity, the reduced ambient pressure will lead to an 
increased deposition of aerosol in the lung periphery, which might influence the health status 
of the inhabitants.  
 
To distinguish between potentially pathologic NO levels in the proximal airways vs. the 
peripheral airways, it is necessary to measure at a range of exhalation flows, using multiple 
flow models. Over all, the measurement system has to have the technical functionality to 
handle the required modalities, to be highly robust and be able to withstand the corresponding 
environmental situations within the warranted technical specification. Further, the measurement 
results need to be within the specified accuracy. As an alternative, the influence of 
environmental factors, such as gas density, on the analyser performance must be well known and 
compensated for in the data interpretation. 
 
 
2.5 Effects of high altitude on exhaled NO 

Observations on exhaled NO measurements in normobaric hypoxia show that FENO values 
decrease at very low inspired partial pressure of oxygen (PIO2) (Gustafsson et al., 1991; Dweik 
et al., 1998). Also, exhaled NO measurements in hypobaric hypoxia, when reported as partial 
pressures, were decreased during the first hours after arrival at altitude (Brown et al, 2006). On 
the other hand, Duplain et al. (2000) showed increased exhaled NO flux at high altitude in 
subjects not prone to high-altitude pulmonary oedema (HAPE). Based on these somewhat 
contradictory reports, it was considered to be important to perform studies of exhaled NO during 
acute hypoxia during both normobaric and hypobaric conditions. 
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3 AIMS OF THE THESIS 
 

The aims of this thesis was to test the following hypotheses:  
  

� That the performance of instruments made to measure exhaled NO is influenced by the 
ambient pressure. This could be determined using test procedures that investigate 
changes in exhaled flow and in the mass flow/volume flow ratio with pressure. 
Moreover, it is hypothesised that the gas density alters convective and diffusive flow 
within the NO detector 

 
� That measurement of exhaled NO in hypobaric hypoxia and normobaric hypoxia are 

performed in physically different conditions and therefore should provide different 
results. Thus, the reduced gas density in hypobaric environment promotes 
intrapulmonary diffusion of NO, which in turn may impact exhaled NO 

 
� That changes in the gravity environment should have an impact on exhaled NO levels: 

microgravity should result in a more homogenous distribution of gas, tissue and blood 
within the lungs, which in turn, may alter intrapulmonary NO exchange in comparison to 
normal gravity 
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4 MATERIALS AND METHODS 
 
This section covers general methodological considerations. For a more detailed description of 
the measurements and procedures, the reader is referred to the original papers. 
 
 
4.1 Study subjects 

In Paper I exhaled NO measurements were performed repeatedly in two study groups 
containing nine and nineteen healthy volunteers, respectively. The aim of the study was to 
investigate instrument accuracy and repeatability during the development of the hand-held NO 
instrument. All subjects gave their informed consent. Upon application for ethical approval to 
both the regional ethics committee and to the Swedish Medical Products Agency (MPA), both 
replied that they considered the study a quality assurance test and it was therefore not subject 
to ethical scrutiny. 
 
Papers II to IV involved test subjects and the studies were approved by the Regional Ethical 
Review Board in Stockholm, Sweden. All subjects gave their informed consent. 
 
In Paper II, a total of fifteen subjects were recruited. Five were healthy male Russian 
cosmonauts or ESA astronauts on the International Space Station (ISS). They made baseline 
pre-flight and post-flight measurements at 1 G gravity on Earth. These measurements were 
compared to regular in-flight measurements during their six months stay on the ISS. This sub-
study was also approved by the European Space Agency (ESA). In another sub-study, seven 
healthy male and three healthy female volunteers performed exhaled NO measurements at 
normal gravity (1 G) and at hypergravity (2 G and 3 G) in the human centrifuge at Karolinska 
Institutet Stockholm, Sweden.  
 
In Paper III , nine healthy volunteers participated in the study. They performed exhaled NO 
measurements at normal gravity and ambient pressure. Measurements were made at several 
exhaled flow rates, where those relevant for high altitude applications, i.e. in the range 30 - 
100 ml·s-1, were evaluated.  
 
In Paper IV eight healthy volunteers, six male and two female, were recruited. All subjects 
performed repeated exhaled NO measurements at an ambient pressure range of 1013 to 540 
hPa. The same subjects also performed repeated measurements at normal ambient pressure 
with equivalently hypoxic breathing gases. 
 
 
4.2 Measurements and procedures 

Exhaled NO measurements and NO reference gas measurements were performed with 
approved prototypes of the novel hand-held instrument (to be known as NIOX MINO® once in 
production), comparing results with a reference instrument based on chemiluminescence 
technology (NIOX®, Aerocrine AB, Solna, Sweden) (Paper I). In gas measurements, an NO 
reference gas was diluted in nitrogen (NO/N2). The concentration of the NO calibration gas 
and the dilution gas was determined from the certificate labeling from the gas manufacturer. 
The gas manufacturer analyses were based upon gravimetrical methods with stability 
monitoring by use of chemiluminescence technique according to their internal procedures. 
FENO measurements were performed as pair-wise measurements with the hand-held instrument 
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and the reference instrument in accordance with the published guidelines for online exhaled 
NO measurements in adults (ATS/ERS, 2005). 
 
In the interference group of tests, where the effect of possible contaminant gases upon the 
instrument readings was tested, the interference compounds were mixed with nitrogen or air 
respectively, in order to obtain the intended interference gas concentrations. The tested 
mixtures were selected to simulate upper concentrations of environmental and endogenous 
compounds in human breath that might interfere with the NO detection.  
 
In Paper II, the serially produced hand-held NO instrument (NIOX MINO®, Aerocrine AB, 
Solna, Sweden) that was developed in Paper I, was approved for FENO measurements to be 
made by astronauts and cosmonauts onboard the ISS, after a number of modifications and 
qualification tests had been made. A practical gravity test in parabolic flight at a gravity level 
range of microgravity to 1.8 G was also performed before final space launch approval. FENO 
measurements (ATS/ERS, 2005) were performed with the hand-held instrument in five subjects 
at 50 ml·s-1 during long-term microgravity. 
 
