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ABSTRACT

Gas exchange has been observed to vary with posture in adult respiratory distress syndrome 
(ARDS) patients. In this thesis, the effect of posture on theregional distribution of ventilation 
(V) and perfusion (Q) in the lungs under normal breathing with and without continuous positive 
airway pressure (CPAP) and during general anesthesia with mechanical ventilation was studied.  
Additionally, endogenously produced nitric oxide (NO) may influence the effect of posture 
on the Q distribution. This was also studied. Since inhalation anesthesia, known to impair 
pulmonary gas exchange, is sometimes used in ARDS patients we investigated the effect of 
inhaled sevoflurane on the V and Q regional distribution. All studies were performed on healthy 
volunteers with Single Photon Emission Tomography (SPECT). Isotope tagged albumin macro 
aggregates, trapped in the pulmonary capillaries were used to measure regional Q and isotope 
labeled aerosol or labeled ultrafine carbon particle aerosol to measure regional V. 

Prone posture, compared to supine, favors a more uniform Q distribution in the anterior to 
posterior direction both awake and during mechanical ventilation. CPAP, compared to 
normal breathing, redistributes Q to more dependent parts of the lungs, resulting in a less 
beneficial V/Q matching. We found indications of a higher release of endothelial NO in 
dorsal, compared to ventral, parts of the lungs. This may contribute to the more uniform 
Q distribution seen in prone compared to supine posture. NO from paranasal sinuses 
contributes to a more homogenous Q distribution in upright position. Inhalation anesthesia 
with sevoflurane decreases Q distribution heterogeneity but increases V/Q matching 
heterogeneity. No significant influence on the V distribution was observed in any of the studies.
In conclusion, all studied factors in healthy volunteers have an effect on the Q regional 
distribution but not on V, suggesting that variations in V/Q ratio distribution are a consequence 
of changes in the intrapulmonary Q distribution.

Gas exchange has been observed to vary with posture in adult rGas exchange has been observed to vary with posture in adult respiratory distress syndrome Gas exchange has been observed to vary with posture in adult rGas exchange has been observed to vary with posture in adult respiratory distress syndrome espiratory distress syndrome Gas exchange has been observed to vary with posture in adult respiratory distress syndrome espiratory distress syndrome Gas exchange has been observed to vary with posture in adult respiratory distress syndrome 
(ARDS) patients. In this thesis, the effect of posture on the regional distribution of ventilation (ARDS) patients. In this thesis, the effect of posture on theregional distribution of ventilation (ARDS) patients. In this thesis, the effect of posture on the regional distribution of ventilation (ARDS) patients. In this thesis, the effect of posture on theregional distribution of ventilation 
(V) and perfusion (Q) in the lungs under normal breathing with and without continuous positive (V) and perfusion (Q) in the lungs under normal breathing with and without continuous positive (V) and perfusion (Q) in the lungs under normal breathing with and without continuous positive (V) and perfusion (Q) in the lungs under normal breathing with and without continuous positive 
airway pressure (CPAP) and during general anesthesia with mechanical ventilation was studied.  airway pressure (CPAP) and during general anesthesia with mechanical ventilation was studied.  airway pressure (CPAP) and during general anesthesia with mechanical ventilation was studied.  airway pressure (CPAP) and during general anesthesia with mechanical ventilation was studied.  
Additionally, endogenously produced nitric oxide (NO) may influence the effect of posture Additionally, endogenously produced nitric oxide (NO) may influence the effect of posture Additionally, endogenously produced nitric oxide (NO) may influence the effect of posture Additionally, endogenously produced nitric oxide (NO) may influence the effect of posture 
on the Q distribution and this was also studied. Further, since inhalation anesthesia known to on the Q distribution. This was also studied. Since inhalation anesthesia, known to impair on the Q distribution and this was also studied. Further, since inhalation anesthesia known to on the Q distribution. This was also studied. Since inhalation anesthesia, known to impair 
impair pulmonary gas exchange, we investigated the effect of inhaled sevoflurane on the V and pulmonary gas exchange, is sometimes used in ARDS patients we investigated the effect of impair pulmonary gas exchange, we investigated the effect of inhaled sevoflurane on the V and pulmonary gas exchange, is sometimes used in ARDS patients we investigated the effect of 
Q regional distribution. All studies were performed on healthy volunteers with Single Photon inhaled sevoflurane on the V and Q regional distribution. All studies were performed on healthy Q regional distribution. All studies were performed on healthy volunteers with Single Photon inhaled sevoflurane on the V and Q regional distribution. All studies were performed on healthy 
Emission Tomography (SPECT). Isotope tagged albumin macro aggregates, trapped in the volunteers with Single Photon Emission Tomography (SPECT). Isotope tagged albumin macro Emission Tomography (SPECT). Isotope tagged albumin macro aggregates, trapped in the volunteers with Single Photon Emission Tomography (SPECT). Isotope tagged albumin macro 
pulmonary capillaries were used to measure regional Q and isotope labeled aerosol or labeled aggregates, trapped in the pulmonary capillaries were used to measure regional Q and isotope pulmonary capillaries were used to measure regional Q and isotope labeled aerosol or labeled aggregates, trapped in the pulmonary capillaries were used to measure regional Q and isotope 
ultrafine carbon particle aerosol to measure regional V. labeled aerosol or labeled ultrafine carbon particle aerosol to measure regional V. ultrafine carbon particle aerosol to measure regional V. labeled aerosol or labeled ultrafine carbon particle aerosol to measure regional V. 

Prone posture, compared to supine, favors a more uniform Q distribution in the anterior to Prone posture, compared to supine, favors a more uniform Q distribution in the anterior to Prone posture, compared to supine, favors a more uniform Q distribution in the anterior to Prone posture, compared to supine, favors a more uniform Q distribution in the anterior to 
posterior direction both awake and during mechanical ventilation. CPAP, compared to posterior direction both awake and during mechanical ventilation. CPAP, compared to posterior direction both awake and during mechanical ventilation. CPAP, compared to posterior direction both awake and during mechanical ventilation. CPAP, compared to 
normal breathing, redistributes Q to more dependent parts of the lungs, resulting in a less normal breathing, redistributes Q to more dependent parts of the lungs, resulting in a less normal breathing, redistributes Q to more dependent parts of the lungs, resulting in a less normal breathing, redistributes Q to more dependent parts of the lungs, resulting in a less 
beneficial V/Q matching. We found indications of a higher release of endothelial NO in beneficial V/Q matching. We found indications of a higher release of endothelial NO in beneficial V/Q matching. We found indications of a higher release of endothelial NO in beneficial V/Q matching. We found indications of a higher release of endothelial NO in 
dorsal, compared to ventral, parts of the lungs. This may contribute to the more uniform dorsal, compared to ventral, parts of the lungs. This may contribute to the more uniform dorsal, compared to ventral, parts of the lungs. This may contribute to the more uniform dorsal, compared to ventral, parts of the lungs. This may contribute to the more uniform 
Q distribution seen in prone compared to supine posture. NO from paranasal sinuses Q distribution seen in prone compared to supine posture. NO from paranasal sinuses Q distribution seen in prone compared to supine posture. NO from paranasal sinuses Q distribution seen in prone compared to supine posture. NO from paranasal sinuses 
contributes to a more homogenous Q distribution in upright position. Inhalation anesthesia contributes to a more homogenous Q distribution in upright position. Inhalation anesthesia contributes to a more homogenous Q distribution in upright position. Inhalation anesthesia contributes to a more homogenous Q distribution in upright position. Inhalation anesthesia 
with sevoflurane decreases Q distribution heterogeneity but increases V/Q matching with sevoflurane decreases Q distribution heterogeneity but increases V/Q matching with sevoflurane decreases Q distribution heterogeneity but increases V/Q matching with sevoflurane decreases Q distribution heterogeneity but increases V/Q matching 
heterogeneity. No significant influence on the V distribution was observed in any of the studies.heterogeneity. No significant influence on the V distribution was observed in any of the studies.heterogeneity. No significant influence on the V distribution was observed in any of the studies.heterogeneity. No significant influence on the V distribution was observed in any of the studies.
In conclusion, all studied factors in healthy volunteers have an effect on the Q regional In conclusion, all studied factors in healthy volunteers have an effect on the Q regional In conclusion, all studied factors in healthy volunteers have an effect on the Q regional In conclusion, all studied factors in healthy volunteers have an effect on the Q regional 
distribution but not on V, suggesting that variations in V/Q ratio distribution are a consequence distribution but not on V, suggesting that variations in V/Q ratio distribution are a consequence distribution but not on V, suggesting that variations in V/Q ratio distribution are a consequence distribution but not on V, suggesting that variations in V/Q ratio distribution are a consequence 
of changes in the intrapulmonary Q distribution.of changes in the intrapulmonary Q distribution.of changes in the intrapulmonary Q distribution.of changes in the intrapulmonary Q distribution.

Keywords: Anesthesia, ALI, ARDS, CPAP, Dual isotope, Mechanical ventilation, Nitric oxide, 
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FBP Filtered back projection
FiO2 Fraction of inhaled oxygen
FRC Functional residual capacity
FWHM Full Width Half Maximum
GTP Guanosine tri phosphate
HPV Hypoxic Pulmonary Vasoconstriction
113mIn Metastable indium
keV Kiloelecron-Volt
L-NMMA N0-monomethyl-L-arginine
LyoMAA Labeled macro aggregates of human albumin
MAP Mean arterial pressure (cmH2O)
MBq Megabecquerel
MIGET Multiple Inert Gas Elimination Technique
NO Nitric Oxide
NOS Nitric Oxide Synthase
PEEP Positive end expiratory pressure (cmH2O)
Q Lung perfusion
SPECT Single photon emission tomography
99mTc Metastable technetium    
V Lung ventilation
VOI Volume of interest
V/Q Ventilation-perfusion ratio
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INTRODUCTION

BACKGROUND
For oxygenation of blood and elimination of carbon dioxide a close contact between blood and 
air in the lungs is necessary (1,2). As neither perfusion nor ventilation of the lungs is uniform 
(3) it is important for gas exchange that well ventilated parts receive more blood flow than less 
ventilated parts and vice versa. At normal conditions this is effective and the blood levels of 
oxygen and carbon dioxide, as well as blood pH, are kept within close limits (4). During disease 
this regulation is often disturbed which sometimes results in critically low levels of blood oxygen. 
Conditions that disturb this coordination of regional ventilation (V) and lung perfusion (Q) include 
pulmonary embolism and lung atelectasis. In other conditions, such as Acute Respiratory Distress 
Syndrome (ARDS) and Acute Lung Injury (ALI), the anatomical location of this disturbance 
is not so obvious. Many of these conditions induce increased venous admixture and shunting 
(mixed venous blood passing to the systemic arteries without being oxygenated in the lungs). 
Shunt is also induced by general anesthesia for unclear reasons (5). It has been shown that body 
posture can influence blood oxygenation (6-12) but the underlying explanation remains unclear.
   The overall aim of this thesis is to investigate factors related to posture or intensive care 
that could influence regional V, Q and V/Q distributions and if these factors could explain the 
improvement in blood oxygenation in patients with acute lung injury (ALI) seen during prone 
posture. We studied if posture, both awake and during anesthesia with mechanical ventilation, 
continuous positive airway pressure (CPAP) or inhalation anesthesia could influence regional 
V,Q and V/Q distributions in healthy volunteers.  Moreover, we investigated if endothelial and 
autoinhaled nitric oxide (NO) modified regional Q distribution or if an inhalational anesthestetic 
agent could influence V/Q matching.  

The history of pulmonary physiology
Since ancient times it has been obvious that breathing is essential for life. An Egyptian papyrus 
from 1820 BC stated that “As to the air that penetrates the nose. It enters into the heart and the 
lungs. They are those which give air to the entire body.” A Roman physician, Galen (129-199AD), 
made a number of studies into anatomy and physiology. He, unfortunately, misunderstood some 
basic mechanisms. As he remained an authority for more than 1000 years, his dogmas hindered 
further development of understanding. After the decline of the Roman Empire much of the 
knowledge in anatomy and physiology from Rome and Ancient Greek disappeared from Europe 
but some survived in the Byzantine and Arabic empires (13). 

