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ABSTRACT 
 

Normal lung gas exchange depends on an intimate match between regional ventilation and 
regional blood flow in the lungs. The beneficial effect of the prone posture in acute 
respiratory failure is well documented but the mechanisms involved are not completely 
understood. The overall aim of this thesis was to gain further knowledge about the influence 
of gravity and body posture on the distributions of ventilation (V) and lung blood flow (Q) in 
healthy humans. In the studies included in this thesis, regional lung blood flow was marked 
with intravenous injection of macroaggregates of albumin labelled with 113mIn or 99mTc, while 
ventilation was marked with Technegas (99mTc). The radiotracers remain fixed in the lungs 
after administration. The distribution of the radiotracers, thus representing the distribution of 
V and Q at the time of administration, was mapped with quantitative single photon emission 
computed tomography (SPECT). 

In Study I, we compared regional lung blood flow and ventilation in supine and prone 
anesthetized and mechanically ventilated healthy humans, with and without PEEP (10 cm 
H2O). Half of the subjects were studied supine, the other half prone. All subjects were studied 
twice; once with, and once without PEEP. We found that in supine subjects, PEEP caused 
similar redistributions of both perfusion and ventilation towards dependent lung regions with 
little changes in V/Q ratios. In prone subjects on the other hand, the addition of PEEP caused 
a much greater redistribution of perfusion compared to ventilation towards dependent lung 
regions, leading to an increased V/Q mismatch. With PEEP, the vertical ventilation-to-
perfusion gradient was similar between supine and prone postures. However, without PEEP 
the gradient was less in prone than in supine posture. These results lead us to the conclusion 
that PEEP should be titrated differently according to the actual body posture. 

In Study II, the influence of gravity on regional lung blood flow in the upright and head-
down posture was evaluated. For each subject, one radiotracer was administered while 
standing upright and the other in the head-down posture using a tilt table. A shift from upright 
to the head-down posture resulted in a clear redistribution of blood flow from basal to apical 
regions of the lung. The results further demonstrated that lung structure, and not gravity, is 
the major determinant of regional lung blood flow in the upright and head-down posture. 

In Study III and IV, the human centrifuge at Karolinska Institutet was used to determine the 
distribution of regional ventilation in supine and prone humans exposed to hypergravity. In 
Study III, a technique to map regional ventilation during exposure to hypergravity was 
developed, using Technegas and SPECT. The results demonstrated a significant redistribution 
of ventilation from dependent to non-dependent lung regions in both supine and prone 
subjects exposed to three times normal gravity. We also found that the hypergravity-induced 
arterial desaturation was less pronounced in the prone posture. 
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INTRODUCTION AND BACKGROUND 
 

“But the gods, foreknowing that the palpitation of the heart in the expectation of danger and 

the swelling and excitement of passion was caused by fire, formed and implanted as a 

supporter to the heart the lung, which was, in the first place, soft and bloodless, and also had 

within hollows like the pores of a sponge, in order that by receiving the breath and the drink, 

it might give coolness and the power of respiration and alleviate the heat. Wherefore they cut 

the air-channels leading to the lung, and placed the lung about the heart as a soft spring, 

that, when passion was rife within, the heart, beating against a yielding body, might be 

cooled and suffer less, and might thus become more ready to join with passion in the service 

of reason.“ 

Timaeus by Plato, 360 B.C. Translated by Benjamin Jowett 

 

               

 

 

 

 

 

 

 

 

 

 

Figure 1. The heart and lungs. Published with the kind permission from the Illustrator Rhagnar Myrhage, 

Orthopedic Surgeon and Associate Professor of Anatomy  

 

 



 

 2 

Already B.C. men, and most certainly women alike, were intrigued by the work and function 
of the heart and lungs. Over the millenniums, the explanations and suggestions have been as 
colorful as diverse, and sprung from scientific, religious or philosophical views. Since then, 
the knowledge about the complex relation between ventilation and lung blood flow, i.e. the 
ventilation-to-perfusion (V/Q) match, has evolved tremendously along with new techniques 
for measurement. Many of the old truths still hold true, although modified.  

Working bedside with patients with severe respiratory or cardiac failure demands a deep 
understanding of the normal physiology as well as pathophysiology of the cardiopulmonary 
system. However, a never-ending curiosity about how it actually works makes research and 
clinical work alike even more exciting. The studies in this thesis are all conducted with 
healthy volunteers. Nevertheless, the intention has always been to gain knowledge that 
hopefully will lead to a deeper understanding of the mechanisms behind V/Q match, and how 
to treat patients with respiratory failure in an optimal way. 