FENO measurements (ATS/ERS, 2005) were performed with a chemiluminescence instrument in 
ten subjects at 50, 100, 200 and 500 ml·s-1 exhalation flows, respectively, during hypergravity in 
a human centrifuge on Earth. 
 

4.2.1   Microgravity 

In a research project made in cooperation with ESA and IBMP RAS, specific instrument 
functions of the hand-held NO instrument were redesigned to comply with the requirements of 
the space organisations. Modifications consisted of the design of a dedicated 28 V to 6 V 
DC/DC-converter with approved interfacing connectors, improvement of electromagnetical 
shielding and added material for flammability requirements. The redesign was performed in 
cooperation with the Damec Research Aps, Odense, Denmark, which has extensive experience 
from similar ESA projects. 
 

 
 
Figure 2. Custom-designed DC/DC converter of the hand-held exhaled NO instrument used on 
the ISS. 
 
After rigorous laboratory testing and the final practical tests during parabolic flights, the 
instrument was approved for launch to the ISS, which was performed on 30 September 2005.  
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Figure 3. Modified instrument equipped for space research before launch to the ISS (Photo: 
Damec Research Aps). 
 
Microgravity measurements of exhaled NO were made in duplicate at 50 ml·s-1 exhalation flow 
by five healthy male ESA astronauts and Russian cosmonauts on a regular basis during their 
half-year stay onboard the ISS during the period 2005 - 2008. They also made baseline NO 
measurements at 1 G on Earth with at least four measurements made on one to three occasions 
before the spaceflight and then approximately every sixth week during their 23 - 28 weeks long 
stays onboard the ISS. On return to Earth, they performed daily measurements during the first 
week after landing for comparison. All subjects were declared as non-smokers and had no 
history of asthma or other inflammatory airway disease. They also refrained from food and 
beverages rich in nitrite and nitrate for 24 hours before the tests and rinsed their mouth with 
water before each test.  
 
Microgravity FENO readings were collected and evaluated for each subject and plotted as group 
mean values in a graph against flight time. Data from pre-flight tests and the follow-up week 
was added to the graph. 
 

4.2.2   Hypergravity 

Exhaled NO tests were made at normal gravity and in hypergravity in the human centrifuge at 
Karolinska Institutet. Subjects were seated in the centrifuge gondola against the backrest at a 28° 
angle to the direction of the gravitational vector. Tests were performed with a 
chemiluminescence instrument (NOA 280®, Sievers, Boulder CO, USA), at a range of 
exhalation flows. The subjects breathed into a mouthpiece which in turn was connected to a 
remotely controlled rotary valve. Breathing was shifted between cabin air breathing and a non-
rebreathing valve for FENO measurement (Figure 1, Paper II). Inhaled air was taken via a 
charcoal scrubber, providing NO-free inspirate. The exhalation port was connected a flow meter 
and a variable resistance to obtain the desired exhalation flows. Measurements were performed 
according to the guidelines for online exhaled NO measurements on adults (ATS/ERS, 2005). 
 
Ten subjects were studied at exhalation flows of 50, 100, 200, and 500 ml·s-1 respectively. The 
NO tests were performed in triplicate at each combination of gravity condition (1 G pre, 2 G, 
3 G, and 1 G post) and exhalation flow. To assure sufficient dead space separation, half of the 
subject’s vital capacity (VC) was exhaled at a rate of 500 ml·s-1 before shifting to the intended 
test flow. During the individually randomised 2 and 3 G sessions, subjects rested at 1.4 G 
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between the measurement sets instead of the normal 1 G, to reduce vestibular stimulation 
discomfort from repeated acceleration and retardation manoeuvres. 
 
For each subject, a mean FENO value was computed and plots were generated for FENO vs. 
1/exhalation flow for each G and flow rate combination.  
 

4.2.3   NO analyser performance at reduced ambient pressure 

In preparation for high altitude applications of the portable exhaled NO instrument, the effects of 
a reduced ambient pressure on NO levels in reference gas measurements and the effects of 
exhalation flow on exhaled NO levels in healthy humans was investigated (Paper III ). 
 
Simulated exhaled air flow measurements were performed with separate flow regulators and 
with complete NO instruments (NIOX MINO®), including fifteen flow regulators in total 
(Figure 2, Paper III ). Air flow to the regulators was introduced by means of a one litre syringe 
which was kept at a constant simulated exhalation pressure by a PEEP valve. Volume flow 
through the flow regulator was determined with a pneumotachometer (PTM) and mass flow was 
measured with a mass flow meter. The PTM instrument was connected to a differential pressure 
transducer and was recalibrated at each ambient pressure level with a one litre syringe. The mass 
flow through the analysers/regulators was determined with a mass flow meter. Flow 
measurements were performed in triplicate at each ambient pressure. Measurements were 
performed in a randomised order at ambient pressures ranging 1013 to 540 hPa.  
 
In a second test, detector sensitivity was measured with an NO reference gas at ambient 
pressures of 1013 to 540 hPa, with eight hand-held NO instruments (NIOX MINO®) and one 
chemiluminescence instrument (NIOX®). The instrument order and ambient pressure sequence 
was randomised and all gas concentration measurements were performed in duplicate. The 
chemiluminescence exhaled NO analyser was recalibrated with NO reference gas at each 
ambient pressure. 
 
In a third set of experiments, exhaled NO measurements were performed in human subjects at 
flow rates of 30, 50 and 100 ml·s-1, respectively, using a NIOX® chemiluminescence NO 
instrument at normal ambient pressure, according to the manufacturer’s recommendations.  
 