With the Renaissance, through human dissections and questioning of old dogmas, the 
understanding of the human anatomy increased. Through the microscope, the structure of the 
lung was studied from the 17th century. During this period, the similarity between combustion and th century. During this period, the similarity between combustion and th

metabolism gradually became evident and in the 18th century it was proven that the metabolism is th century it was proven that the metabolism is th

taking place in the tissue and not in the heart and lungs  and that excess of carbon oxide stimulates 
breathing (13). 
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In the 19th century, improved laboratory equipment made accurate measurements possible. th century, improved laboratory equipment made accurate measurements possible. th

The mechanics of breathing and lung volumes were studied by Hutchingson, who constructed 
the first spirometer and produced the first lung compliance curve in humans. It was also shown 
that the partial pressure rather than the concentration of a gas affects biological systems (14). 
The nature of blood oxyhaemoglobin dissociation was also reveled during late 19th and early th and early th

20th century (13) and quantitative measurements of the chemical control of breathing and the th century (13) and quantitative measurements of the chemical control of breathing and the th

interactions between carbon dioxide and exercise were published by Haldane and Priestly in 1905 
(13). 

Von Neergard found in 1929 that the tissue elasticity alone could not explain the recoiling 
properties of the lung and that the surface tension of the alveoli is lower than expected from 
Laplace’s law (15). He therefore proposed the existence of another, unknown, factor and in 1955 
Pattle demonstrated that lung tissue contains an insoluble protein layer and thus discovered the 
surfactant (13).  

Major contributions for the understanding of the pulmonary function were made by von 
Euler and Liljestrand in the mid 1940:ies. They found, among other things, that lung vessels, 
opposed to vessels in other tissues, reacts to low oxygen concentrations with vasoconstriction 
(16-18). 
From the late 1950:ies studies on regional distribution of Ventilation, Perfusion and V/Q 
matching were initiated (19). Furchgott and Zawadzki reported, in 1980, that acetylcholine had 
a constricting effect on pulmonary vessels if endothelial cells were damaged, but a relaxing 
effect if the endothelial lining was intact (20). This led to the suspicion of a labile, intermediate, 
endothelial derived factor which was named “endothelial-derived relaxing factor, EDRF” (21). 
Later, this substance was proven to be identical with nitric oxide, NO (22). This opened a new 
field of research (23,24). 

The development of nuclear medicine and its use in respiratory physiology
In 1896, Becquerel described natural radioactive substances. In 1913 de Hevesy proposed the 
“tracer principle”, the idea that radioactive substances could be used to follow biological processes 
without interfering with them. Geiger-Müller counters were first used to locate radioisotopes 
but from the 1940:ies imaging equipments were gradually developed and refined. In the 1960:
ies the vertical distribution of blood flow (Q) in the erect man was studied. Inert, radioactive 
gases (e.g. 133Xe, 81mKr) were either inhaled or injected and detected by external scintillation 
counters. The spacial resolution was poor, amd it was not possible to depict inhomogeneities in the 
isogravitational plane. However, all these studies showed a higher perfusion in basal, dependent 
parts of the lungs compared to apical (25,26). Investigations on the distribution of ventilation, 
with radioactive inert gases, (27) showed a similar pattern, with basal dominance. These findings 
of a basal dominance of Q eventually led to the so-called “West model” of a gravity dependent Q 
distribution in the lungs (28). 

With the arrival of the gamma camera technique in the 1960:ies there were tools for a 
better localization of ventilation and perfusion in the lungs. This technique made it possible for 
two-dimensional images of the distribution of radiotracers in the lungs (29).  In the 1960:ies it 
was also found that radioisotope labeled albumin aggregates could be injected intravenously and 
emission images, reflecting the lung perfusion, could be produced. Pulmonary scintigraphy with 
radioisotope labeled macroaggregates (microspheres) for diagnosis of lung embolism (30) were 
established in the 1970:ies, but has in recent years partly been replaced by Computer Tomography. 
It soon became evident that other conditions than pulmonary embolism could result in perfusion 
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defects and that this could lead to diagnostic errors. One cause of perfusion defects is, for 
instance, local vasoconstriction secondary to regional hypoxia. By combining perfusion images 
with images representing ventilation the diagnostic precision could be improved (30). Many of 
these techniques were used in the early phases of basic research in pulmonary physiology (31,32). 
Technical advances including increased spatial resolution (3), 3D acquisitions with SPECT (33), 
improved scatter and attenuation correction (34, 35) and simultaneous registration of isotopes 
with different energy levels (35) have in recent years improved the possibility of quantitative 
measurements. SPECT has the capability of quantifying regional V,Q and V/Q and by subtraction 
or dual-isotope techniques this can also be made simultaneous (35,36). An alternative approach, 
the PET technology, which also produces 3D images (37), was developed during the 1960:ies 
and 70:ies. These later, high precision imaging techniques have led to new knowledge and the 
questioning of previous results (38-41). 

Methods determing V,Q and V/Q matching
Global measuresment

The respired volumes can be measured with a spirometer, either directly or indirectly 
through integrating gas flow. An alternative is a pletysmograph that indirectly measures lung 
volumes from the cross sectional area of the chest and abdomen. The residual capacity has to 
be determined by other means, either by gas dilution or using a body pletysmograph (42,43). 

By repeated measurement of tracer concentration in the blood after it has passed the 
lungs and comparing it with the known amount injected before it reached the lungs, pulmonary 
blood flow and blood volume can be calculated. This is known as the tracer dilution technique. 
The pulmonary blood flow can also be calculated by dividing the amount of oxygen extracted 
from the lungs with the difference in oxygen content between arterial and venous blood, known 
as the “Ficks’s principle”. Both these methods require invasive procedures (1,44). An overview 
of the techniques is presented in table 1. 

Table 1. Overview of methods used for measurements of global V,Q and V/Q, 
without regional or anatomical information.

                             Measure 
Advantages Disadvantages

V Q V/Q
Spirometry + - - Cheep, harmless Limited information
Single breath - + + Simple, portable equipment Inexact
Tracer dilution - + - Exact Invasive

The multiple inert gas technique (MIGET)

The matching of V and Q can be studied in the lung as a whole with physiologic methods. The 
arterial blood gases give an indirect measurement of the effectiveness of V/Q matching. The gas 
exchange in the lungs can also be studied via measurements of the exchange of probe gases, a 
principle that has been elaborated in the MIGET technique (1,45). Tracer amounts of six inert gases 
are dissolved in saline and infused i.v. The concentrations of the gases are thereafter measured 
in exhaled air and in blood. From this data V/Q ratios can be calculated and presented in graphic 
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form. This gives excellent information on the relative occurrence of different V/Q ratios. The 
method is complicated to perform and has mainly been used for research but has served as a 
reference for other studies (36). 

Regional and anatomical measurements
A general overview of methods depicting regional V,Q and V/Q distributions that yield both 
regional and anatomical information is presented in table 2. 

Table 2. Overview of imaging and other techniques that yield both regional and anatomic used 
in lung physiology.

                        Measure Advantages DisadvantagesV Q V/Q

Microsphere + + + Spatial resolution. 
Simultaneous multiple tracers. 
“Freezes” conditions.

Animals have to be scarified, not 
physiologic conditions, expensive

MRI + + + No ionizing radiations. Multiple 
measurements. 

V difficult to monitor. Non-linear 
quantification. Images represent 
only recumbent conditions. 

CT - + - Spatial resolution. Images represent only recumbent 
conditions. Ionizing radiation.

PET + + + Sensitivity and spatial 
resolution.

Images represent only recumbent 
conditions. Ionizing radiation.

Impedance + - - Continuous measurement 
possible, harmless

Very low special resolution. Only 
semiquantative.

SPECT + + + Quantification. “Freezes” 
conditions.

Partial volume effects. Ionizing 
radiation 

MICROSPHERES 
The microsphere technique is based on the principle that microspheres that are injected i.v. and/
or inhaled are trapped in the lungs in direct proportion to blood flow or ventilation (38,46,47). 
The microspheres are labeled with fluorescent dye or radioisotopes and administered at the 
condition that is in focus for the investigation. After the microspheres are trapped, the animal is 
sacrificed and the lungs fixated and dissected into small pieces. This gives an exact measurement 
and multiple conditions can be estimated simultaneous as multiple dyes or radioisotopes can be 
used. Disadvantages with this method are that the lungs are fixated at full expansion and that 
only animals can be used. Full expansion does not reflect the distribution of lung parenchyma 
in a living organism (48), but on the other hand the measurements are believed to reflect the 
distribution in relation to alveoli (47). 

MAGNETIC RESONANCE IMAGING (MRI)
Magnetic resonance imaging (MRI) has been used to depict local lung perfusion and lung density. 
As the method is not based on ionizing radiation it is harmless and very suitable for repeated 
measurements in humans. Vascular anatomy can be imaged and flow in the larger vessels measured 
with “phase-contrast imaging” (49,50). Imaging of the parenchyma has some inherent problems, 
especially the “susceptibility artifact” which result in signal loss produced by the proximity 
between areas with different magnetic properties, here vessels and air (51). There is also a non-
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linear relation between the concentration of contrast agents and signal, which can cause problems 
in measurements of local perfusion (52).  This problem can be solved with the “spin labeling” or 
“arterial spin labeling” technique (53-57).

The ventilation is not visible with conventional MRI but can be demonstrated with direct 
imaging of hyperpolarized noble gases (129Xe and 3He) (58,59). Attempts have been made to 
combine technologies into simultaneous or almost simultaneous ventilation and perfusion 
imaging with MRI (60). A cheaper method is indirect imaging of ventilation through the effects 
on the local magnetic properties from the inhalation of pure oxygen (61). This, however, requires 
repeated measurements and effects from the oxygen on the distribution of ventilation cannot be 
excluded. Attempts to study the distribution of lung water and to estimate local pleural pressure 
with MRI has also been made (62). Common to all MRI studies of the lungs are that they are 
limited to the conditions in the recumbent position in the MRI camera. 

POSITRON EMISSION TOMOGRAPHY (PET)
This technology, like single photon emission tomography (SPECT), is based on 3D depiction of 
radioisotopes within the lungs. In PET, isotopes emitting positrons (positively charged electrons) 
are used. When a positron is emitted from the decaying radioisotope, it soon encounters a 
negatively charged electron. When this happens, both are annihilated and the mass is transformed 
into energy in the form of two photons (37).  The energy of these two photons is 511 keV and 
they are emitted at an angle of almost exactly 180O. A ring of detectors registers these photons 
and as they are detected simultaneously the location of the annihilation event can be determined. 
The positron travels only a short distance before it encounters an electron and gets annihilated 
and, thus, the position of the annihilation serves as a good estimation of the location of original 
decay of the isotope (37). As the energy of the photons are always 511 keV independent of what 
radioisotope that originally produced the positron, simultaneous V and Q imaging cannot be 
made. By dynamic studies of the turnover of 13N (63,64) in the lungs a number of parameters, 
including local ventilation, perfusion and V/Q matching can be calculated but only in recumbent 
position. 15O labeled water can be used for estimation of regional Q, local blood volume and 
water content (65).

COMPUTED TOMOGRAPHY (CT)
From axial reconstructions of repeated measurement of the radio density a 2D image of a slice 
in the thorax can be calculated by this technology. If a bolus of radio dense contrast medium is 
injected in the bloodstream, followed by repeated 2D images, regional perfusion in that slice 
can be calculated with accuracy (66). Ventilation cannot be measured with CT but regional lung 
aeration could be used as an alternative.  

ELECTRIC IMPEDANCE TOMOGRAPHY (EIT)
This new imaging method is based on measurements of the resistances between several measuring 
sites that are placed round the chest (67). From this, a coarse map of the local electric impedance 
in a section of the chest can be made and air content, pleural fluid, atelektasis can be monitored. 
The images exhibit a low special resolution and measurements are only semiquantitative. The 
method is harmless and the equipment can be attached to a patient for a long period without 
causing any inconvenience, which makes it suitable for continuous measurements in intensive 
care patients. 
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SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY (SPECT)

An overview over radioisotopes commonly used for SPECT, their characteristics and usual 
applications are presented in table 3.