The understanding of the effects a change in body posture have on lung function goes back 
almost 200 years. In 1849, Hutchinson demonstrated a reduction in vital capacity with a 
change from erect to supine posture.1 Johannes Orth pointed out the possible effect of gravity 
when discussing the apical localization of adult pulmonary tuberculosis in a publication from 
1887;2 “…I believe that if the total quantity of blood is reduced and there is incomplete filling 
of the vessels in the smaller circulation, the apex will be particularly affected, especially if the 
heart´s action is reduced and the blood pressure is low”. The potential advantage of prone 
posture was proposed in 1974, when Bryan3 speculated that turning anesthetized, paralyzed 
and mechanically ventilated patients with respiratory failure prone resulted in a better 
expansion of the dorsal lung region and therefore improved oxygenation. Since then, several 
studies have demonstrated that a shift from supine to prone posture improves arterial 
oxygenation in patients with severe respiratory failure.4-12 In the most severe cases of acute 
respiratory distress syndrome, ARDS, prone posture has also been shown to reduce 
mortality.13 In addition, during mechanical ventilation, other factors such as ventilator 
settings are important for the distribution of regional ventilation and blood flow and hence for 
gas exchange.  

Our interest in the effect of posture originates in the use of prone positioning for patients with 
respiratory failure. To further explore the posture-dependent effect of gravity on lung 
function in a disease model in normal subjects, our group has used a human centrifuge to 
imitate situations with increased density of the lung tissue, here caused by an increased 
gravitational force. In some regard exposure to hypergravity resembles the pathophysiology 
of severe ARDS in that the lung tissue becomes heavier, but there are also many important 
differences. Nevertheless, these studies on hypergravity fill a gap in the overall understanding 
of the pulmonary physiology under normal and hypergravity conditions. 

Below, the distribution of ventilation and lung blood flow in different body postures and 
gravitational conditions will be presented as a background to the studies included in the 
thesis. 
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Distribution of regional ventilation at normal gravity 
 

In 1949, Fowler published a paper on ”the uneven pulmonary ventilation in normal subjects 
and in patients with pulmonary disease”.14 The heterogeneity in regional ventilation was 
soon confirmed in humans15 and dogs,16 followed by Ball17 and Milic-Emili et al.,18 
demonstrating a spatial gradient with regional ventilation increasing in the non-dependent to 
dependent direction. In these and later studies it has been demonstrated that at lung volumes 
below total lung capacity, alveolar size is greatest in the non-dependent region and decreases 
down the lung.18, 19 This is explained by less negative pleural pressure in dependent regions. 
The difference in expansion at e.g. functional residual capacity (FRC) means that alveoli in 
dependent regions are more compliant than alveoli in non-dependent regions. At inspiration, 
the tidal volume is therefore preferentially distributed to dependent regions. The less negative 
pleural pressure in dependent regions has been attributed to the interaction between the elastic 
properties of the lung, the weight of the lung, and the thoracic cage configuration.20 

Studies in humans18, 21-28
 have thus demonstrated greater ventilation in the dependent part of 

the lung in supine posture. In prone posture, most studies have shown a similar dependent 
distribution,21, 22, 26, 29

 but also a more uniform distribution of ventilation24, 30 as well as a 
similar dorsal distribution of ventilation as in supine posture.25 There are several potential 
explanations for these seemingly discordant results, e.g. regional ventilation has been 
measured both during normal breathing and with special breathing maneuvers and results 
have been reported using different denominators such as per unit lung volume in a specific 
situation or per alveoli. Our group has shown that the difference in vertical distribution of 
ventilation per alveolus is minor with a change from supine to prone posture in humans, 
compared to the much greater changes in regional ventilation per unit lung volume.21 The 
latter also applies to studies on regional perfusion. The more uniform distribution of 
ventilation demonstrated in prone posture compared to supine has been attributed to the 
decreased transpulmonary pressure gradient, leading to a more uniform alveolar size, lung 
compliance, and thus ventilation.30 