4.2.4   Effects of altitude and hypoxia on exhaled NO 

To investigate the effect of hypoxia on exhaled NO, partial pressure of NO (PENO) was studied 
in eight healthy subjects (Table 1 in Paper IV) with four identical hand-held exhaled NO 
instruments (NIOX MINO®). Measurements were performed at sea level (1013 hPa) and at 
simulated altitudes in a hypobaric chamber. Simulated altitudes were up to 5000 m (540 hPa). 
The inspired partial pressure of oxygen (PIO2) was kept at the same predetermined levels, while 
altering either the inspired oxygen concentration or the ambient pressure (Table 2, Paper IV). 
Readings were corrected for instrument deviations due to the reduced ambient pressure and gas 
density, according to Paper III . The inhaled oxygen concentrations during normobaric 
measurements were 21.0 %, 14.5 % and 11.3 %, respectively in nitrogen. All measurements 
were performed according to the published guidelines for online exhaled NO measurements on 
adults (ATS/ERS, 2005) and reported as PENO values (in mPa). 
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4.3 Statistical analysis 

In Paper I, statistical analysis of the data collected from both the instrument and detector and 
comparisons between the two NO-analysers was performed. Arithmetic mean calculations for 
agreement and standard deviation (SD) calculations for repeatability were made. In Paper II, 
differences in exhaled NO concentrations at different G levels were tested by analysis of 
variance. Linear curve fitting with regression analysis and calculations of mean values and SD 
were performed on data in Paper III  for flows, exhaled NO readings and PNO/PENO 
differences vs. 1/flow. Data in Paper IV were analysed as group arithmetic means with SD 
and group data were analysed for differences between hypobaric and normobaric conditions 
using a two-tailed paired Student’s t-test. 
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5 RESULTS AND COMMENTS 
 
5.1 Instrument design (Paper I) 

5.1.1   Overall instrument design 

The novel hand-held NO instrument, together with its custom-designed electrochemical 
detector forms an affordable, self-contained and truly portable system for exhaled NO 
analysis, with a mass of 0.8 kg and dimensions 240 x 130 x 100 mm. This is considerably less 
than the weight and dimensions of a chemiluminescence instrument (NIOX®), which is nearly 
50 kg and 500 x 300 x 400 mm, respectively. The new hand-held instrument is functionally 
optimised for online sampling and buffering with subsequent delayed analysis of the sample 
(Figure 4). In contrast to the requirement for regular calibrations with a reference gas in 
chemiluminescence instruments, the electrochemical detector is precalibrated at manufacture, 
with no further calibration requirements during its 12 months life-time. The above 
characteristics makes the instrument eminently suitable for high altitude research applications 
and space operations. 
 
The instrument was developed and produced in conformance with Good Manufacturing 
Practice GMP, CE Medical Device Directive MDD 93/42/EEC Class IIa and U.S. FDA 
Quality System Requirements QSR. Hence, a number of test procedures were applied during 
the development, with performance checks against relevant international standards and 
regulations. The instrument was also fully qualified for a global market, as the relevant quality 
assurance procedures, i.e. CE labeling and FDA clearance were passed and the instrument is 
now traded as NIOX MINO® Asthma Inflammation Monitor by Aerocrine AB, Solna, 
Sweden. 
 
To further qualify the instrument for the space research projects onboard the International 
Space Station (ISS), additional tests were added, where the test requirements were stipulated 
by the European Space Agency (ESA) and the Institute for Biomedical Problems of Russian 
Academy of Sciences (IBMP RAS). During an ESA Parabolic Flight Campain in 2005, 
parabolic flight tests of the instrument system at a gravity level range of microgravity to 1.8 G 
were also performed. 
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Figure 4. Block diagram of the hand-held exhaled NO-instrument NIOX MINO®. A picture of the 
instrument and a detector is shown in the background. 
 
 
5.1.2.   Key features of the instrument 

5.1.2.1   Ambient NO filtering 

Apart from the ability to scrub (filter) NO, the instrument was also designed to withstand an 
environmental NO2 interference of up to 200 ppb. This level is above the EU and US guideline 
limits recommended for indoor air.  
 
5.1.2.2   Flow regulator 

As the FENO method is highly flow sensitive it is important to regulate the flow rate during the 
exhalation manoeuvre. The flow control component of the chemiluminescence exhaled NO 
instrument (NIOX®) was redesigned to fit the hand-held instrument. The flow regulator, which 
comprises a dynamic mechanical needle-valve type pressure-flow regulator with a fast feedback 
regulating system, was calibrated to the standardised flow (ATS/ERS, 2005) at manufacture. 
The specified performance is a constant flow of 50 +/- 5 ml·s-1 (BTPS) at a positive exhalation 
pressure of 10 - 20 cm H2O. 
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Figure 5. Flow regulator in the hand-held instrument (Photo: Aerocrine AB). 
 
5.1.2.3   Electrochemical detector 

Any gas that can be oxidized or reduced can also be detected by means of an electrochemical 
detector. The measurement principle of the current detector is called amperometric, which refers 
to the detection of a small electric current generated by the electrochemical reaction in the cell 
(Cao et al., 1992). This current is converted to an electrical voltage via a potentiostat. 
 

 
Figure 6. Schematic drawing of the electrochemical cell with its potentiostat. WE – Working 
Electrode, RE – Reference Electrode, CE – Counter Electrode. 
 
The exhaled gas sample containing NO molecules is lead to the head of the detector, where it 
passes a delicate diffusion system of membranes and filters, which are designed to increase the 
sensitivity and selectivity for NO molecules. It is then led to a porous membrane soaked in an 
electrolyte inside the detector housing. The following oxidizing and reducing chemical reactions 
take place at the active electrodes of the detector: 
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Working electrode (WE) - oxidizing reaction NO + 2H2O => NO3
- + 4H+ + 3e- 

 
Counter electrode (CE) - reducing reaction  O2 + 4H+ + 4e- => 2H2O 
 
The third detector electrode, the Reference electrode (RE) is shielded from the reaction and used 
to maintain a constant electrochemical potential (voltage bias) at the WE. This generates a 
reference point for the dynamic electrochemical reaction response. 
 
Via a chemical oxidation at the WE, an electrical current in the order of nA is generated between 
WE and RE. This small current is amplified by the potentiostat and transmitted to the 
instrument computer, which handles the presentation of the measurement result on the display. 
 
The reverse reaction, where oxygen (O2) is reduced back to water, takes place at the counter 
electrode (CE) and has the purpose of maintaining electro neutrality within the electrochemical 
cell. After reaching a maximum adsorption level and once the electrochemical reaction has taken 
place at the WE, the desorption phase is initiated, where the remaining analyte molecules are 
dissolving back into the electrolyte.  
 
5.1.3   Performance tests 

5.1.3.1   Agreement, precision, linearity and lowest detection limit 

In Paper I, data from NO gas measurements and exhaled FENO measurements, comparing the 
new hand-held instrument with a chemiluminescence analyser (NIOX®) were presented. 
Measurements of exhaled gas were focused on defining the degree of FENO agreement and the 
precision at repeated measurements. Linearity and signal to noise level limitations were also 
tested with reference gas. 
 