Table 3. Example of radioisotopes used as tracers in SPECT imaging of the lungs.

Radio-nuclide Half-life Energy Imaging application

99mTc 6 h 140 keV Labeling of albumin microspheres for regional 
perfusion 99mTc-DTPA aerosol or Technegas for 
regional of ventilation

113Xe 5.3 days 81 keV Steady state for alveolar volume, washout for regional 
ventilation

81mKr 13 sec 190 keV Inhalation for regional ventilation, i.v. infusion for 
regional perfusion

113mIn 100 min 392 keV Labeling of albumin macro aggregates or technegas 
for perfusion

SPECT is based on transforming multiple planar images into a three dimensional 
reconstruction.  The photons from gamma ray emitting radioisotopes are detected with one or a 
number of planar detectors, which are rotated round the individual examined. The radioisotopes 
(Table 3) are usually attached to a carrier (ligand) and the compound is called a radiopharmaceutical 
(68). A number of radioisotopes can be utilized but few are practical and cost effective. The most 
commonly used isotope is 99mTc (69), which is produced in a 99Mo/99mTc-generator. This technique 
makes the tracer always available at the laboratory. The tracers are, hereby, comparably 
inexpensive and the half-life of 6 hours makes them easy to handle while a disadvantage is the 
exposure to ionizing radiation. Positive is the fact that the injected microparticles and inhaled 
particles or aerosol remains fairly stable in the lungs after being fixed (30,70,71). Hereby, the 
SPECT images reflect the conditions at administration. The distribution of V,Q and V/Q during 
conditions other than the ones in the SPECT camera can thus be imaged, e.g. Q distribution 
during hypergravity (72) and V,Q and V/Q distribution in upright (73).  Another possibility is 
subtraction or dual isotope techniques that enable direct visualization of the changes in V or Q 
distribution between two conditions in the same individual.   

CURRENT KNOWLEDGE ON REGIONAL V, Q AND V/Q DISTRIBUTION IN 
THE LUNG
General definitions
Local ventilation (V) refers to the amount of air that enters a volume of lung during a limited 
time frame and perfusion (Q) to the amount of pulmonary blood flow entering a volume 
during a time period. In this thesis, every image voxel represents a fraction of the total V or Q 
in the lung. V/Q can be calculated as the quotient of the relative V and Q in a larger volume of 
interest (VOI) as in study II, or local V/Q in a VOI can be defined as the mean of pixel wise 
calculated V/Q values as in Study IV and V. There is some confusion in the literature as local 
V,Q and V/Q some times have been defined as distribution per unit lung tissue and sometimes 
related to a volume in the chest. With the latter definition, the posture at registration will 
influence the results.   
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Dead space is described ventilation not contributeting to gas exchange. This can be divided 
into anatomical dead space from gas in the airways and “alveolar dead space” which is caused by 
variations in alveolar V/Q matching (1). Shunt, or venous admixture is defined as the fraction 
of venous blood passing to the arterial side without being oxygenated. It consists of “true shunt”, 
blood that have not at all been in contact with the inhaled air, but also of blood that have passed 
alveoli with low V/Q values. The two causes of impaired gas exchange can be separated by 
studying the how arterial blood oxygenation reacts to increase the fraction of inhaled oxygen (1). 
Heterogeneity for V,Q or V/Q can be defined as the sum of squares of the deviation from the 
mean pixel value in the entire lungs or in each isogravitational plane.   

Factors influencing regional  V distribution
The posture is considered to influences distribution of ventilation. In awake humans, at ordinary 
respiration rates, dependent parts of the lungs are more ventilated than the non-dependent part. This 
is true in lateral, supine and erect positions where lowest parts are most ventilated (1). In prone, 
there is no consensus on the distribution of ventilation in awake humans. Some authors claim a 
more ventral, dependent (31,74-76) and some claim a more uniform or dorsal, non-dependent 
dominance of the lung ventilation (77,78). Rapid inhalation makes the ventilation more uniform 
(1). Anesthesia, both with spontaneous breathing and during mechanical ventilation are by some 
believed to reverse the distribution of regional ventilation so that non dependent parts are more 
ventilated both supine and in lateral position (1). A more dependent distribution of ventilation 
has been explained by less expanded alveoli in dependent parts at functional residual capacity, 
believed to be due to a vertical gradient in pleural pressure (79) and compression from the heart 
(80). Alveoli are more compliant when less expanded and thus receive a larger fraction of inhaled 
gas. The reason for the gradient in pleural pressure is not clear, but the weight of the lungs seems 
to be of importance (80). The effect is most obvious in erect posture, were apical alveoli tends 
to be more expanded, but the concept has been applied to other postures (3,80). In prone, the 
vertical gradient in pleural pressure seems to be smaller (62), and this might be explained by 
the anatomy, e.g. shape and compliance of the chest wall (80) or compression from the heart in 
supine (81). The regional distribution of V is also influenced by changes in end expiratory lung 
volumes, tidal volumes and mechanical ventilation. The relative effect may also be changed by 
posture (31,39,82-84). There are reports of heterogeneity of V that can not be entirely explained 
by the factors mentioned above (85). Factors influencing regional ventilation seem to be mainly 
of a “passive, mechanical” nature and the author has not been able to find any reports of active 
mechanisms altering the relative distribution of V in the lungs. 

Factors influencing regional Q distribution

Gravity
It has for a long time been an accepted truth that gravity is the dominating factor determining 
the regional distribution of Q. This originates from West and collaborators who proposed 
in the 60:ies a model of up to 4 zones of pulmonary blood flow along the gravitational axis 
(3,4,28,38). An outline of this theory is presented in table 4. 
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Table 4. The West model of the influence from gravity on lung perfusion.

Pressure difference driving
the blood flow Resulting blood flow

Zone 1 Alveolar > Arterial No flow in the pulmonary arteries 

Zone 2 Arterial  > Alveolar Gradually increasing flow along the direction of
gravity Zone 3 Arterial  > Venous

Zone 4 Arterial > Tissue Decreasing flow in most dependent parts

The Zone 1 is the highest, most non-dependent and Zone 4 the lowest, most dependent. 
The underlying idea is that regional blood flow is governed by the balance between pressure 
in the lung arteries, pressure in alveolar air and pressure in the lung veins. Zone 1 is seldom 
present at normal conditions in recumbent. In this zone, the intra alveolar air pressure is higher 
than the pressure in the pulmonary artery which inhibits local perfusion. These conditions may 
appear in the uppermost parts of the lungs in erect position. Zone 2 covers most of the lungs and 
here the flow is governed by the difference between the pressure in the pulmonary arteries and 
the pressure of the gas in the alveoli. As the gas pressure is the same in all parts of the lungs and 
arterial pressure gradually increases, down this zone, the net result is a gradual increase in Q 
towards lower parts of this zone. In Zone 3 the flow is determined by the differences in pressure 
between pulmonary arteries and veins, this difference also increases down the direction of 
gravity and hereby Q. Sometimes, a decreased blood flow is seen in the most dependent parts 
of the lungs and this is called Zone 4. Here, from the weight of the lung, the pressure of the 
surrounding lung tissue is larger than the pressure in the veins. The force driving the blood flow 
is the arterial pressure minus the tissue pressure which results in a decreased Q in the most 
dependent parts (38). 

Hypoxic pulmonary vasoconstriction
In the systemic circulation vessels dilate in response to tissue hypoxia. The opposite occurs in 
the pulmonary vessels, which constrict in response to both low PO2 in the pulmonary artery 
and to low PO2 in the alveoli, the latter stimuli being the most potent (17). The response is non 
linear and strongest if the oxygen levels are very low. The mechanism is beneficial as it diverts 
pulmonary blood flow away from lung portions with low ventilation and thus helps to optimize 
V/Q relationships (17). It is doubtful if this mechanism is active during normoxia (86) but it 
is important in the fetus because it diverts blood flow from the unventilated lungs. This reflex 
mainly affects arterioles of 30-200 µm in diameter. An onset of constriction within 5 minutes of 
local hypoxia is seen. In vitro and in animal studies have shown that this is followed by relaxation 
and thereafter a second vasoconstriction after 40 minutes (17).

Cardiac output and lung inflation
In the absence of pathologic conditions the blood flow through the pulmonary circulation is 
approximately equal to that in the systemic circulation. Pulmonary circulation can adapt to a large 
increases in blood flow with only a small increases in pulmonary arterial pressure. The reason 
is a simultaneous decrease in vascular resistance which is believed to be an effect from passive 
distention, and recruitment of lung vessels (17). It is suggested that this effect is most pronounced 
in Zone 1 which may imply a less dependent Q distribution with higher cardiac output but this 
has, to my knowledge, not been proven. Lung inflation influences resistance in the pulmonary 
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vessels. At FRC the resistance is minimal and increases at both higher and lower lung volumes, 
this being most pronounced at high lung volumes (17). During CPAP, both lung volumes and the 
intra alveolar pressure increase which might increase resistance in non-dependent lung vessels 
more than in dependent vessels. This may result in a redistribution of Q to dependent parts of the 
lungs during CPAP (17). 

Neural control of  pulmonary perfusion
Transplanted lungs retain hypoxic pulmonary vasoconstriction which implies that this reflex is not 
nerve mediated. Adrenergic – sympathetic nerves, originating from the first five thoracic nerves, 
follows the pulmonary vessel and act on smooth muscles in arteries and arterioles down to 60 µm 
in diameter. Both α1 receptors, mediating constriction and α2 and β2 receptors mediating relaxation 
and dilatation are present in the vessel walls. The net effect from sympathetic stimulation seems 
to be a slight constriction and increase in resistance in the pulmonary vascular circulation, less 
pronounced than in the systemic circulation. Cholinergic – parasympathetic nerves from the vagus 
nerve release acetylcholine (ACh). Via effects on the endothelium and subsequent release of NO 
this leads to vasodilatation, but the significance of cholinergic nerves in the lungs is unclear 
(17).    

Humural control and cellular mechanisms controlling pulmonary vascular tone
The most studied substances affecting the vascular resistance of the lungs are listed in Table 5. 
There are several types of receptors, with sometimes opposing effects on both endothelial and 
smooth muscle cells of the pulmonary vasculature why the effect on vascular resistance from 
a substance is difficult to predict. Some of the effects are dependent on a preserved endothelial 
lining and it seems that NO is a common pathway for producing vascular relaxation from a 
variety of stimuli. Many have only been studied in vitro or in animals why there role in humans 
is unclear (17). There are no reports, to my knowledge, on local difference implying that any of 
these substances could cause regional redistribution of pulmonary blood flow. 

Table 5. Effect of substances on flow in the pulmonary circulation. ↑=increased flow, 
↓=decreased flow. Receptor in parenthesis. Modified from reference 17. 

Substance Effect
Noradrenalin ↓ (α1),  ↑  (α2)
Adrenaline ↑
Acetylcholine ↑
Histamine Variable (H1), ↑ (H2)
5-Hydroxytryptamine (5HT) Variable
Adenosine triphosphate (ATP) ↓ (P2x),  ↑  (P2y)
Adenosine ↓ (A1),  ↑  (A2)

2y
(A2)

2y

Tromboxane A2 ↓
Prostacycklin (PGI2) ↑
Substans P ↑
Neurokinin A ↓
Vasoactive intestinal peptide (VIP) ↑
Angiotensin ↓
Atrial natriuretic peptide (ANP) ↑
Bradykinin ↑
Endothelin ↓ (ETA(ETA(ET ),  ↑  (ETB)
Adrenomedullin ↑
VasopressinVasopressin ↑↑
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Nitric oxide (NO)
Nitric oxide, also called nitric monoxide, is a small molecule the readily passes through membranes. 
It has a molecular weight of 30 Dalton (87). NO is produced through the oxidation of L-arginine 
to citrullune, catalyzed by NO-synthase (NOS) (88, 89). There are three known forms of NOS: 
nNOS only found in neural tissue, eNOS found in vascular endothelium and iNOS (inducible 
NOS in macrophages, neutrophiles and smooth muscle cells). The two former enzymes depend 
on the presence of Ca2+ ions and calcium modulated protein and the last enzyme is sometimes 
called Ca2+ independent NOS (90). NO can also be produced non-enzymatically during ischemia 
but the pathway is not clear (91). 