Studies using techniques with high spatial resolution have demonstrated heterogeneity also in 
horizontal, isogravitational planes that clearly cannot be explained by the influence of gravity. 
Several studies have concluded that height up the lung, i.e. gravity, only explains a minor part 
of the heterogeneity in regional ventilation.26, 31-33 In an animal study, Altemeier et al.34 
showed that ventilation is spatially correlated so that high-ventilation regions are close to 
other high-ventilation regions and low-ventilation regions near other low-ventilation regions, 
regardless of posture. This suggests that regional differences in ventilation are inherent to the 
lung structure as opposed to being a result of the influence of external factors.  
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Distribution of regional lung perfusion at normal gravity 
 

The understanding of the distribution of regional lung blood flow has evolved from the 
classical model that West et al. developed in the 1960s after demonstrating an increase in 
regional lung blood flow from apex to base in humans sitting upright.35, 36 The model consists 
of three zones with zone 1 being the most apical and zone 3 the most basal. Increasing blood 
flow in the direction of gravity is explained by the different relationships between alveolar 
and hydrostatic vascular pressure. In zone 1, alveolar pressure is higher than both arterial and 
venous pressure, hence no blood flow in this zone. In zone 2, alveolar pressure is lower than 
arterial but higher than venous pressure leading to increasing blood flow in the direction of 
gravity. In zone 3, alveolar pressure is lower than both arterial and venous pressure. Blood 
flow in zone 3 increases in the direction of gravity due to the increasing hydrostatic 
intravascular pressure and hence vascular diameter. The vertical gradient in blood flow is 
typically less in zone 3 than in zone 2. Later, a fourth zone was added to explain a decrease in 
blood flow in the most dependent part of the lung.37  

Using different spatial resolution techniques, several studies have confirmed increasing lung 
blood flow in the direction of gravity25, 37-44 in both upright and supine humans. Studies have 
moreover demonstrated a greater gravitational gradient in supine compared to prone 
posture,22, 26, 30, 44-47 but also a preferential dorsal, non-dependent, distribution of perfusion in 
prone posture.25 Petersson et al, using the same technique as in this thesis, showed that the 
redistribution of regional blood flow was small with a change from supine to prone posture if 
the effect of tissue distribution is excluded.21  

In an animal study, Beck and Rehder48 demonstrated that irrespective of body posture or lung 
volume, lung blood flow was predominantly distributed to the dorsal part of the lung, an 
observation confirmed in later studies.20, 49, 50 Nitric Oxide, NO, is a potent vasodilator, and in 
studies on humans and pigs, Rimeika et al. demonstrated a higher NO synthase activity in 
dorsal than in ventral regions of the lung.51, 52 In the study on humans, Rimeika et al., using 
SPECT, showed that inhibition of NO synthase resulted in a redistribution of blood flow from 
dorsal to ventral lung regions in the supine posture. In prone posture, on the other hand, no 
change in blood flow distribution was seen after NO synthase inhibition.51 Later, in a study 
by Sánchez-Crespo et al.,53 NO produced in the upper airways was also confirmed to have a 
significant influence on the distribution of lung blood flow. 

As for regional ventilation, the development of techniques with higher spatial resolution 
revealed that lung blood flow distribution is heterogeneous also within isogravitational 
planes, and that the heterogeneity within an isogravitational plane is almost as large as in the 
vertical direction.20, 49, 54, 55 Similar to regional ventilation, it has also been shown that regions 
with high blood flow are clustered together, as are regions with low blood flow.56 This pattern 
has proved to be robust even under different gravitational conditions.57 Several studies have 
shown that although gravity has an impact on the distribution, it only explains a minor part of 
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the total heterogeneity in lung blood flow.42, 49, 58-60 Instead, the structure of the pulmonary 
tree has demonstrated to be the major determinant of the distribution of regional lung blood 
flow.33, 56, 61, 62 

The distribution of regional lung perfusion is now considered to be determined by:63 

• The structure of the vascular tree affecting vascular conductance 
• The hydrostatic gradient, which is induced by gravity and influenced by body posture 
• The relationship between alveolar and vascular pressures 
• The arteriolar smooth muscle tone 

In the supine posture both the influence of the hydrostatic gradient and the structure of the 
vascular tree promotes lung blood flow to the dorsal, dependent, lung region. In the prone 
posture the influence of gravity and structure, respectively, counteract each other resulting in 
a more even distribution of lung blood flow. It has to be remembered that also structure is 
influenced by gravity through the redistribution of lung tissue with a change in e.g. body 
posture. 