5.1.3.2   Comparison with reference gases 

Reference gas measurements for a representative detector installed in the hand-held instrument 
with 5, 10, 20, 50, 100 and 218 ppb NO in N2 were performed, using ten consecutive 
measurements at each concentration level (Table 2, Paper I). The results showed a mean 
deviation from nominal gas concentrations of up to 13.6 ± 2.0 ppb (mean ± SD), within the 
whole concentration range. Within the 5 - 100 ppb range, the corresponding deviation was 
3.5 ppb ± 0.9 ppb or less. 
 
5.1.3.3   Linearity 

System linearity was investigated with an NO reference gas for a representative detector 
(Figure 2, Paper I). Ten repetitive measurements at 5, 10, 20, 50, 100 and 219 ppb in N2 were 
performed. The mid-range deviation was 0.6 % with a coefficient of determination R2 of 
0.9998. 
 
5.1.3.4   Lowest detection limit 

The lowest detection limit (LDL) of the electrochemical detector to the NO detector gas was 
defined as the system sensitivity. Measurements were performed with two different detectors 
in ten consecutive measurements. The lowest available gas concentration, blended in a gas 
mixer, was detected at a mean concentration of 2.4 ± 0.5 ppb (mean ± SD). The LDL was 
stated as below 3 ppb. 
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5.1.3.5   Interference with other compounds 

Measurement interference was investigated for relevant compounds, including acetone, 
ammonia, carbon dioxide, carbon monoxide, ethanol, hydrogen, hydrogen peroxide, isoprene, 
nitrogen dioxide and oxygen. Data were obtained with representative detectors for potential 
interference compounds of both endogenous and environmental origin. Acceptance criteria 
included an interference level equivalent to 3 ppb NO or below over the whole operating range 
(0 - 300 ppb NO), i.e. maximum 1 % of full scale. A relevant safety margin was added for 
interindividual metabolic variations in humans and potential minor sensitivity differences 
between detector individuals. Applying these criteria, there was no significant interference for 
the tested compounds. 
 
5.1.3.6   Agreement study 

The FENO test agreement study in nine subjects showed a group mean disagreement of 0.9 ppb 
in 154 triplicate tests between the hand-held and the chemiluminescence instrument, during 
three consecutive test days. 
 

 
Figure 7. FENO measurement agreement. Data show pair-wise agreement from a total of 462 
measurements (154 triplicates) for the hand-held instrument and a chemiluminescence 
instrument (NIOX®), performed as three consecutive measurements in the two instrument 
types. For the hand-held instrument, two instruments with a total of six detectors were used 
during three consecutive days in healthy volunteers (n = 9). 
 
The data showed a highly acceptable mean agreement between the two instrument types. 
Occasional pair-wise comparisons differed by more than 10 ppb. It should be noted that in this 
dual device comparison, the instrument variations for the hand-held and the NIOX® 
chemiluminescence instrument were added, where the specified agreement of the latter was 2.5 
ppb. The total deviation also included biological variations in intra-individual measurements, 
which meant that the repeatability of the new hand-held exhaled NO-instrument is quite similar 
to the established analyser technology regarding agreement performance.  
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5.1.3.7   Precision study 

A precision (repeatability) study was performed to estimate the repeatability of three 
consecutive measurements (triplicate) with two hand-held instruments, using six different 
detectors in nine subjects (Figure 8 below) (Figure 3, Paper I). For reference, the same 
procedure was made with the chemiluminescence instrument NIOX® in a group of healthy 
subjects (Figure 4, Paper I). Results showed very good precision for both instrument types, 
being 1.3 ppb and 1.4 ppb (expressed as SD) in the hand-held and chemiluminescence 
instruments respectively. 
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Figure 8. Repeatability data calculated as mean SD from FENO measurements in nine subjects 
with two hand-held NO instruments for each of the six detectors used. The total number of 
triplicate measurements was 154 and the group mean SD was 1.3 ppb.  
 
 
5.2 Effects of gravity on exhaled NO (Paper II) 

5.2.1   Microgravity study on the ISS 

After instrument modifications were made with approval from the representative space 
organisations and following launch from Kazakhstan, measurements were initiated onboard the 
ISS from October 2005. Measurements were regularly performed on long term visiting 
cosmonauts and astronauts during the years 2005 - 2008.  
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Figure. 9. Hand-held instrument used for exhaled NO measurements by cosmonauts and 
astronauts onboard the ISS (based on photos from ESA). 

 

Exhaled NO data from the microgravity measurements were transmitted via the Baikunur 
Cosmodrome in Kazakhstan and were evaluated at the research laboratory at Karolinska 
Institutet in Stockholm. Final evaluation included pre-flight measurements and measurements 
from the follow-up week after landing. These data showed a decrease in exhaled NO levels at 50 
ml·s-1 during microgravity (Figure 4, Paper II). Mean values for all five subjects were 6.6 ± 4.4 
ppb (mean ± SD), compared to a ground control value of 12.3 ± 4.7 ppb (p = 0.016). Pooled data 
from the first week after landing was 9.7 ± 2.8 ppb, which are non-significant changes compared 
to pre-flight and inflight levels (p = 0.28 and 0.30, respectively). 
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Figure 10. Pre-flight, in-flight and post-flight data for the ISS subjects. Data show mean values 
of exhaled NO at 50 ml·s-1 for the five subjects in normal gravity and in microgravity.  
 
 
5.2.2   NO at normal gravity and at hypergravity in the human centrifuge 

FENO measurements were performed in a human centrifuge at normal gravity (1 G) and at 
increased gravity, at a range of exhaled flows. FENO 50 was measured at 16.0 ppb in normal 
gravity and increased to 19.5 ppb and 18.5 ppb respectively at twice and three times normal 
gravity (Figure 7, Paper II). The FENO values at the higher exhalation flows, (100, 200 and 
500 ml·s-1) showed a significantly higher FENO value for a given flow, at both 2 G and 3 G 
compared to 1 G.  The estimated mean alveolar NO concentration at an infinitely high flow 
(CANO) was 2.3 ppb in normal gravity and was significantly increased to 3.9 and 3.8 ppb 
respectively at twice and three times normal gravity. 
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Figure 11. Relative changes of FENO vs. gravity level (G level). Data (normalised mean group 
values) are studies in microgravity on the ISS (n = 5) and in hypergravity (n = 10) in a human 
centrifuge. 
 