The mechanism of induced vascular relaxation in the pulmonary circulation through the 
NO pathway is initiated by endothelial cell stimulation via a receptor which leads to an increase 
in intracellular Ca2+. This activates NOS which promotes the conversion of L-arginine to one 
molecule of L-citrulline and one NO molecule. NO is mainly produced locally in the endothelium 
and its effect is pre capillary dilatation (92). As NO rapidly binds to hemoglobin it is inactivated 
before reaching the systemic circulation (93). The NO molecule diffuses freely over to the 
neighboring smooth muscle cell where NO activates guanelate cyclase. 
This enzyme converts GTP to cGMP which decrease intracellular Ca2+ levels causing relaxation 
of the smooth muscles via enzyme activation (17). CGMP also directly causes smooth relaxation 
through Ca2+–desensitization of myofilaments (94). Increased levels of Ca2+–desensitization of myofilaments (94). Increased levels of Ca2+ 2+ in the smooth muscles, 
on the contrary, induce contraction by Ca2+ activating myosin light chain kinase by forming 
complex enabling interaction with actine and by binding with caldesmon which is detached from 
muscle filament and makes them available for sliding (94). 

Humans and other higher primates release NO from the nasal cavity and paranasal sinuses 
which is conveyed to the lungs with the inhaled air (95-97). This autoinhalation of endogenous 
NO from the nasal airways has been shown to improve arterial oxygenation and reduce pulmonary 
vascular resistance (95), but it has no direct influence on the systemic circulation (93). The 
importance of NO in the respiratory system is well studied (98) and exogenous NO added to the 
inhaled air has been extensively used in clinical practice to reduce pulmonary hypertension and 
improves gas exchange in intensive care patients (99).

The function of NO in the pulmonary circulation can be studied indirectly by blocking NOS 
and thereby the endogenous production. Synthesis of NO can be partially blocked by competitive 
inhibitors to the substrate L-Arginine. L-NG-monomethyl-L-arginine (L-NMMA), a non selective 
inhibitor, can be used for this purpose (88). 

Branching architecture of the vessels 
With the introduction of high resolution techniques like fluorescent microspheres a heterogeneity of 
blood flow, not explained by gravity, has been observed (40,41,100). A considerable heterogeneity 
of pulmonary blood flow remains during weightless conditions (101,102). A similar heterogeneity 
in regional ventilation distribution (103) has been seen, but matching between perfusion and 
ventilation seem to remain tight (104,105). This has led to a theory that the vascular structure is 
the most important determinant of regional blood flow distribution (106). 

Drug effects on the pulmonary circulation 
Pulmonary hypertension is a common complication to chronic hypoxia from a variety of lung 
diseases. This often leads to right sided heart failure, which can be fatal. Despite a wide range 
of receptor-agonist systems in the pulmonary vascular systems, there are few effective drugs 
regulating the pulmonary circulation (17). One reason for the limited therapeutic arsenal is the 
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unspecific nature of many receptors and that the drugs often have adversary effects on the systemic 
circulation. Another reason is that pulmonary vasodilatators reduce the hypoxic pulmonary 
vasoconstriction which is the main mechanism for compensating for poor respiratory function at 
respiratory disease. This can sometimes be avoided by delivering drugs by inhalation (17).

INHALED DRUGS
Inhaled NO has been used as a selective pulmonary vasodilatator and no systemic effects are seen 
as it is rapidly inactivated. It also improves V/Q matching since it stimulates blood flow to well 
ventilated areas of the lungs. In combination with oxygen NO is, however, rapidly oxidized to 
NO2 which reacts with water to injurious nitric and nitrous acids which can result in pneumoitis 
and pulmonary edema, limiting the concentrations of NO that can be used. In addition, rebound 
phenomenon, with increased pulmonary arterial pressure, can occur if NO treatment is withdrawn 
rapidly (17). Prostacyclin i.v. has been used to reduce pulmonary pressure but causes significant 
adverse effects from the systemic circulation, which can be avoided by inhalation administration 
(17). 

SYSTEMIC DRUGS
Angiotensin-converting enzyme inhibitors reduce pulmonary vascular resistance during long time 
treatment. Angiotensin II receptor antagonists can be used for more rapid reduction in pulmonary 
artery pressure without detriment in oxygen saturation (17). Phosphodiesterase inhibitors can 
inhibit breakdown of cAMP and cGMP and, thus, reduce intracellular Ca2+ with consequent 
relaxation of smooth muscles and reduced pulmonary hypertension (17). Calcium antagonists can 
reduce secondary pulmonary hypertension but may produce right heart failure due to its negative 
inotropic effect. Oxygen saturation may also drop as a result of negative effect on the hypoxic 
pulmonary vasoconstriction reflex. These two side effects limit the dose that can be administered 
(17). Endothelin receptor antagonists compete with endothelin on the A and B receptors, thus 
counteracting the constrictive effect and reduce pressure in the vascular circulation but the drugs are 
quite new and not fully studied (17). Anesthesia, especially with inhalation anesthetics, increases 
the alveolar-arterial oxygen tension difference, and the underlying mechanism is believed to be 
an increase in V/Q variability. The effect may be related to atelectasis formation (107). Formation 
of atelectasis are considered to secondary to a decrease in FRC (108,109,110) and the use of 
high concentrations of oxygen in inhaled air (39). Inhalation anesthetic agents decrease the force 
of the respiratory musculature (110), but the direct effect on the pulmonary circulation is more 
unclear. There are studies suggesting a vasodilatory effect through an inhibition of the hypoxic 
pulmonary vasoconstriction reflex (111) but also a direct vasoconstriction (112). 

Factors influencing V/Q matching
Ideally, all inhaled air would meet the blood flowing through the lungs in each alveolus in equal 
proportions, but this is not the case. Part of the air does not get in contact with the bloodstream 
(dead space) and part of the blood does not get in contact with the air (venous admixture or 
shunt) (1). During normal conditions, in young people, dead space is around 30% of the inhaled 
air and venous admixture 1-2% but these fractions can increase significantly during disease, e.g. 
ALI/ARDS (1).  Both ventilation and perfusion show a dependent dominance in upright, prone 
and supine postures, why V/Q matching is less affected by posture than each factor separately.  
Increase in dead space, increased venous admixture or shunt and increased heterogeneity in 
alveolar V/Q matching contribute to impaired gas exchange.  As there is a high correlation 
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between alveolar ventilation and perfusion (3) there must be mechanisms coordinating the 
two. There is one known mechanism, the hypoxic pulmonary vasoconstriction (17), but as it is 
doubtful if this reflex is active during normal levels of oxygen in the inhaled air (87) also other 
mechanisms must be expected.

ALI/ARDS

In modern intensive care, pulmonary complications are common and show a high mortality 
rate. Severe complications such as ALI and ARDS cause death in over 40% of patients (113-
117) and mortality has not decreased significantly in recent years (118). Treatment with high 
concentration of O2 and high ventilator pressures has other adverse effects (119,120). In 1976 
and 1977 two articles reported positive effects from treating patients with acute respiratory 
failure in prone position (6,7), but the method did not became widespread. In the late 1980:ies 
and in the 1990:ies the interest for this method was renewed, and the effects were confirmed by 
other studies (8-12). The physiologic background to this effect was, however, unclear. During 
the same period, the established truth, that gravity is the dominating factor influencing the local 
distribution of pulmonary blood flow (25,28,74,121,122) was coming under debate (40,41). The 
observation that vascular conductance is higher in the dorso-caudal lung regions irrespective 
of body posture (46) strengthened the concept that factors other than gravity are important for 
the understanding of the local distribution of lung perfusion. There are now several studies 
supporting that perfusion is more uniform (1,123) and that V/Q matching is better (124,125) in 
prone. The basic mechanism is still, however, unknown. 

The syndrome of ARDS was described in 1967 (126). As it shows features similar to Infant 
Respiratory Distress Syndrome it was named Adult Respiratory Distress Syndrome (ARDS). 
Current recommendations are however that “Adult” should be replaced with “Acute”. Synonym 
names for the syndromes that have been used are: acute respiratory failure, shock lung, pump 
lung and Da Nang lung. Acute Lung Injury (ALI) is used for milder forms of same condition 
(127). ALI/ARDS describes a characteristic form of lung disease but the severity covers a wide 
range, from mild dyspnoea to terminal lung failure. There has previously been some confusion on 
the definitions of ALI and ARDS but a consensus has now been reached that is widely accepted 
(114). 

The diagnosis of ALI requires the following criteria:
1. Acute onset of symptoms.   
2. Alveolar (Pao2) to inhaled (FIo2) O2 concentration ratio ≤ 300 mmHg.
3. Bilateral diffuse infiltrations on chest X-ray. 
4. Pulmonary artery wedge pressure ≤ 18mmHg (to exclude other causes).

The definition of ARDS is the same except that hypoxia is worse, Pao2 /FIo2  ratio ≤ 200 mmHg. 
The incidence of ARDS reported differs greatly between studies and has been estimated to be 
between 1.5 and 88.6 per year per 100,000 population (128). Most studies show an overall 
mortality over 40% (113-117,129). 

A division of the patients with ALI/ARDS syndrome in two groups based on the cause 
has been proposed (130). As the two groups caused by “direct lung injury” and “indirect lung 
injury” differ in pathological mechanisms, appearance on radiological examinations, respiratory 
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mechanical abnormalities and response to ventilatory strategies they might be considered 
separately. The most common “direct” causes are pneumonia and aspiration of gastric content and 
the most common “indirect” causes are sepsis, severe trauma and multiple blood transfusions. 

Computed tomography (CT) of the lungs during ARDS show opacities representing 
collapsed areas distributed throughout the lungs with predominance for dependent regions. In 
supine they are dorsal but in prone these consolidations moves to the ventral, now dependent 
regions, within minutes. Often a shunt of >40% is seen, why increased FIO2 cannot produce 
normal PO2. Sometimes, regions of overdistended lung tissue contribute to increased dead space, 
and dead space in ARDS patients may exceed 70%. An other characteristic of ALI/ARDS is 
increase resistance to inspired air, measured as a reduction in compliance. The compliance of the 
lung itself is reduced in patients with intrinsic lung disease while reduced chest wall compliance is 
the main cause of reduced compliance seen in patients with extrapulmonary induced ALI/ARDS. 
The resistance to air flow in ARDS is about three times as high as in anesthetized patients with 
normal lungs. Functional residual capacity is reduced from the collapsed lung areas and increased 
elastic recoil and alveolar-capillary permeability is substantially increased (127). 
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AIMS OF THE THESIS

General aim: To investigate factors that might influence V,Q and V/Q distributions and blood 
oxygenation. 

Specific aims were to find out if:

• regional Q distribution in normal breathing healthy volunteers differ between supine 
and prone posture (Study I)

• CPAP influences regional V and Q distributions in prone and supine posture in 
healthy volunteers (Study I, II)

• V/Q matching is better in prone than supine position during general anesthesia and 
mechanical ventilation in healthy volunteers (Study IV)

• endothelial NO contributes to the observed differences in Q distribution between 
ventral and dorsal parts of the lungs (Study III)

• endogenous, paranasal NO release in humans effect Q distribution (Study VI)

• inhalation anesthesia, in spontaneous breathing humans, increase V/Q mismatch 
(Study V)
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MATERIAL AND METHODS

SUBJECTS AND PATIENTS
Altogether, sixty-seven healthy volunteers and twenty-one patients were included in this thesis. The 
healthy volunteers were all non-smokers and without any history of pulmonary or cardiovascular 
disease. The mean age and weight at group level for each study, are presented in table 6. Biopsy 
samples from ventral and dorsal regions of the lungs in 21 patients (9m,12f) scheduled for lung 
surgery were analyzed in Study III. Average age at the time for biopsy was 69 years (range 
41-92). All subjects and patients were informed about the procedure and risk associated with 
the investigation and informed consent was obtained. The local ethical committee approved all 
studies. 