During normal conditions with spontaneous breathing, most of the lung probably functions in 
zone 3 conditions, with zone 2 in the most non-dependent region of the lung. Since the 
vertical distance in horizontal body postures (i.e. prone/supine) is much smaller than in the 
upright posture, the influence of gravity is also less. However, if pulmonary arterial pressure 
falls (decreased cardiac output), such as in hypovolemic shock, or alveolar pressure is raised, 
as during positive pressure ventilation, especially with positive end-expiratory pressure, zone 
1 and 2 regions may increase.  

 

Gas exchange and ventilation-to-perfusion match 
 

Hypoxemia is a result of any, or a combination, of the following situations: 

• A decrease in the inspired partial pressure of oxygen, for example at high altitude. 
• Hypoventilation  
• Diffusion limitation; for example in interstitial lung diseases, or too short transit time 

for blood exposed to alveolar gas in a situation of very high cardiac output.  
• Ventilation-to-perfusion mismatch; uneven distribution of regional ventilation in 

relation to regional lung blood flow. Low ventilation-to-perfusion regions leads to 
hypoxemia. 

• Shunt; an extreme form of ventilation-to-perfusion mismatch with blood flow to an 
unventilated region of the lung, hence a region where no gas exchange at all occur. 
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As described, both ventilation and perfusion are heterogeneously distributed in the lung. 
Despite this, regional ventilation and blood flow is intimately matched in normal subjects, 
which is crucial for optimal gas exchange. Both active and passive processes are involved in 
V/Q matching.20, 64 Hypoxic pulmonary vasoconstriction (HPV), endogenously produced NO, 
as well as bronchoconstriction and –dilatation in response to changes in airway PCO2 and 
PO2 are active processes,20, 51, 52, 65-68 while gravity-induced redistribution of ventilation and 
perfusion, matching of airway and vascular geometry and homogenizing effects (e.g. 
rebreathing gases from anatomical dead space) are passive processes.35, 69-71 HPV is crucial 
for the maintenance of gas exchange in situations with regional alveolar hypoxia, but of little 
importance for gas exchange in the healthy lung.72, 73  

Early studies demonstrated heterogeneous distribution of ventilation and perfusion from apex 
to base in the upright posture.18, 22, 43, 74 Studies have also confirmed a greater gradient in 
perfusion than ventilation, leading to higher V/Q ratios in the apex than in the basal part of 
the lung.35, 75, 76 Similar to the active mechanisms described above, the effect of passive 
mechanisms in a healthy lung, such as changes in body posture, has little effect on the overall 
gas exchange, but in patients with respiratory failure a change from supine to prone posture 
may have a large effect on gas exchange.4, 12 

In a study on dogs, Treppo et al.31 demonstrated a higher degree of spatial correlation 
between regional perfusion and alveolar ventilation in prone posture compared to supine, 
concluding that the higher heterogeneity in V/Q ratio in supine posture was primarily due to 
the gravitational gradient in perfusion not fully compensated by the gradient in regional 
ventilation. The authors further speculate that the gravitational forces affecting blood and 
lung tissue are largely counteracted by dorsal-to-ventral differences in lung structure in the 
prone posture. In the supine posture on the other hand, the effects of gravity and lung 
structure become additive. The increased correlation of regional ventilation and perfusion in 
the prone posture compared to supine was confirmed by Mure et al. in a study on 
mechanically ventilated pigs.77 

 

Anesthesia and mechanical ventilation, and the impact 
on regional ventilation and lung perfusion 
 

The first clinical use of respiratory support, in the form of negative pressure ventilation, was 
reported in 192978 and became widely used during the polio epidemics. The treatment of the 
large amount of patients with polio may be seen as the advent of mechanical ventilation as 
well as the development of intensive care units. From the 1950s and onward, mechanical 
ventilation is provided as positive pressure ventilation – although in the early days performed 
by manual bag ventilation.79 Today, mechanical ventilation is used in the clinical every-day 
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life, during anesthesia for surgical interventions as well as in the treatment of patients in the 
intensive care units for various reasons. 

Induction of general anesthesia, with almost all anesthetic agents, causes a fall in the 
functional residual capacity (FRC). FRC is reduced both if spontaneous breathing is 
maintained and with the start of mechanical ventilation.80-83 This is probably, at least partly, 
due to loss of muscle tone with a cranially displacement of the diaphragm leading to a 
decrease in lung volume.84-86 Interestingly, anesthesia with ketamine without muscle 
paralysis, thereby keeping the muscle tone, does not reduce the FRC.87

 A reduction in FRC 
promotes airway closure leading to reduced distribution of ventilation to dependent lung 
regions. A further consequence might be atelectasis, secondary to absorption of gas in closed 
off lung regions.  