 
5.3 Analyser performance at altitude (Paper III) 

5.3.1   Flow regulator function 

Volume flow of the separate and built-in flow regulators of the hand-held instrument increased 
from 50 ml·s-1 at sea level (1013 hPa) to 65.5 ml·s-1 at 5000 m altitude (540 hPa). At the same 
time, there was a mass flow decrease from 50 ml·s-1 (NTP) to 34.9 ml·s-1 (NTP) at an equivalent 
ambient pressure reduction. The mean variability, calculated as SD, for volume flow across 
ambient pressures was 0.8 ml·s-1 for the five NIOX MINO® instruments and 2.6 ml·s-1 for the ten 
flow regulators in the present study. 
 
As an example, Table 1 reports data recorded at 4000 m (for complete altitude data, see Table 1, 
Paper III ), showing a mass flow reduction of 23.6 % (from 50 to 38.2 ml·s-1) that results in an 
inversely proportional increase of the fractional concentration of NO by 26.4 % (column E) 
(Table 1, page 30). 
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Table 1. Mass flow deviation, detector sensitivity deviation and total deviation in PENO 
measurement with the hand-held NIOX MINO® instrument at 4000 m elevation (equivalent to 
616 hPa).  
 
The flow regulators showed a very linear relation to the ambient pressure, with the coefficient of 
determination R2 of 0.99 for both the mean volume flow and mean mass flow (Figure 3, Paper 
III ). 
 
5.3.2   Flow dependency of exhaled NO in healthy subjects 

In order to estimate the flow dependency of exhaled NO (Table 1, columns E and F), exhaled 
NO versus 1/ flow was measured and evaluated in the current study (Paper III ). FENO was 
measured in a group of healthy volunteers during exhalation flows at 100, 50 and 30 ml·s-1 and at 
normal ambient pressure (Figure 5, Paper III ). All subjects had FENO 50 levels below 50 ppb. 
The converted mean group partial pressures of NO (PENO) were 0.95, 1.57 and 2.54 mPa, 
respectively. When plotted against 1/flow (0.010, 0.020 and 0.033 s·ml-1), the data showed a 
highly linear relation, with a coefficient of determination R2 of 0.99. 
 
5.3.3   Detector sensitivity vs. ambient pressure 

During another test in the present study (Paper III ), the output signal from detectors in eight 
NIOX MINO® instruments was investigated with the same NO reference gas at an altitude range 
from sea level to 5000 m (1013 to 540 hPa) (Figure 4, Paper III ). At sea level (1013 hPa), the 
reading was 218 ppb and at 540 hPa it had decreased by 27 % to 159 ppb. At the same time, the 
actual partial pressure of NO in the calibration gas was reduced by 47 %. Therefore, the signal 
strength was up to 36 % higher than in comparison to the reduced partial pressure of NO, PNO at 
5000 m (540 hPa). This means that the detector of the hand-held instrument showed higher 
sensitivity at altitude than would have been expected from an ideal partial pressure detector. 
 
When putting the chemiluminescence instrument (NIOX®) through the same test, there was an 
essentially constant NO reading up to 3000/3500 m altitude; however, thereafter there were 
deviations from the reference gas concentration, despite recalibration at each new altitude 
(Figure 4, Paper III ). 
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5.4 Acute effects of altitude on exhaled NO (Paper IV) 

5.4.1   Hypobaric and normobaric hypoxia 

In this study (Paper IV), the aim was to investigate potential differences in PENO between 
normobaric and hypobaric conditions during moderate (PIO2 13.2 - 13.8 kPa) and severe 
hypoxia (PIO2 10.0 - 10.7 kPa). Corrections of the PENO values were made for gas density effects 
and detector sensitivity deviations of the hand-held NIOX MINO® instruments at altitude, 
according to the recommendations in Paper III . In a hypobaric environment, with a decrease in 
ambient pressure down to 540 hPa that corresponds to 5000 m altitude, PENO group mean values 
(n = 8) were decreased by up to 41 %. However, when the same subjects were exposed to 
similar hypoxic breathing gases at normal ambient pressure (1013 hPa), PENO levels decreased 
by less than 5 % (Figure 1, Paper IV). Hypobaric mean PENO was reduced by 33 % at the lowest 
PIO2 compared to the normobaric control at the equivalent PIO2. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Relative PENO difference between hypobaric and normobaric hypoxia vs. relative 
change in binary diffusion coefficient for NO and air compared to sea level conditions. PENO 
data are group mean differences (n = 8) between hypobaric (693 and 540 hPa) and at 
normobaric (1013 hPa) conditions with similar inspired oxygen partial pressures. 
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6 GENERAL DISCUSSION AND PERSPECTIVES 
 

The interest in this fascinating molecule, nitric oxide and in exhaled NO measurement has 
increased continuously since NO was first found in exhaled breath (Gustafsson et al., 1991). 
This interest has, perhaps, accelerated even further since humans with airway inflammation were 
found to have increased levels of exhaled NO (Alving et al., 1993; Persson et al., 1994). Today, 
more than 2000 peer-reviewed papers have been published on the subject. Specifically, the 
standardisation of a measurement procedure, the FENO method (ATS/ERS, 2005), has allowed 
scientists and clinicians to compare their findings more accurately. However, this expanding 
interest has also revealed that some of the methodological aspects of the FENO method need to be 
reconsidered. 
 
New inventions and technical progress often result in miniaturised and “more simple to handle” 
analysers. In the first part of the present thesis (Paper I), data describing the development of the 
first hand-held and truly portable exhaled NO instrument (NIOX MINO®, Aerocrine AB, Solna, 
Sweden) were presented. 
 
 
6.1 NO analysis technology 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Hand-held exhaled NO instrument (NIOX MINO®) (Photo: Aerocrine AB). 
 