Table 6. Overview of the healthy volunteers participating in the studies included in this thesis. 
Study Number Male-female Mean age years (range) Mean weight kg (range)

I 10 5 m 5f 39 (24-57) 68 (55-85)
II 16 7m 9f 29 (22-54) 67 (61-80)
III 9 5m 4f 31 (25-48) 70 (59-80)
IV 7 3m 4f 31 (26-39) 70 (57-91)
V 10 5m 5f 25 (20-34) 68 (58-81)
VI 15 8m 7k 29 (20-55) 66 (52-88)

Total: 67 33m 34f 30 (20-57) 68 (52-91)

RADIOPHARMACEUTICALS
Macroaggregates of human albumin (LyoMAA) (TechneScan LyoMAA, Mallickrodt Medica, 
Petten, The Netherlands) were used to depict regional Q in all studies. In Studies I, II, III and 
VI LyoMAA was labeled with technetium-99m (99mTc) and in Studies IV,V and VI with indium-
113m  (113mIn).  In Study VI both radionuclides were used to depict the regional Q. As tracer for 
V an aerosol of water and 99mTc-labeled diethylenetriamine pentaacetic acid (DTPA) was used in 
Study II and 99mTc-Technegas aerosol (Tetley Manufacturing Ltd., Sydney, Australia) was used 
in Studies V, IV and V (Table 8).  The maximum allowed administered activities by the local 
radiation protection committee for each study are presented in table 7. The subjects in all studies 
were estimated to receive an effective radiation dose less than 5 mSv. 

Table 7. Radionuclides, activity levels and SPECT techniques used in this thesis.
99mTc = meta stable technetium, 113mIn = meta stable indium, MBq = megabecquerel. 
Study Q (1st injection) Q (2nd injection) V SPECT Technique

I 50MBq 99mTc 100MBq 99m Tc - Subtraction

II 70MBq 99m Tc - 30 MBq 99m Tc Subtraction

III 50MBq 99mTc 100MBq 99mTc - Subtraction

IV 50MBq 113mIn - 50MBq 99m Tc Dual energy

V 50MBq 113mIn - 50MBq 99m Tc Dual energy

VI 50MBq 113mIn 50MBq 99mTc - Dual energy
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IMAGING TECHNIQUE
SPECT was used in all imaging studies and were made with a three-headed Triad XLT 
gamma camera (Trionix, Twinsburg, OH, USA). A matrix size of 128x128 giving a voxel size 
of 3.6 mm3 was used through out the studies. Filtered back projection was used for image 
reconstruction.   In Studies I and III the same radionuclide (99mTc) was used to trace two 
different conditions and in Study II to trace V and Q. Hence, two consecutive SPECT scan 
were acquired using low energy high-resolution collimators. The first SPECT scan corresponds 
to the Q distribution during the first condition (Studies I, III), or V distribution (Study II) and 
the second representing the combined effect of the Q distributions during the first and second 
condition, (Studies I, III) or V and Q distributions (Study II). The first SPECT scan was then 
pixel-wise subtracted from the second SPECT in order to obtain a new set of images without 
the influence from the activity in the first SPECT. In Studies IV, V and VI the photon emission 
data was simultaneously registered for 99m Tc and 113m In using medium energy general-purpose 
collimators and a four-energy windows technique. Two windows, centered at 140 keV and 392 
keV, were used to register the primary emission photons from 99mTc and 113mIn, respectively. Two 
secondary windows, placed just below each of the primary window, were used to registered 
scattered photons. After registration of emission images, a 15 min transmission scan was made 
with a 99mTc filled line source. These images were used for attenuation correction of the emission 
images and as anatomical reference (51). Table 7 summarizes the different radionuclides and 
SPECT techniques used in this thesis.

ANESTHESIA
In study IV an intravenous catheter was first inserted into a peripheral vein. Monitoring equipment 
was attached and anesthesia was induced by i.v. injection of 200 mg propofol, followed by an 
infusion of propofol, at a rate of 8 mg . kg-1. h-1. Endotracheal intubation was carried out in supine 
position after establishing muscle relaxation by i.v. injection of Rocuronium Bromide 0.6 mg
. kg body weight-1. Alfentanil was used for analgesia. The subjects were then connected to a 
Servo 900C ventilator (Siemens-Elema, Stockholm, Sweden) set in a volume controlled mode. 
A PEEP of 3-4 cm H2O was applied. Thereafter muscle relaxation was reversed and anesthesia 
terminated. 
In study V anesthesia was induced by inhalation of sevoflurane at a concentration of 2.3% until a 
minimum alveolar concentration of sevoflurane of approximately 1 was reached and spontaneous 
breathing was preserved though out the experiment. The subject was returned to consciousness 
before the SPECT. In both studies (IV,V), standard monitoring equipment was used during the 
anesthesia in both studies. 

EXPERIMENT SETUPS
All imaging studies were performed with SPECT. If repeated experiments with radiotracers were 
performed, at least 2 days elapsed between the experiments to avoid interference from remaining 
activity and the order was randomized. When examined in prone, supports were put under the 
upper thorax and the pelvis to allow for free movement of the chest.  The subjects fasted for 6 
h before the experiment in Studies IV and V. An overview of breathing patterns, postures and 
interventions are presented in table 8.
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Table 8.  Overview of the experiments in this thesis.                                                                                                               
Study Anesthesia Breathing pattern Position at 

administration
Position at 
registration

Factors 
studied

I None All with and without 
CPAP Prone/supine Supine Posture

II None Half with and half 
without CPAP Prone/supine Prone/Supine Posture and 

CPAP
III None Spontaneous Prone/supine Supine L-NMMA

IV Propofol iv 
+ infusion 

Mechanical ventilation 
with PEEP Prone/supine Supine Posture

V Inhalation 
Sevoflurane Spontaneous Supine Supine Inhalation 

anesthesia

VI None Nasal or oral breathing Upright Supine
Breathing 
pattern or 

exogenous NO

Study I, comparing Q distribution between prone and supine 
Two sessions were used, one with CPAP breathing (n=9) and one with normal breathing (n=8). 
The subject was first positioned in prone on the gamma camera couch, with or without a mask 
with 10 cmH20 CPAP. In that position 99mTc-labeled LyoMAA was injected through a vein 
catheter in the right arm. After the injection was completed the subject turned supine and a 
SPECT acquisition was made. In unaltered supine position a second injection of 99mTc-labeled 
LyoMAA was injected through the same catheter and a second SPECT acquisition was made 
(Fig. 1).

Figure 1.

Study II, comparing V,Q and V/Q distribution  between CPAP and normal 
breathing in  prone and supine posture
Half of the subjects (n=8) were examined during normal breathing in prone and supine at two 
different occasions in a randomized order. An inhalation of a 99mTc aerosol was given through a 
tight fitting mask and a first SPECT acquisition was made. Thereafter, 99mTc-labeled LyoMAA 
was injected intravenously and a second SPECT acquisition was made. The subject remained 
in a fixed position though out the experiment. The other half of the subjects (n=8) were also 
studied in prone and supine but at both occasions with 10 cmH2O CPAP through a tight fitting 
mask during the experiment (Fig. 2). 

Material and methods
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Figure 2

Study III, comparing the activity of NO between ventral and dorsal parts of the 
lungs and studying the effect from endothelial NO on Q distribution 
Patients: Biopsy samples were taken in situ in the operating theatre from the ventral and the 
dorsal regions of the lower lob (n=21). Sample was taken from areas judged as normal and 
were frozen within 1 minute in liquid nitrogen. In 13 of the 21 patients total RNA was isolated 
using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and quantified by spectrophotometry. 
2 mg of total RNA was used for cDNA synthesis and approximately 50 ng of cDNA real time 
polymerase chain reaction using primers probes. The cDNA was analyzed in duplicate and 
polymerase chain reaction amplification. The eNOS mRNA expression was quantified in 
relation to the expression of mRNA of β-actin. Further, the activity of NOS was assed in all 
the 21 samples by the conversion of L-(U-C14) arginine to L-(U-C14) citrulline. To differentiate 
between Ca2+ dependent and independent activity the analysis was performed both with and 
without the presence of a calcium chelator.

Volunteers:  The subjects (n=9) were examined at two different occasions, prone or supine. 
When studied prone, the subject was positioned on the gamma camera couch and remained 
in a fixed position throughout the experiment. First 99mTc-labeled LyoMAA was injected 
intravenously to label Q, and a first SPECT acquisition was made. Thereafter endogenous NO 
production of was blocked by an infusion of N0-monomethyl-L-arginine (L-NMMA, ClinAlfa, 
Laufelfingen, Switzerland). 2.4 mg kg-1 body weight min-1 was infused during 5 minutes 
followed by 0.1 mg kg-1 body weight min-1 during 60 minutes. Thereafter a second SPECT 
acquisition was performed. After a second injection of 99mTc-labeled LyoMAA a third, final, 
SPECT acquisition was done (Fig.3). 

Figure 3
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Study IV, comparing V,Q and V/Q distributions between prone and supine 
during general anesthesia and mechanical ventilation
The volunteers (n=7) were examined during general anesthesia and mechanical ventilation 
at two different occasions, one aimed at V,Q and V/Q distributions in prone and the other at 
distributions in supine. The radiopharmaceuticals were administered in prone or supine but 
SPECT was always performed in supine. After anesthesia the subject was placed either in 
prone or supine on the gamma camera couch and a recruitment maneuver with 30 cm H2O, 
sustained for 30 s was performed. After 10 minutes, 99mTc-labeled Technegas was added to 
the inhaled gas. Simultaneously, 113mIn-labelled LyoMAA was injected intravenously. If the 
radiopharmaceuticals were administered in prone the subject was turned supine, otherwise the 
volunteer remained in the same position. After a second recruitment maneuver, similar to the 
previous, a SPECT acquisition was made (Fig 4).   

   Figure 4

Study V, comparing V,Q and V/Q distributins between awake and during 
inhalationanesthesia in supine
Volunteers (n=10) were studied at two occasions, once awake and once during inhalation 
anesthesia. After the anesthesia was established 113mIn-labeled LyoMAA was injected and 
simultaneously 99mTc-labeled Technegas was added to the inhaled gas. After administration of 
radiopharmaceuticals the subject was returned to consciousness and a SPECT acquisition was 
performed (Fig 5).   

      Figure 5.

Study VI, studying the effect of  NO from the nasal airways on Q distribution in 
upright position
The radiopharmaceuticals were administered in sitting position, but SPECT acquisition was 
made in supine. The subjects were divided into three groups. In the experimental group (n=7) 
the subjects began, in the sitting upright position, with a controlled 20-min oral breathing of 
humidified NO-free air (AGA Gas AB, Stockholm, Sweden), which was followed by intravenous 
administration of LyoMAA labeled with one of the tracers (99mTc or 113mIn). Ten minutes later 
the subjects switched to controlled nasal breathing of humidified NO-free air, inhaling through 
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the nose and exhaling through the mouth during 10 min. At the end of this period the second 
tracer was administered and SPECT was performed. The order of the tracers was randomized.

In one of the control groups (n=3) 99mTc and 113mIn labeled LyoMAA were injected 
simultaneously during normal, regular, breathing followed by a SPECT.  In the other control group 
(n=4) the subjects began, in the sitting upright position, with a controlled 20-min oral breathing of 
humidified NO-free air, which was followed by intravenous administration of LyoMAA labeled 
with one of the tracers. Ten minutes later the subjects switched to oral breathing of a mixture 
of humidified NO free air mixed with exogenous NO (AGA Gas AB, Stockholm, Sweden) to a 
final concentration of approximately 150 ppb. The subjects inhaled the exogenous NO from a 25 

L Douglas bag, through the mouth via a mouthpiece and exhaled through the nose. Thereafter 
LyoMAA labeled with the other tracer was injected and the SPECT was performed (Fig 6). 