Regional ventilation during anesthesia and mechanical ventilation 

As opposed to the awake situation, studies have demonstrated increased ventilation towards 
non-dependent lung regions in anesthetized and mechanically ventilated humans in the supine 
and lateral posture.23, 88-91 In prone posture, a preferential distribution of ventilation to the 
dependent region of the lung has been demonstrated in anesthetized and mechanically 
ventilated humans, no different from the awake state.29 Using the same technique as in this 
thesis, Nyrén et al. demonstrated that when the effect of tissue distribution is taken into 
account, there is little difference in the vertical distribution of ventilation in mechanically 
ventilated normal subjects in supine and prone posture.92  

Regional perfusion during anesthesia and mechanical ventilation 

Similar to awake humans, a gravitational gradient with increasing regional lung blood flow 
from non-dependent to dependent parts of the lung has been demonstrated in supine 
anesthetized and mechanically ventilated humans.29, 92 Tokics et al also reported reduced 
perfusion to the most dependent part, which was attributed to atelectasis.91 In prone posture, 
Nyrén et al demonstrated a more uniform vertical distribution of lung blood flow compared to 
supine.92 

 

Positive end-expiratory pressure and its impact on 
regional ventilation and lung perfusion 
 

As described above, with a reduction in FRC atelectasis might occur when alveolar gas is 
absorbed distal to closed airways with reduced or no ventilation, leading to impaired gas 
exchange.82 To avoid the formation of atelectasis, both in the intensive care patient and in the 
patient undergoing surgery, it is of importance to counteract the reduction of FRC and to keep 
the lung open. In 1965, Hill et al.,93 studying patients undergoing cardiac surgery, was the 
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first to describe an increase in FRC with the use of positive end-expiratory pressure (PEEP). 
A recruitment maneuver can reopen collapsed lung regions,94 but to keep the lung open 
several studies have demonstrated the effect of applying PEEP, although the appropriate level 
of PEEP is debated.95, 96 A combination of recruitment maneuvers and PEEP has been 
proposed,97, 98 but a study by Östberg et al.99 recently demonstrated that PEEP alone may be 
enough to avoid atelectasis and deteriorated gas exchange in anesthetized and mechanically 
ventilated lung-healthy subjects during non-abdominal surgery.  

Mechanical ventilation with PEEP not only affects the airways, but also cardiac function by 
changing lung volume and hence intrathoracic pressure. Thus, PEEP may have deleterious 
effect on the hemodynamics with reduced cardiac output. Already in 1948, Cournand et al. 
concluded that positive-pressure ventilation reduces cardiac output due to the increased 
intrathoracic pressure leading to increased right ventricle filling pressure and impaired venous 
return.100  

In clinical practise, PEEP is commonly used in connection with mechanical ventilation. A 
lower level of PEEP is normally chosen to lung-healthy individuals, while patients with 
respiratory insufficiency, with a higher tendency to atelectasis and consolidated lung regions, 
usually need a higher PEEP to optimize gas exchange.  

Effects of PEEP on regional ventilation  

In supine pigs and sheep, the application of PEEP redistributes regional ventilation towards 
dependent lung regions.101, 102 In prone posture these two animal studies differed in that the 
addition of PEEP resulted in a redistribution towards non-dependent regions in sheep101 in 
contrast to dependent regions in pigs.102 Using electrical impedance tomography, studies on 
mechanically ventilated supine animals and humans with ARDS have demonstrated increased 
ventilation to the dependent lung regions with the addition of PEEP.103, 104 In anesthetized 
humans in the lateral position, the application of PEEP increases ventilation to the dependent 
lung,105 resembling the distribution of ventilation in the awake situation.  

Effects of PEEP on regional perfusion 

In animal studies, PEEP causes a redistribution of blood flow towards dependent parts of the 
lung in the supine posture.102, 106-109 In prone posture, studies have reported conflicting results. 
Walther et al. demonstrated a more uniform distribution of blood flow in prone animals with 
no, or minimal, change in blood flow distribution with the addition of PEEP, in contrast to the 
findings in supine animals.107, 108 On the other hand, Richard et al. reported an increase in 
blood flow towards dependent lung regions with the addition of PEEP in prone pigs.106  

Taken together, the results from previous studies show that PEEP influences the distribution 
of ventilation and perfusion, and that the effect may differ with body posture.  
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Hypergravity and the human centrifuge 
 

The standard acceleration of gravity, “g”, is the acceleration due to the gravity of Earth, and 
is by definition 9.80665 m/s2. Hypergravity, i.e. increased gravitational force, is the exposure 
to an additional force caused by angular, or linear, acceleration. Acceleration can be 
measured in “G”, i.e. 3 G denotes three times normal gravity. 