The weight of the new hand-held instrument is 98 % less, the sales price is 90 % less and the 
volumetric dimension is 95 % less than commonly used, existing chemiluminescence 
instruments for exhaled NO analysis. The results described in Paper I show that its technical 
performance for the key parameters of analytical agreement and linearity, as well as clinical 
agreement and precision are in line with the established chemiluminescence technique. A 
preference for the use of this instrument in research applications should be obvious, given that 
unlike existing chemiluminescence instruments, it does not need any recalibration of the detector 
during its lifetime. 
 
With all of its benefits, it might have been tempting to use the NIOX MINO® in extreme 
environments such as at high altitude, in remote locations and during space flight. However, 
without knowledge to the contrary, it should not be a priori assumed that such instruments are 
designed for use in extreme environments, where for example, there may be reduced gas density, 
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lower and higher levels of gravity and where the physical behaviour of gases and performance of 
instrument components might not be the same as during normal conditions.  
 
To this end, the second part of the present thesis described exhaled NO data (Paper II) that were 
collected using the new hand-held NIOX MINO® instrument in such extreme environments. 
Exhaled NO data were collected from cosmonauts and astronauts in microgravity onboard the 
ISS, and from hypergravity experiments made on Earth, from both the conducting airways and 
the alveolar airways. To perform these measurements onboard the ISS, modifications of the 
hand-held NO instrument had to be made. A major modification was the redevelopment of a 
power supply unit for the instrument, as the electrical outlets in the space station are of low 
voltage DC instead of the normal AC voltage supplies on Earth. Further, the shielding against 
electromagnetic interference and fire protection was improved. A final practical qualification 
test, at a range of gravity levels was also performed during parabolic flights, before space 
launch. 
 
 
6.2 Exhaled NO and space flight 

The initial aim of this section of the work was to test the hypothesis (Paper II) that in 
microgravity, airway inflammation due to continuous inhalation of dust and aerosol particles 
might be the mechanism for the reduced lung capacity reported from the Russian Space 
Program in the 1990´s (Baranov et al., 1992). The contradictory finding that FENO 
concentrations were actually reduced during inflight observations onboard the ISS, did not 
support this hypothesis. However, a limitation of this study was that exhaled NO 
measurements could only be made at the standardised flow of 50 ml·s-1 (FENO 50). To exclude 
potential inflammation in the peripheral airways that might reduce airflow capacity, 
measurements made at higher exhalation flows would have been necessary. 
 
However, the principal observation from the microgravity experiments in subjects onboard the 
ISS and from the human centrifuge study on Earth (Paper II), was that exhaled NO in healthy 
humans, measured as FENO 50, is gravity dependent. There was a group mean decrease of 46 % in 
exhaled NO concentrations during long-term microgravity in space compared to pre-flight 
measurements. In parallel, ground experiments showed an elevated exhaled NO concentration of 
around 20 % in seated humans during acute hypergravity compared to measurements at normal 
gravity (1 G). Thus, the microgravity and hypergravity findings are mutually supportive. 
 
Unexpectedly, in the ISS subjects in space, there was no clear trend of a return to the same 
levels as during pre-flight in the daily FENO measurements during the follow-up week after space 
flight. There might be several reasons for this. Firstly, the sterile environment onboard would 
certainly reduce the bodies’ bacterial flora. Mouth colonisation would be reduced from that 
found on Earth (Duncan et al., 1995; Malinovschi et al., 2009), with fewer strains of bacteria as 
well as a reduction in the total numbers of bacteria found in the oropharyngeal tract. A reduction 
of these bacteria, which are able to convert nitrate to nitrite, then further into NO, would 
promote a lower exhaled NO level. Secondly, all food and drink onboard is sterilised, which 
could reasonably contribute to lower the NO concentration in exhaled air, because of the 
concomitant decrease in bacteria normally taken up via ingested food and drinks (Olin et al., 
2001; Vints et al., 2005). Thirdly, although the subjects were declared non-smokers, at least one 
of the subjects had a large difference between the pre-flight baseline measurements and post-
flight values, which would fit the FENO pattern of a smoker who had to refrain from smoking 
while on the ISS. Although the individual could not be questioned to this end, it is not unlikely 
that he did start or resume smoking after his return to Earth. Finally, there is no information on 
the air quality on the space station Mir for comparison with the current conditions on the ISS. 
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However, on the ISS, no major alterations were observed (Prisk et al., 2005) when comparing 
static and dynamic spirometry data before and after EVA. In another study (Prisk et al., 2008), 
there were no permanent changes in lung function after return from a six month long stay in 
normoxic and normobaric environment during long-term microgravity. 
 
6.2.1   Pulmonary NO transport in microgravity 

Exchange of gases, such as O2 and CO2, is considered to occur in three steps; namely the gas 
exchange within the airway gas (gas diffusivity), the gas exchange across the pulmonary 
membrane and finally, gas diffusion and chemical combination within the pulmonary capillary 
blood. When making diffusing capacity measurements with CO and NO, the first term of Eq. 1 
(page 10) is usually ignored (Forster et al., 1957). 
 
However, in the case of NO generated in conducting airways, this approximation is not 
applicable due to the fact that this NO is produced along several generations of conducting 
airways and diffuses in retrograde direction to the alveoli. Therefore, the factor for diffusive 
transport in the gas phase highly influences the total resistance to NO transport in the lung, 
DLNO. Furthermore, the resistance to the NO transport within the erythrocyte is negligible. 
Therefore, in the case of NO, the total transfer equation of the lung would instead be: 
 
 
1 / TLNO  =  1 / DgNO  +  1 / DmNO   (Eq. 2) 
 
 
Thus, the transfer of NO is determined by the conductance of the diffusive flow along a 
concentration gradient for NO in the respiratory zone of the airways. The second factor of the 
equation is, as in the general case, the conductance of the alveolo-capillary membrane for the 
gas, in this case NO.  
 