Figure 6

DATA ANALYSIS
Image quantification
In Study I, II and III the activity distribution in volumes of interest (VOI’s), from the anterior 
to posterior border, in the right lung were evaluated. The activity in these was normalized so that 
the total activity in the VOI was considered to be 100%. The VOI were subsequently divided in 
to two (Study III) or three (Study I, II) equal volumes, in the anterior to posterior direction. The 
activity in each part was considered to represent the relative Q or V and presented as percent of 
the activity in the entire VOI. The anterior and posterior borders of the VOI’s, equal to the outer 
borders of the lungs, were defined as the intersection between the mean values in a 128 pixel 
long profile with the actual activity profile in the same direction. In Study I, VOI’s at 1/5, 2/5 
and 3/5, in Study II a VOI at 2/3 and in Study III at 1/3 and 2/3 from the apex to the base were 
selected. The VOI’s, from the ventral to the dorsal border of the lung, were 40 mm from side to 
side and 10 mm in the apical to basal direction in Study I and II. In Study III the size was 18 
x 18 mm and the length from the ventral to the dorsal border of the lung. Furthermore, in Study 
II, the activity profiles in the anterior to posterior direction, from the entire lungs, were fitted to 
a linear function representing the increase or decrease of V and Q in the direction of gravity. In 
Study IV,V and VI the SPECT data was pixel-wise normalized to the total activity in the lungs. 
Hereby, each pixel activity represents the relative V and Q in that position (in percent of total 
lung V and Q). The lungs in each individual were divided into 21 (Study IV) or 20 (Study V) 
equal volumes in the anterior to posterior direction and also 3 volumes of equal size (Study IV
and V). The V/Q ratio in every pixel was calculated by pixel-wise dividing the relative V and Q. 
The heterogeneity of in the entire lungs for V,Q and V/Q was calculated as the sum of squares of 
the pixel-wise deviations from the mean (SStotal). The heterogeneity in each isogravitational plane 
was calculated as the sum of squares of the pixel-wise deviation from the mean pixel value in 
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that plane and all these deviations were added (SSresidual). Finally, the heterogeneity in the anterior 
to posterior, vertical, direction was calculated as SStotal - SSresidual and the vertical contribution to 
heterogeneity in percent as 100 x (SStotal -SSresidual)/ SStotal.

Statistics
A double tailed paired Student’s t-test was used to compare Q distribution between VOI’s in 
prone and supine positions (Study I,IV), V and Q (Study II), with and without the influence 
from NO (Study III and VI) and  differences between anesthesia and awake (Study V)  
(Excel, Microsoft Corporation, Redmond, USA, SAS institute, Cary, NC, USA in Study VI). 
Bonferroni corrections were used in Study IV and V. A single sample Students t-test and a 
two factor analysis of variance with Fisher’s least significance test was used to compare the 
linear gradients of V and Q with a zero gradient in Study II. In Study III a Wilcoxon sum 
rank test was used to compare the NOS activity in ventral and dorsal parts of the lungs and 
repeated measurement of variance to assess the effect of L-NMMA on exhaled NO.  
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RESULTS

EFFECTS ON V,Q AND V/Q MATCHING FROM POSTURE, DURING 
NORMAL BREATHING (STUDIES I,II,V,VI)  

An overview of the results are presented in table 9 (Study I,II), table 10 (Study V), table 11 
(Study VI) and table 12 (Study IV).  

Table 9. Results from study I and II. From study I the relative Q in the dependent (dorsal in 
supine and ventral in prone) and non-dependent thirds of a VOI in the basal part of the right 
lung are presented as % of total Q in the VOI. In study II, the gradients of V,Q and V/Q are 
presented as percentage of change per centimeter in the anterior-posterior direction.

Supine Prone P-value Supine-
Prone

Study I Without 
CPAP

With 
CPAP

P -
value

Without 
CPAP 

With 
CPAP

P -
value

Without 
CPAP

With 
CPAP

Dependent 38 ±3% 49 ±7% <0.001 32 ±4%* 39 ±4% < 0.01 < 0.01 < 0.01
Non 
dependent 25 ±3% 16 ±4% <0.001 31 ±5%* 24 ±5% < 0.01 < 0.05 < 0.01

Study II
V 2.7 ±1.5 3.4±0.8 ns 2.6±0.9 2.9±1.0 ns ns ns

Q 3.7±1.5 5.5±1.0 <0.05 1.6±1.9 -2.2±0.8 <0.05 ns <0.05

V/Q -1.5±3.5 -3.4±2.4 ns 1.5±3.5 8.3±1.1 <0.05 ns <0.05

ns = non significant. *In the published article (Study II) findings were presented in a graph. 

Table 10. Results from study V. The relative distributions of V and Q in ventral and dorsal 
thirds, of equal size, of the entire lungs were compared between awake and during sevoflurane 
inhalation anesthesia with spontaneous breathing. The mean of pixel-wise calculated V/Q val-
ues in the ventral and dorsal thirds are also presented as well as the total heterogeneity for V,Q 
and V/Q distributions. Full width half maximum (FWHM) is the width of the distribution of 
the frequency of V/Q values in the lungs, at half of the maximum value of frequency. This is 
an alternative estimation of V/Q heterogeneity. 

1/3 of lungs AWAKE ANESTHESIA P value
V Ventral 24.7 ±2.5% 23.5 ±4.6% ns

Dorsal 41.5 ±3.4% 44.5 ±4.9% ns
                   Total heterogeneity 0.57 ±0.15 0.48 ±0.29 ns

Q Ventral 26.4 ±2.3% 25.3 ±2.0% ns
Dorsal 39.3 ±3.2% 40.9 ±3.9% ns

                       Total heterogeneity 0.37 ±0.09 0.24 ±0.14 0.002
V/Q matching Total heterogeneity 0.08 ±0.02 0.13 ±0.02 0.002

Vertical heterogeneity 0.008 ±0.003 0.03±0.03 0.028
                               FWHM of V/Q ratios   0.57 ±0.12 0.77 ±0.12 0.009

 ns = non significant (p >0.05)
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Table 11. Results from study VI. The relative distribution of Q between thirds, of equal 
size is studied. Comparison between Q distribution while breathing NO free air and while 
breathing air with NO added endogenous by breathing through the nose or exogenously by 
adding ~150 parts of NO to the inhaled NO free air was made. 

Third of lungs Oral breathing (n=7) Breathing NO (n=11) P -value
Cranial 8.3 ±3.3 12.0 ±3.6 <0.001

Mid 47.2 ±4.9 47.2 ±5.4 ns
Basal 40.7 ±7.2 44.5 ±7.5 <0.01

Ventral 13.5 ±3.3 12.7 ±3.2 ns
Mid 38.5 ±3.1 35.8 ±3.4 <0.001

Dorsal 47.9 ±4.9 51.4 ±5.4 <0.001
ns = non significant (p >0.05).

Table 12. Results in study IV. The relative distributions of V and Q in ventral and dorsal 
thirds, of equal size, of the entire lungs were compared between supine and prone postures. The 
mean of pixel-wise calculated V/Q values in the ventral and dorsal thirds are also presented 
as well as the contribution to the total heterogeneity explained by the vertical direction for V, 
Q and V/Q, expressed in %.
    

Third of lungs Supine Prone P-value
V Ventral 25 ±3% 24 ±2% 0.28

Dorsal 41 ±2% 42 ±3% 0.62
                                     SSvertical 18.0 ±6.7% 19.6 ±9.8% 0.589

Q Ventral 17 ±4% 31 ±4% 0.0007
Dorsal 49 ±4% 33 ±5% 0.0008

                                      SSvertical 45.8 ±7.9% 20.0 ±10.3% 0.0006

V/Q Ventral 1.8 ±0.5% 0.8 ±0.2% 0.003
Dorsal 0.8 ±0.1% 1.4 ±0.3% 0.002

                                    SSvertical 31.4 ±14.1% 16.4 ±14.2% 0.0639

SSvertical = Vertical component of heterogeneity

Q distribution in prone, supine and upright positions
In Study I the dependent of three equal sized thirds, in the anterior to posterior direction, of a 
VOI in the basal part of the right lung received a higher percentage of total Q in supine than 
in prone (p <0.01) (table 9).  The differences of Q distribution, between prone and supine 
posture, did not reach significant levels in VOI’s in the apical and mid parts of the right lung. Q 
distribution between three equal sized parts, in the anterior to posterior direction, of the entire 
lungs were examined during normal breathing, awake and in supine posture in Study V. The 
dependent (dorsal) third of the lungs received a higher percentage of Q than the non-dependent 
(ventral) third (table 10). In Study VI, Q distribution was mainly basal in upright position (table 
11). 
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V distribution, during normal breating, in supine
Study V showed a dorsal dominance of V during normal breathing in supine (table 10). 

V/Q distribution during normal breathing, in prone and supine
V/Q ratios, assessed as a linear function of spatial vector in the ventral to dorsal direction, 
(Study II) was uniform (i.e. not significantly different from a zero gradient) in both postures 
(table 9).  

V,Q AND V/Q MATCHING, EFFECTS FROM CPAP (STUDY I,II)

During CPAP, Q distribution between equally sized thirds of a VOI in a basal part of the right 
lung, was more dependent in supine than in prone posture (Study I) (table 9).  

CPAP breathing, compared to breathing without CPAP, resulted in a shift of blood flow 
from non-dependent to dependent parts of the lungs in both prone and supine (study I). In 
study II CPAP increased the ventral to dorsal gradient of Q in supine (p<0.05) and decreased 
the gradient in prone (p<0.05). The gradient of V was not altered significantly from CPAP 
in either of the positions. CPAP did not change the ventral to dorsal gradient of local V/Q 
matching significantly in supine but increased the gradient in prone (p <0.05, table 9). This 
indicates a more uneven V/Q matching in the ventral to dorsal direction in prone than in supine 
during CPAP breathing. Mean V/Q values in three equal sized thirds of a VOI in the basal part 
of the right lung were significantly different from values during normal breathing in the ventral 
an dorsal third in prone but only in the ventral third in supine. This indicates that CPAP induces 
a V/Q mismatch in both postures, this being most pronounced in prone (Fig. 7). 

Figure 7. Results from study II presenting the quotient of activity, representing V and Q, in three VOI’s, 
in a basal section of the right lung. The quotient is considered to reflect mean V/Q ratios and the effect 
from posture and CPAP on the distribution of V/Q. The left graph presents the V/Q distribution during 
normal breathing and the right V/Q distribution during CPAP. *p < 0.05 for the difference between 
ventral and dorsal third, prone or supine; #p < 0.05 for difference between supine and prone posture; 
†p < 0.05 for differences between normal and CPAP breathing. 

�
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EFFECTS ON V,Q,V/Q DISTRIBUTION FROM POSTURE DURING 
INTRAVENOUS ANESTHESIA WITH MUSCLE RELAXATION AND 
MECHANICAL VENTILATION 
(STUDY IV)
In study IV, Q was highest in the dorsal and lowest in the ventral third of the lungs in supine. 
In prone, Q was more evenly distributed between the ventral and dorsal thirds (table 12). The 
vertical component of total Q heterogeneity was larger in supine than in prone (P = 0.0006). V 
was highest in the dorsal third of the lungs in both prone and supine and did not differ between 
postures. The vertical component of total V heterogeneity was also unaltered between postures. 
This resulted in high mean V/Q values in the ventral third of the lungs while in supine position 
and in the dorsal third of the lungs when in prone posture. The vertical component of V/Q 
heterogeneity showed a tendency to be higher in supine than in prone (p =0.0639). 

THE EFFECT FROM ENDOTHELIAL NO ON REGIONAL Q DISTRIBUTION 
(STUDY III)

Blocking endogenous NO production (study III) resulted in a decreased Q in the dorsal half of 
a VOI in the basal part of the right lung (p < 0.05). Q distribution did not change in prone (Fig. 
8). The influence from endogenous NO on regional Q distribution is further supported from 
a higher eNOS mRNA expression and higher Ca2+ dependent eNOS activity in biopsies from 
dorsal than from ventral parts of the lungs (p< 0.05) (figure 9). 