G = acceleration applied to the body / g  

Hence, in order to expose a human to 3 G an acceleration of 3 x 9.80665 = 29 m/s2 is needed. 
The force not only has a magnitude, but also a direction. Gz is acceleration parallel to the 
spine, in the head-to-foot direction, and. Gy is side-wise acceleration. The direction of 
acceleration in the present hypergravity studies is Gx, from front-to-back or the reverse, or 
“eyeballs in” or “eyeballs out”. 

Human centrifuges have been used for more than 200 years for various reasons, and can be 
used to study the effects of acceleration – or gravity. Erasmus Darwin, Charles Darwin´s 
grandfather, reported in 1794 about a stone wheel, also used to mill corn, which was rotated 
to induce sleep in a man.110

  In the 1800s, human centrifuges were used for both research and 
as a treatment for mental disorders. The first human centrifuge specifically intended for 
research was built in Germany in 1933, with a radius of 2.7 m and capacity of 15 G. The need 
for a deeper understanding of the impact of high acceleration on the human body was driven 
by the multiple aircraft accidents during World War I attributed to G-forces. During World 
War II several new types of G-protection devices, such as the anti-G suit, were developed, 
and at the end of the war six allied countries used human centrifuges for research. The largest 
and most powerful human centrifuge was the Johnsville Centrifuge at Johnsville Naval Air 
Development Center (NADC) in Pennsylvania, opened in 1949. The centrifuge had a 50 foot 
arm and could accelerate from a standstill to 178 miles per hour in less than 7 seconds, 
generating up to 40 G. Later on, the use of human centrifuges became of use for training of 
astronauts, including Neil Armstrong and Buzz Aldrin who received centrifuge training at 
Johnsville.  

 

Distribution of regional ventilation at hypergravity 
 

The effect of hypergravity on the human body has mostly been focused on the upright, seated 
posture (Gz) due to the problems encountered by pilots. The hypergravity-studies in this 
thesis are exploring the effect of gravity in the supine and prone posture (Gx). Glaister studied 
the distribution of ventilation and perfusion in supine humans at normal gravity and at 
exposure to 3 and 5 G, showing reduced ventilation in the dependent region of the lung at 
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hypergravity.111
 Increasing levels of G-force was also associated with larger regions of hypo- 

or no ventilation in the most dependent part of the lung. The author suggested that the 
decreased ventilation was caused by a hypergravity-induced increase in transpulmonary 
pressure gradient causing airway closure in dependent lung regions. In supine, and to a lesser 
extent prone posture, hypergravity has been shown to reduce the FRC, which also promotes 
airway closure and consequently reduced ventilation in dependent regions.74, 112-114 
Atelectasis has been confirmed in dependent lung regions, but only when breathing oxygen 
during the hypergravity exposure.115-117 Another possible cause of reduction of ventilation in 
dependent lung regions may be cranial displacement of the diaphragm during hypergravity, 
resulting in compression of the lung base.113 

 

Distribution of regional lung perfusion at hypergravity 
 

Several studies have focused on regional lung blood flow during hypergravity exposure, and 
reported somewhat contradictory results, possibly due to different techniques. In a study on 
supine humans exposed to hypergravity up to 8 G, Hoppin et al. did not demonstrate any 
significant change in the distribution of regional lung blood flow.118 In that study, a 
radioactive agent was administered during hypergravity exposure, followed by scanning at 1 
G. This is in contrast to a later study by Glaister on supine humans exposed to 3 and 5 G.111 
In this study both administration and scanning of the radioactive agent marking regional 
blood flow were performed during hypergravity. The study demonstrated an increase in 
regional blood flow in the direction of gravity, reaching a maximum in the midlung followed 
by a decrease in the dependent part of the lung. Furthermore, the results also indicated an 
unperfused region, zone 1, in the most non-dependent part of the lung. The author speculated 
that the airway closure might lead to changes in the local blood flow, such as an increase in 
capillary resistance in the most dependent lung regions.  Another possible explanation, 
suggested by the author, is compression of lung tissue in dependent regions distorting the 
blood vessels.111 Similarly, Chevalier et al. demonstrated a reduction in blood flow to the 
most dependent regions in dogs exposed to 2-6 G in the lateral posture.119 Using a method 
with a higher spatial resolution, Hlastala et al.120 demonstrated increased blood flow to 
dependent lung regions in awake prone pigs exposed to 2 and 3 G. The authors also 
concluded that less than 19% of the variance in blood flow was explained by the influence of 
gravity. In this study, the lungs were removed, re-inflated and dried before investigation, 
changing the in vivo distribution of lung tissue. Our group has previously reported results 
indicating increased heterogeneity in regional blood flow113, 114, 121 and redistribution of blood 
flow from dependent towards non-dependent regions122 in both supine and prone humans 
exposed to hypergravity. 
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Gas exchange and ventilation-to-perfusion match at 
hypergravity 
 