A  reasonable approach to explain the reduced FENO 50 levels in microgravity, is to apply the 
slope and intercept method (Tsoukias et al., 1998; Pietropaoli et al., 1999), adding the influence 
of axial diffusion (Shin and George, 2002; Condorelli et al., 2007). In Figure 14, the slope of the 
relationship between FENO and 1/flow represents the rate at which NO is added to the exhaled 
gas as it passes through the conducting airways (JawNO). Since measurements are made from 
the NO output at the mouth, it is the apparent JawNO that can be determined. The total JawNO 
also includes NO that diffuses in a retrograde direction to the alveoli (axial backdiffusion) 
(Condorelli et al., 2007). The Y intercept at an infinitely high flow (1/flow = 0) represents the 
alveolar NO concentration (CANO) in gas that instantaneously has passed the conducting 
airways without taking up additional NO. 



 

   35 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Proposed slope and intercept model for International Space Station (ISS) subjects, 
based on FENO vs. 1/flow relations at normal gravity and microgravity. The 1 G curve (Normal 
gravity, solid line) is a transformation from multiple flow measurement data obtained in a group 
of subjects at 1 G (Figure 5, Paper III), so to fit the actual data point for the mean group pre-
flight FENO 50 in normal gravity of the ISS subjects (12.3 ppb), with a correspondingly adjusted 
hypothetical CANO (2.1 ppb). The actual FENO 50 data point for the ISS subjects in microgravity 
was 6.6 ppb. A hypothetical dotted line is added for the microgravity case. The CANO value for 
the ISS subjects was hypothetically assumed as 1.2 ppb.  
 
The solid line shows the pre-flight JawNO slope (Normal gravity) and is a transformation from 
multiple flow measurement data obtained in a group of subjects at 1 G (Figure 5, Paper III ) so 
to fit the data point for the mean group pre-flight FENO 50 (12.3 ppb) in normal gravity of the ISS 
subjects. A value of 2.1 ppb was adopted for CANO in normal gravity. 
 
The dotted line represents the hypothetical JawNO slope in microgravity, where the inflight 
mean group FENO 50 value for the ISS subjects is known (6.6 ppb). The FENO vs. 1/flow line in 
microgravity must be defined by the actual data point for FENO 50 in microgravity and a CANO 
value that reasonably must be lower than that for 1 G but higher than zero. In the figure, a value 
of 1.2 ppb is adopted for the intercept in microgravity. Regardless of the exact CANO value, the 
slope in microgravity must have been much lower than that in normal gravity. 
 
It has been speculated that a decreased mechanical stress of the lung tissue at reduced gravity 
would in itself result in reduced NO production in the airways with lower NO flux in the airways 
(Strömberg et al., 1997; Artlich et al., 1999). In spite of this, it might here be reasonable to 
assume that there is an unchanged production of NO in the epithelia of both the conducting 
airways and the alveolar airways at sustained microgravity in comparison to normal gravity. 
Having made this assumption, Figure 14 shows that there is a reduced slope compared to normal 
gravity, with a lower apparent flux of NO (JawNO) in the conducting airways. The reduced 
apparent JawNO in microgravity compared to normal gravity can be explained by an increased 
backdiffusion of NO in the distal part of the conducting airways, from around airway 
generations 14 - 16. 
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This increased backdiffusion is thought to be due to a more homogenous and relaxed geometry 
of the lung parenchyma including the acinar airways and peripheral vessels, at reduced gravity. 
This in turn would promote a high total cross-sectional area vs. epithelial area ratio and a higher 
width/length ratio of the acinar airways in reduced gravity, which would then promote the axial 
backdiffusion of NO. Although the diffusing capacity of the lung for nitric oxide (DLNO) is 
independent of the lung capillary blood volume and the haemoglobin concentration (Eq. 1)  
(Johnson et al., 1996; Tamhane et al., 2001; Zavorsky et al., 2004), the central pooling of blood 
with a simultaneous increased capillary blood volume during microgravity (Vaïda et al., 1997), 
should lead to an increased contact area between alveolar air and blood.  
 
It is thus likely that both of the two serially operating factors (Eq. 2, backdiffusion and alveolar-
to-blood transfer) act in concert to promote uptake of NO to the blood and then bind it to 
haemoglobin. The outcome of CANO would depend on the balance between the increases in 
backdiffusion and alveolar-to-blood uptake.  
 
As a corollary statement, the above reasoning tended to be confirmed in the hypergravity 
experiments of this study (Paper II), where the slope JawNO tended to be decreased, and the 
intercept value CANO was significantly decreased with decreasing gravity. The FENO 50 decrease 
was around 15 % at normal gravity compared with  2 G and 3 G. Hence, both studies in Paper 
II  show congruent changes in the same direction upon a decreased gravity.  
 
Hence, it is speculated that, at a reduced gravity level, and during long-term microgravity in 
particular, two major optimisations occur to improve the conditions for retrograde NO transfer in 
the lungs. They are:  
 

• A “slackening” of the lung parenchyma, allowing it to become more homogenous, with 
reduced stretch and deformation tendencies. These changes enable both a short and a 
wide geometry of the peripheral airways, which promotes axial diffusion 

 
• An increase of the contact area between alveolar gas and pulmonary-capillary blood, 

which promotes alveolar-to-blood NO uptake 
 
 
6.3 Instrument performance at high altitude 

The measurements of the technical performance of the two types of exhaled NO instruments at 
high altitude (Paper III) , revealed flow deviations that varied to such an extent that they have to 
be corrected for. There are alternative ways to handle the flow deviation, but the best way would 
be to readjust the flow regulator of the instrument in order to keep the volume flow constant at 
all altitudes. Surprisingly, there were also large deviations in detector sensitivity of the hand-
held instrument at altitude. For example, at 4000 m altitude, the sensitivity was 26 % higher than 
expected, which was probably due to facilitated gas transport inside the detector, as the 
diffusivity within a binary gas mixture is faster with the decreasing gas density at altitude 
(Chang, 1985). To avoid such sensitivity deviations, recalibration of the detector at each altitude 
is recommended. 
 
In Paper III , corrections were made to the FENO reading at simulated altitude for both the flow 
and detector sensitivity deviations and alternative recommendations were given for a simplified, 
however not optimally accurate, corrective calculation of the FENO reading from the instrument.  
 
The total deviation of the NO reading was up to + 86 % at 5000 m altitude (540 hPa), which 
could confound exhaled NO measurement results in clinical studies or during asthma monitoring 
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at high altitude. It is proposed that the standard methods used in respiratory physiology for 
metabolically produced or consumed gases should also apply for exhaled NO. Hence, exhaled 
NO analysers should report results as a partial pressure of NO (PENO), preferably in mPa. Not 
until then, would it be possible to accurately compare results between altitudes.  
 