Figure  8. Regional Q distribution in supine and prone positions between VOI’s representing the 
ventral (filled bars) and dorsal (open bars) half of the lungs, 1/3 (apical) and 2/3 (basal) from apex. 
Before (control) and after (L-NMMA) infusion of L-NMMA is shown. *p < 0.05, **p <0.01. 

�
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Figure 9. A. Expression of mRNA for endothelial NOS in biopsies ventral (filled bar) and dorsal (open 
bar) lung tissue samples from basal lower lob in patients (n=13), expressed as relative units. 
B. NOS activity in ventral (filled bar) and dorsal (open bar) lung tissue samples from the basal lower 
lob in patients (n=21). Left side describe activity with and the right side without added Ca2+. Wilcoxon 
rank sum test was used for analysis. *p < 0.05.

DISTRIBUTION OF Q AS A FUNCTION OF INHALED NASAL NO 
(STUDY VI)
Endogenous NO from paranasal sinuses by nose breathing or adding small concentrations of 
NO to inhaled air (study VI) showed a redistribution of Q from basal to apical parts of the 
lungs, compared to breathing NO free air though the mouth ( p < 0.001).  The shift of Q from 
basal to apical third of the lungs was in mean 3.8%. The apical third of the lungs, in upright 
position under regular spontaneous breathing, receives 16% of Q (table 11). Thus, a shift of 
3.8% accounts for a net increase of ~24% in the apical third. 

V,Q,V/Q DISTRIBUTION AS A FUNCTION OF INHALATION ANESTHESIA 
(STUDY V)
Inhalation anesthesia with maintained spontaneous breathing did not change the regional 
distribution of V, Q or V/Q between the three equal parts of the lungs, in the ventral to dorsal 
direction (Study V, table 10). The total heterogeneity of Q was lower during anesthesia 
than awake (P =0.002) while the heterogeneity of V did not change, neither the total nor the 
vertical component. The resulting heterogeneity of local V/Q was higher during anesthesia 
than awake. This indicates a less beneficial V/Q matching during inhalation anesthesia. 

�
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DISCUSSION 

In this thesis, factors related to posture and intensive care influencing the regional distribution 
of V and Q, and how these may influence local V/Q matching, has been studied. The 
background is the observation that some patients with ALI/ARDS improve their gas exchange 
when turned prone (6-12). The thesis is mainly based on measurements obtained from SPECT 
images in healthy volunteers. The basic concept has been to study every factor in isolation and 
in a fixed position to avoid interference from differences in anatomical conditions. To study 
changes induced by each factor, either a subtraction or a dual energy technique has been used.  

GENARAL LIMITATIONS OF THE SPECT TECHNIQUE
The findings are based on the assumption that the radiotracers distributions truly reflect V and 
Q distributions and that the acquired images, in their turn, truly represent the tracer distribution. 
The deposition of LyoMAA, diethyleneetriamamine acid and Technegas has been shown to 
be proportional to the distribution of blood flow and ventilation, respectively (30,70,71,131). 
Phantom and physiologic studies using the same imaging technique and correction algorithms 
as in this work have shown that the corrected images are good estimates of the real distribution 
of the radiotracers in the lungs (35,36). 

The subtraction technique used in Study I,II and III, requires fixed positions throughout 
the entire experiment. As some experiments lasted for over one hour this was difficult to 
achieve. We made efforts to position the volunteer as comfortably as possible by padding with 
cushions and by pelvic and upper thorax supports when in the prone. No obvious movements 
were observed between the acquired images during the experiments. Additionally, in these 
studies, no scatter correction was performed which could influence the quantification of the 
regional distributions of V and Q. However, when comparing the effect on the distribution of V 
or Q between two conditions, we only compared differences between distributions registered in 
the same position. Consequently, the impact of scatter should be the same.

To obtain images with good quality the experiments had to be performed with the arms 
over the head. The anatomy and physiology of the lungs may then differ slightly from conditions 
with the arms along the sides of the body. The aim was, however, to examine differences between 
two conditions and the position was identical between the acquisitions. 

Partial volume effects in SPECT could, when two different isotopes were used 
simultaneously, lead to an incorrect quantification if no proper correction algorithms for scatter, 
attenuation and organ outline are carried out. In Studies IV, V and VI we use a correction 
scheme to minimize the effect of partial volume in image quantification (35). In Study VI we 
simultaneously administer intravenously LyoMAA labeled with 99mTc and with 113mIn to check 
the accuracy of the corrections. This resulted in no differences in the regional distribution of Q 
as mapped with both isotopes after proper corrections for scatter, attenuation and organ outline 
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were performed. Further, the spatial resolution of SPECT precludes measurements of V,Q and 
V/Q ratios in volumes smaller than approximately 3 cm3 even though gas exchange takes place 
in acini with a volume of approximately 0.18 cm3 (132) and measurements from single pixels 
are influenced by the activity in adjacent pixels. This results in an underestimation of V,Q and 
V/Q heterogeneity (36,100). The SPECT method, however, has other advantages that made 
it the best available technique for in vivo measurements of V and Q in the studies included 
made. 

The SPECT methods used measure activity reflecting regional V and Q, per unit lung 
volume. As posture effects the distribution of lung tissue in the thorax (133) this is not the same 
as V and Q distribution per alveolus. Therefore, the posture at registration will affect the results 
and the same V and Q distribution and the same distribution per alveolus would yield different 
results if examined prone or supine. This makes comparisons with previous publications 
difficult. On the other hand, comparing SPECT registration of V and Q distributions in supine, 
registered in supine, with V and Q distributions in prone registered in prone will measure the 
sum of two effects. Consequently, studying the effect from posture on V and Q distributions but 
both registered in supine could be a strategy of showing the true magnitude of changes.   

SPECIFIC LIMITATIONS IN EACH STUDY
In Study I, II and III we lack anatomical information from transmission or CT scans. This 
information is needed for both attenuation correction and organ outline of the SPECT images. 
This has a direct effect on our estimates of the regional distributions of V and Q. Hence, the 
shape of the profiles in the ventral to dorsal direction used to quantify the effect of posture 
on V and Q regional distribution have some uncertainty. The magnitude of this uncertainty is 
difficult to quantify. In Study I, we compared the differences in Q distribution only from the 
SPECT scans performed in supine position, but with the tracers administered in supine and in 
prone. Hence, the obtained difference is less affected by these limitations, but makes it difficult 
to draw conclusions on Q distribution per alveolus (133). However, the study demonstrates a 
true change in Q distribution from posture and a more uniform distribution of Q in prone, in the 
ventral to dorsal direction, in relation to lung tissue as distributed in supine. 

We cannot draw any firm conclusions about V and Q distributions in the ventral to dorsal 
direction from the profiles presented in Study II as they were acquired in different anatomical 
positions. Additionally, these profiles were not normalized to the area of each coronal plane why 
they represent the total activity in each plane for V and Q. Therefore, with this quantification 
even with a homogenous distribution of the total Q and V in the entire lungs, we would have 
obtained a gradient for Q and V, respectively, in the ventral to dorsal direction, because of the 
anatomy. In Study II, the V/Q ratios were derived by simply dividing the sum of the total 
activity representing V and Q obtained at each position in the ventral to dorsal direction. This 
is not the same as performing the V/Q ratios pixel-wise and calculating the average of all 
obtained V/Q ratios in a volume as in Study IV and V.  However, as previously presented 
(35,36) the frequency distribution of V/Q ratios in the lung of a healthy volunteer follows a 
normal distribution around V/Q=1 with a standard deviation of about ±0.2. Hence, about 60% 
of the entire lung volume is represented by V/Q ratios in the narrow interval between [0.8, 
1.2]. Therefore the simplification used in the quantification of the V/Q made in Study II is a 
good approximation of the real distribution of average V/Q ratios along the ventral to dorsal 
direction. Furthermore, the major focus of this paper was to measure the magnitude of the 
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effect of CPAP in prone and in supine separately. In this case the described limitations are of 
less importance as the comparisons with and without CPAP were performed under the same 
anatomical conditions. 

In Study III we separately compared the effect of LNMMA in the Q distribution in supine 
and prone posture. The difference induced by L-NMMA at each position is thus less affected by 
anatomical differences between postures.   

In Study IV, V and VI, we perform scatter, attenuation and organ outline correction (35) 
which avoids many of the limitations described for Study I,II and III and III and . 
The number of observations in Study IV,V and VI is low (n=7 for Study IV, n=10 for Study V, 
n=14 for Study VI). Throughout these studies the Student t-test was used for statistical analysis 
of the data. This assumes that the data is normally distributed which is questionable for some 
small groups. However biological processes are generally normally distributed. Furthermore, 
in complex physiological studies that involve some hazardous components like anesthesia or 
mechanical ventilation, large series cannot be expected. 

The distribution of V and Q per lung volume, and not per alveolus, is measured in Study 
IV, with the same limitations as discussed above. 

COMPARISON WITH PREVIOUS KNOWLEDGE

Q distribution during normal breathing, in prone, supine and upright positions
Most prior studies agree on a dependent dominance of Q in upright position (25,26,32.77,134) 
which is in line with our findings in Study VI. Most also agree on a dependent dominance of 
Q in supine (74,77,78,81,134-137) in line with findings in Study I,II and V. Q distribution in 
prone position is more controversial. Most previous human studies report a ventral dominance 
of Q distribution in prone but they compare Q distribution in prone examined in prone with 
Q distribution in supine examined in supine, thus measuring the added effect of Q and tissue 
distribution. These include early human studies (74) using external detectors and more recent 
using SPECT (77,134,135). Two of these studies, however, show a tendency towards a more 
even distribution in prone (77,134). Animal studies with SPECT (136) and with microsphere 
technique (104,137,138) has shown a ventral Q distribution in prone. As these studies are 
performed by studying fixated, excised lungs, they do not suffer from the problem with the 
position at registration but as the lungs are dried at total lung capacity they do not exactly 
reflect the anatomic conditions in vivo and there may also be differences from human 
physiology. Human studies with PET (139), CT (140) and MRI (141) have also shown a 
dominant ventral Q distribution in prone. Even though efforts have been taken to compensate 
for the distribution of lung parenchyma, these studies still suffer from the examinations being 
performed in different postures. There are also reports that SPECT studies without attenuation 
correction might underestimate the gradient of regional Q in the direction of gravity (142). 
These are in conflict with the more uniform Q distribution in prone found in Study I. 
However, microsphere, animal studies in sheep (143) and horses (144) demonstrate a uniform 
Q distribution in prone, in agreement with the findings in Study I. Study II shows a mainly 
dorsal distribution of regional Q in prone but these findings are influenced by the form of the 
lungs, with larger lung volumes in the dorsal parts of the lungs and thus not comparable with 
studies measuring Q per lung volume or per alveoli.

In conclusion, most previous studies have shown a ventral dominance of Q in prone in 
conflict with our findings in Study I even if some studies are in agreement. However, definitions 
of to what Q should be related differs. The basic question if Q distribution, in the anterior to 
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posterior direction, is somewhat more uniform in prone than in supine posture has not been 
finally solved. 

V distribution during normal breathing, in supine
There seems to be complete consensus on regional V distribution being mainly dorsal in supine 
(31,74,77,78,145). This is in agreement with the findings in Study II even if our results are 
influenced by anatomy and not comparable to previous studies. 

V/Q distribution during normal breathing, in prone and supine
As both V and Q show a dorsal dominance in supine there are prerequisites for a good regional 
V/Q matching in both ventral and dorsal parts of the lungs as was found in Study II and V. This 
is supported by previous studies (146) and by the narrow V/Q distribution in supine seen with 
MIDGET (147). There also seems to be a good regional V/Q matching in prone (78,123,138) in 
agreement with the findings in Study II. 

Q distribution during CPAP, in prone and supine
CPAP is extensively used in intensive care settings and during the postoperative period as a 
means to improve blood oxygenation and to prevent atelectasis formation (148,149). Few, if 
any, studies exist on regional Q distribution in supine during spontaneous breathing with CPAP. 
Increased lung volumes in humans (122,150), a situation that might be comparable with CPAP 
breathing, show a dependent dominance of regional Q in supine in agreement with the results 
in Study I. 