Previous studies have demonstrated impaired gas exchange in both animals and humans 
exposed to hypergravity, and the degree of impairment has proved to be posture-dependent. 
In the upright, seated posture severe hypoxemia occurs already during moderate levels of 
hypergravity.123-127 However, hypergravity exposure in the prone posture results in less severe 
arterial desaturation with better preservation of oxygenation compared to supine.121, 128 As 
described above, exposure to hypergravity causes redistribution of both regional ventilation 
and blood flow. Presumably this results in V/Q mismatch due to an uneven redistribution of 
ventilation and perfusion, respectively, leading to arterial hypoxemia. This is supported by an 
early study on humans exposed to 5 G in the supine posture, demonstrating extremely high 
V/Q ratios in non-dependent lung regions and extremely low V/Q ratios in the most 
dependent regions.111 

 

Single Photon Emission Computed Tomography  
 

Single photon emission computed tomography (SPECT) is a nuclear medicine imaging 
technique. It is based on gamma camera technique for detection of gamma rays generated by 
radionuclides, but in contrast to scintigraphy SPECT produces 3D images. While a normal X-
ray sends gamma radiation through the body, SPECT is based on gamma radiation emitted 
from the patient. A gamma emitting radionuclide is administered to the patient, usually 
through an intravenous injection or by inhalation, and the radioactivity concentration in the 
region of interest is detected by the gamma camera. During SPECT data acquisition, the 
gamma camera rotates to acquire 2D images, or projections, from multiple angles. Through 
computerized reconstruction, such as filtered back-projection, these multiple projections are 
turned into a 3D image.  

When photons emitted from the radiotracer interact with the surrounding tissues, scatter and 
attenuation occurs. Scattering means that the original direction and energy of the gamma ray 
is changed leading to a lower resolution. Attenuation means that not all photons from the 
radiotracer reach the gamma camera, which may lead to significant underestimation of 
regional radioactivity. Quantitative SPECT requires that the measured radioactivity is 
corrected for these factors. Correction for photon scattering can simply be performed using 
multiple energy acquisition windows.129 Attenuation correction is generally performed by 
measuring photon transmission through the body by means of an integrated X-ray computed 
tomography (CT) or a transmission scan with a radioactive source.130 
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Spatial resolution refers to the ability of the imaging method to separate two objects close 
together and is commonly quantified with the full-width-at-half-maximum (FWHM) of the 
point spread response function. Additionally, the voxel size, or sampling distance, also 
influences spatial resolution. Voxel size should not be larger than FWHM/3 in order to 
acquire adequate resolution.131 The spatial resolution for SPECT depends on the photon 
emission energy, the distance between the gamma camera and the emitting radiotracer, the 
camera´s physical characteristics and the reconstruction algorithm. FWHM is 10-20 mm for 
140 keV photons (99mTc) for a typical SPECT system.130 Note that the smaller the FWHM, 
the better the spatial resolution.  

Image related spatial resolution effects are commonly referred to as partial volume effects.132 
The partial volume effect means that the measured concentration of a radiotracer at the center 
of a volume element (voxel) with uniform concentration is influenced by the surrounding 
concentration if the volume is smaller than two to three times the FWHM in any direction. 
Hence, the measured concentration of a radiotracer in a voxel below the spatial resolution 
represents the average for a cluster of juxtapositioned voxels but weighted for the voxel of 
interest. Furthermore, the partial volume effect may lead to a gradual attenuation at the 
border, edge, of the volume of radiotracer distribution – the edge effect.130 A lower resolution 
results in a greater impact of partial volume effect.  