 
6.4 Exhaled NO at high altitude 

To our knowledge, the fourth part of this thesis, as reported in Paper IV, is the first where a 
comparison between exhaled NO in hypobaric hypoxia and normobaric hypoxia has been made. 
In these experiments, exhaled NO was measured in healthy subjects (Table 1, Paper IV) during 
acute hypobaria and normobaria (Table 2, Paper IV). It was found that PENO was reduced at 
altitude in comparison to an equivalent hypoxia at sea level (Figure 1, Paper IV). The study 
also confirmed similar findings made by other workers; there was no significant effect from 
moderate normobaric hypoxia (Dweik et al., 1998; Busch et al., 2001). This suggests that the 
main reason for the decrease was the reduced density of the breathing gas at altitude. The 
resulting linear PENO reduction correlates well to the concomitantly increased binary diffusion 
coefficient of NO and air in acute hypobaric exposure (Figure 2, Paper IV). In the present 
study, a considerable change in PENO (using similar hypoxic breathing gases as at 5000 m 
(540 hPa)) as compared to that at sea level), of  - 33 %, was found.  
 
Similarly to the conclusions drawn from the exhaled NO measurement results in reduced gravity 
(Paper II), an enhanced axial backdiffusion with increased scavenging of NO by pulmonary-
capillary blood is the most likely cause for the change in PENO. In the present case of a reduced 
ambient pressure (Paper IV) however, it is speculated that the mechanism is a reduced density 
of the breathing gas, which increases the binary diffusivity of NO and air. Therefore, the reduced 
gas density makes the axial backdiffusion of NO faster, so that an increased amount of NO can 
be taken up into alveolar blood. When measuring the effect at the interface between the airways 
and the measuring instrument, i.e. at the mouth, a decrease in exhaled NO level is seen.  
 

The results correspond with findings reported by other research groups (Shin et al., 2004, 
2006; Kerckx et al., 2008), who used a helium-oxygen breathing gas with lower density than 
air, to increase the rate of molecular diffusion in the lungs. These groups also found that the 
observed reduction of PENO was due to an enhanced axial gas diffusion with an associated 
alveolar uptake of NO into the blood. Another group of researchers (Condorelli et al., 2007), 
performed a model study in subjects breathing air at sea level. They proposed that around 40 
% of the NO formed in the conducting airways is transported via axial backdiffusion to the 
alveoli and is then taken up into the blood and bound to haemoglobin. The data from the 
present study suggest that this fraction is substantially increased in a hypobaric air 
environment. 
 

As shown in the present thesis, the FENO test may not necessarily work the same way in extreme 
environments, for example at high altitude and in microgravity in space, as it does in the hospital 
laboratory at sea level. The altitude study (Paper IV) suggests that less NO is exhaled at altitude 
due to an enhanced backdiffusion. Thus, it is speculated that the net NO formation in the lung 
may very well be the same at altitude as at sea level, and that the observed differences in FENO 
are entirely dependent on backdiffusion.  
 

The same reasoning could be applied to microgravity. Again, it can be speculated that the rate of 
NO formation in the lung could be more or less the same in microgravity as in normal gravity, 
but an enhanced backdiffusion would lower the measured PENO and possibly also the net rate of 
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NO excretion. Further, it can be hypothesised that the geometry of the peripheral airways, 
possibly in combination with mechanical stretch vs. relaxation influence from the airway 
parenchyma, has an impact on the production and uptake of NO on a cellular level. However, 
further studies are needed to find such additional mechanisms.  

 
In an Editorial article (Kayser, 2009), addressing two of the papers in the present thesis (Paper 
III  and Paper IV), support was put forward for the arguments that axial backdiffusion of NO 
enhances its uptake into blood and due to the influence from changes in ambient pressure, 
normobaric and hypobaric hypoxia would be “physically and therefore probably also 
physiologically different”. The increased NO uptake by the blood, would also mean that there 
was an enhanced bioavailability of NO in conditions of hypobaric hypoxia. The author 
speculated that this new knowledge, where an increase in stores of NO in the body based on the 
backdiffusion mechanism, should be of value for athletes considering altitude training. 
Hypobaric hypoxia would be the only “real” altitude training, which is in line with reports that 
actual altitude training tends to give better results as compared to training at simulated altitude.  
 
The author further commented that there were reports of a more than tenfold higher circulating 
concentrations of bioactive NO products in Tibetans from 4200 m, as compared to low altitude 
dwellers (Erzurum et al. 2007). These authors proposed higher NO production in altitude 
natives as an explanation. The data from the present study (Paper IV) would instead indicate 
that “decreased air density at high altitude leads to higher uptake of NO by the blood leaving 
the lung because of increased axial backdiffusion”. 
 
The editorial’s author concluded that “Future work should include reference to this principle 
indicating the potential bias that normobaric hypoxia may introduce when the actual research 
question concerns hypobaric hypoxia”. 
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7 CONCLUSIONS 
 

� The gas density and the rate of diffusion of gases at altitude have a great impact on the 
technical performance of the NO instruments used in the present study, so that both the 
exhaled volume flow and the detector sensitivity increased with decreasing ambient 
pressure. Since the exhaled mass flow nevertheless was reduced at altitude, both these 
deviations tended to increase the FENO readings substantially 

 
� There is a significant decrease in exhaled NO concentration in hypobaric hypoxia, 

probably due to the lower density with an increased binary diffusion of the breathing 
gases. There is almost no influence on FENO levels at moderate to severe hypoxia at 
normal ambient pressure. Hypobaric and normobaric hypoxia are therefore to be 
considered physically and probably also physiologically different and extrapolations 
from one condition to another should therefore be made with caution in future studies 

 
� Exhaled NO concentrations decrease in microgravity, which might be due to a more 

slackened lung parenchyma with accompanying changes in the diffusion area/airway 
generation length ratio in the acinar region of the lung. This gives an enhanced axial 
backdiffusion of NO, which lowers the exhaled NO concentration. At the same time, an 
increased contact area between alveolar air and blood promotes uptake of NO to the 
blood 
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