To the best of my knowledge no prior specific studies on the effect of CPAP on regional 
V,Q and V/Q distributions have been carried out. One study on the effect from different levels 
of PEEP, comparable to CPAP, during general anesthesia in sheep (151) showed an increasing 
dorsal dominance of regional Q distribution from increased PEEP. In prone, however, Q 
distribution was uniformly distributed and not influenced by PEEP up to 20 cm H2O. This is 
in contradiction with the findings in Study II, where a redistribution of regional Q towards 
dependent parts of the lungs from CPAP was seen in prone. However, there may be differences 
between sheep and humans as sheep probably are completely adapted to standing on four legs.  

Effects on V,Q  and V/Q distributions from posture during intravenous 
anesthesia with muscle relaxtion and mechanical ventilation
During general anesthesia with mechanical ventilation, studies show a preferentially dorsal 
Q distribution in supine (39-41,152-155) in agreement with the findings in Study IV. In 
prone most studies show, in agreement with Study IV, a uniform regional Q distribution in 
the anterior to posterior direction in animals (152-156). Two studies in dogs, however, show 
a dorsal (40,46) and one study in man (32) show a ventral regional Q distribution. As the 
studies showing a basically uniform distribution of Q are more recent there is evidence that 
Q distribution is at least more uniform in the anterior to posterior direction in prone than in 
supine posture during mechanical ventilation. Regional V distribution is more controversial. 
Two studies, in man (31) and dogs (157), mainly show a dorsal regional V distribution in 
supine in agreement with our findings in Study IV. However, one study in man (39), two in 
dogs (48,146) and one in pigs (153) show mainly ventral regional V distribution. In prone 
posture most previous studies show a uniform regional V distribution in dogs (48,146) and 
pigs (155) while two show a ventral V distribution in man (31) and pigs (153) and only one, in 
dogs (157), a dorsal V distribution in agreement with our findings in Study IV. The question 
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of posture at registration is however crucial. If region V distribution in prone would have been 
registered in prone in Study IV, this could have shown a uniform distribution. Some of the 
studies (153,156) were done with microsphere technique which reflects V distribution per 
alveolus and not in relation to lung volume as in Study IV. Ventilation per alveolus might be 
a better way of describing V distribution but Study IV demonstrates that V distribution does 
not change between prone and supine.   

Effects from nitric oxide on  Q distribution, related to posture
There is now some evidence that regional Q distribution in the lungs, in the anterior to posterior 
direction, is more uniform in prone than in supine posture during spontaneous breathing and 
not simply a “reversal” of the distribution in supine (140,144). One possible explanation is 
differences in vessel conductance between ventral and dorsal parts of the lungs (24,41,46). 
NO is a known strong vasodilator and as endogenous NO is rapidly bound to hemoglobin and 
inactivated (158) there are prerequisites for a local action. There are indications suggesting that 
endogenous NO has a role in the regulation of regional Q (23,24) as the results in Study III. 
NO may be a mediating factor explaining the difference in vascular resistance between ventral 
and dorsal parts of the lungs. In quadruped animals lower vascular resistance in dorsal parts of 
the lungs (24) may be beneficial as it could make Q distribution more uniform by counteracting 
gravity. In upright position it is generally accepted that there is a basal dominance of regional 
Q distribution (25,26,32,77,81,134) and that V is less basally distributed (159-161). As humans 
are bipedal, in contrast to almost all animals, the distance between the highest and lowest parts, 
in the gravitational plane, of the lungs is larger than in most species. Gravity may therefore 
have greater influence on the distribution of regional Q distribution in upright humans (26) 
than in quadruped animals and this may have a negative effect on gas exchange. Furthermore, 
poor perfusion to some lung areas may make them more susceptible to some infections, most 
notably tuberculosis. This is supported by the fact that tuberculosis generally affects the highest 
parts of the lungs in animals (162). The production of high concentration of NO in the paranasal 
sinuses is also exclusive to humans and higher primates (163). Therefore, NO production in the 
paranasal sinuses may reflect an adoption to the bipedal state. It has not been possible to find 
any comparable studies following the same line of thought as in Study VI. 

The effect of inhalation aneshesia on V,Q and V/Q distributions
It is well known that general anesthesia, including inhalation anesthesia causes a deteriorated 
gas exchange (164) and direct effects from inhalation anesthesia on the pulmonary circulation 
(111, 112,165) has been shown. We, therefore hypothesized, that the anesthetic gas (sevoflurane) 
could it self cause a deterioration of V/Q matching. V/Q matching during inhalation anesthesia 
with spontaneous breathing has previously been studied with MIDGET (109) and a wider 
distribution of V/Q matching during anesthesia was found in agreement with the findings 
in Study V. The previous study (109) found, however, a slightly bimodal V/Q distribution 
with a small peak of high V/Q values, representing shunts, which increased during inhalation 
anesthesia. No such second peak could be demonstrated in our study. One explanation could be 
the younger age group (range 20-34 years) in Study V compared to the age in the previous study 
(range 37-64 years) as shunt is known to increase with age (166). Another explanation might 
be the poor spatial resolution in Study V, compared to MIDGET as shunt could be located in 
small areas. A third explanation may be the measures we took to avoid atelectasis formation. 
No previous study on the anatomical location of disturbance of regional V/Q matching during 
inhalation anesthesia has to my knowledge been performed. MIDGET has long been considered 
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a golden standard for describing V,Q and V/Q distributions in the lungs. It does not suffer from 
limitations in spatial resolution but gives no information on the anatomical location of V,Q 
and V/Q. A limitation with MIDGET is an interdependence of V and Q as they are presented 
as a function of V/Q which can give a false impression of an increased variation of both V 
and Q even if only one of them is altered. This is illustrated by a simple example with 13 
compartments. If all compartments have V/Q =1, a MIDGET examination will of cause show 
one single peak centered around 1 for both V and Q (Table 13, Fig. 10).
  
Table 13. A number of compartments (alveoli) with homogenous distribution of V and Q 

No alveoli % of alveoli V % of total V Q % of total Q V/Q
1 7.7 1 7.7 1 7.7 1
2 23.1 1 23.1 1 23.1 1
5 38.5 1 38.5 1 38.5 1
3 23.1 1 23.1 1 23.1 1
1 7.7 1 7.7 1 7.7 1

Sum: 13 100 % 100% 100%

Figure 10. V and Q distribution as expected from MIDGET if V/Q is 1 in all compartments.

With a redistribution of Q but with the same, even, distribution of V between the 
compartments the resulting MIDGET graph would show a broadening of the distributions for 
both V and Q (Table 14, figure 11).

Table 14. A number of compartments (alveoli) with homogenous distribution of V but 
inhomogeneous of Q

No alveoli % of alveoli V % of total V Q % of total Q V/Q
1 7.7 1 7.7 1 4.6 1.67
2 23.1 1 23.1 1 18.5 1.25
5 38.5 1 38.5 1 38.5 1
3 23.1 1 23.1 1 27.7 0.83
1 7.7 1 7.7 1 10.8 0.71

Sum: 13 100 % 100% 100%
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Figure 11. V and Q distribution as expected from MIDGET if V has the same distribution between 
compartments but Q is reattributed.compartments but Q is reattributed.compartments but Q is reattributed

CLINICAL IMPLICATIONS

The fundamental clinical problem in ALI/ARDS patients is a deteriorated gas exchange caused 
by mismatch between V and Q. Even small improvements in gas exchange could have a large 
impact in these patients. Therefore, every factor influencing V/Q matching is of importance. 
That Q distribution in prone differs from that in supine is shown in Study I and this fundamental 
knowledge in physiology could add to the understanding of the positive effects from treatment 
of ALI/ARDS patients in the prone position. Understanding how Q distribution is influenced by 
posture in combination with CPAP could lead to modifications in the treatment of ALI/ARDS 
patients in prone position, e.g. the value of CPAP in prone might be smaller than in patients 
treated in supine posture. It could even be suggested that CPAP should perhaps be avoided 
when treating patients in their prone position (Study II). How the endogenous NO system is 
interacting with posture could also have an impact on treatment in ALI/ARDS patients, e.g. 
modifications of the relative magnitude of NO from endothelium and airways may alter V/Q 
matching. After an oral or endotracheal intubation NO from paranasal sinuses are by-passed. 
Small concentrations of NO in the inhaled air might be needed to counteract a possible negative 
effect of endothelial NO. That inhaled NO does influence Q distribution is shown in Study 
III and VI, and this may indicate that small amounts of NO should be added to inspired gas 
in marginal, intubated, patients with severe ALI. During general intravenous anesthesia with 
mechanical ventilation, Q distribution is mainly dependent in both postures while V is not 
affected by posture (Study IV). A tendency towards a more even vertical V/Q distribution in 
prone could, however, indicate an advantage for gas exchange in prone. Less well matched V/Q 
during inhalation anesthesia than awake is seen in Study V which may implicate that this form 
of anesthesia have negative effects in patients with already deranged V/Q matching. 
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FUTURE PERSPECTIVES
The methods used in this thesis make it possible to image V,Q and V/Q ratio distributions 
in various situations and to compare distributions between different conditions. As a good 
matching of V and Q in the lungs is fundamental for efficient gas exchange and maldistribution 
of Q is the most common cause of impaired oxygenation of the arterial blood (1), studies of 
this is of interest. Arterial blood oxygenation is impaired in many types of lung pathology but 
the exact mechanisms are often not known. The advantages with the methods employed in this 
thesis are:

1. The radiotracers used stay fixed in relation to lung parenchyma after the administration. 
This makes it possible to study the regional distribution of V,Q and V/Q ratios in any 
posture even though the registration is done in supine. 

2. SPECT is currently the superior method for independent imaging of the regional 
distribution of V,Q and V/Q ratios in vivo. 

3. The methods can be used to study changes in the regional distribution of V,Q and V/Q 
ratios registered under identical anatomical conditions which excludes many confounding 
factors. 

4. The possibility to independently study the regional V,Q and V/Q ratio heterogeneity in 
vivo is so far unique. 

Studies of V,Q and V/Q ratio distributions during diseases affecting gas-exchange could give 
insights into fundamental patho-physiological mechanisms. Conditions that could be studied 
are pulmonary hypertension, chronic obstructive lung disease and different types of interstitial 
lung disease. More detailed insights could also be gained by repeating some of the older studies 
in this thesis with the more modern dual energy technique, e.g. study the influence from NO on 
regional V/Q matching. Studying patients with ALI/ARDS could yield important information 
but performing such studies would pose large logistic and safety problems.     
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CONCLUSIONS

Based on the results from healthy volunteers in this thesis we observed that:

• In awake healthy volunteers Q distribution is more uniform in prone than in supine 
(Study I). 

• Regional V distribution was uninfluenced by CPAP, both in supine and prone posture 
(Study II). Regional Q distribution is more dependent (Study I,II) and V/Q matching 
less uniform at CPAP breathing in both postures, and this is most pronounced in prone 
(Study II)  

• In anaesthetized and mechanically ventilated healthy volunteers, regional V does not 
differ between prone and supine position whereas Q is more uniform in the ventral to 
dorsal direction in prone (Study IV). 

• There is larger expression of nitric oxide synthase (NOS) and production of NO is higher 
in dorsal compared to ventral parts of the lungs. As NO is a powerful vaso-dilatator this 
might be a factor contributing to a more uniform Q distribution in prone compared to 
supine position (Study III). 

• Paranasal, endogenous, NO induces a shift of regional Q from basal to apical parts of 
the lungs (Study VI). 

• Inhalation anesthesia with sevoflurane does not alter regional V,Q and V/Q distributions 
in ventral to dorsal direction. The heterogeneity of regional V was un-affected while Q 
heterogeneity decreased and V/Q heterogeneity increased during inhalation anesthesia. 

In general, it was concluded, that V distribution was un-affected by the tested variables whereas 
observed changes occurred in regional Q distribution.  
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