SPECT imaging usually uses a radionuclide attached to a ligand, forming a radiotracer. The 
ligand is chosen for its potential to bind to specific tissues or organs or to map a physiological 
or pathophysiological process. Thus, SPECT is functional imaging in contrast to anatomical 
X-ray imaging.   

Technegas is one option for gamma camera 
imaging of the distribution of inhaled air. 
Technegas is an aerosol of ultra-fine carbon 
particles (size 0.005 to 0.2 µm133) labeled with 
radioactive technetium (99mTc, photon energy 140 
keV, half-life 6 h). The basis of our use of the 
Technegas – SPECT method, is that the radiotracer 
is distributed in the lung in proportion to regional 
alveolar ventilation.129, 130, 134, 135 As Figure 2 
depicts, the Technegas particles remain in a fixed 
position after administration. Due to the size of the 
Technegas particles, Technegas is considered to behave in a Brownian motion fashion 
(particles <1 µm) with no influence of gravity, resulting in a predominant alveolar 
deposition.136, 137 Our research group has previously shown that gas exchange calculated 
using Technegas measurement of regional ventilation correlates to gas exchange assessed 
with the multiple inert gas elimination technique.134 Johansson et al.101

 demonstrated a good 
correlation between regional ventilation measured using Technegas and fluorescent 

Figure 2. Simplified representation of 
peripheral lung structure with Technegas 
deposition. 
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microspheres. Taken together these results provide strong support for the use of Technegas to 
measure regional ventilation. 

For the study of lung blood flow, macroaggregates of human albumin can be labeled with 
technetium-99m (99mTc-MAA) or indium-113m (113mIn-MAA, 113mIn: photon energy 392 
keV, half-life 1.7 hours), as well as other radionuclides. After an intravenous injection, the 
particles (size 15 to 100 µm) deposit in the pulmonary capillaries and in the precapillary 
arterioles in proportion to regional perfusion. Importantly, only a very small fraction of the 
pulmonary vessels are occluded by the radiotracer.138   

A unique characteristic of the SPECT technique is that it allows simultaneous imaging of 
several radiotracers with different energies, e.g. technetium (99mTc) and indium (113mIn). 
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AIMS  
 

The overall aim of this thesis was to gain further knowledge about the influence of gravity 
and body posture on the distribution of lung perfusion and ventilation in healthy subjects. 

Specific aims were to:  

• Investigate the interaction between posture and the effect of positive end-expiratory 
pressure on regional lung perfusion and ventilation in anesthetized healthy subjects 
(Study I). 

• Evaluate the influence of gravity on lung perfusion in upright and head-down 
postures (Study II).   

• Develop a technique to map regional ventilation during exposure to hypergravity 
(Study III).  

• Test the hypothesis that hypergravity, in the supine posture, is associated with 
reduced ventilation in dependent lung regions (Study III).  

• Test the hypothesis that regional ventilation during exposure to hypergravity is 
redistributed in a similar manner in the prone and supine postures and that the effect 
of a shift between supine and prone is greater at hypergravity than at normal gravity 
(Study IV).  
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MATERIALS AND METHODS 
 

Subjects and Ethics  
 

In total, 36 volunteers participated in the four studies. Details are presented in Table 1. No 
subject participated in more than one study. All were healthy non-smokers. None of the 
subjects was pregnant at the time of the investigation. All studies were approved by the local 
ethical and radiation protection committees (Study I: references 2005/184-31/4, 2005/671-
39, 04/05, 11/06; Study II: references 2008/200-31/3, 10/2008; Study III: references 
2008/1351-31/3, Ö 29-2008, 04/2009, 40/2009; Study IV: references 2008/1351-31/3, Ö 29-
2008, 04/2009, 40/2009), and performed in agreement with the latest revision of the 
Declaration of Helsinki at the time of the study. Written information was given and informed 
consent was obtained from all subjects. The total radiation exposure, including CT-scanning, 
for each subject was estimated as 2.5-8 mSv. For comparison, the yearly background 
radiation in Sweden is estimated to be approximately 3 mSv. A chest CT used for diagnostic 
purpose exposes the patient to approximately 5 mSv. 

 

Table 1. Subject data, Study I-IV 

 Study I Study II Study III Study IV 

n 12 8 10 6 

Men 3 5 5 3 

Women 9 3 5 3 

Age 20-52 21-37 20-35 21-27 

Height 155-183 160-185 163-183 163-180 

Weight 54-80 51-77 65-78 49-85 

Number of subjects (n), gender distribution, age (years), height (cm) and weight (kg) presented for the different 
studies. Age, height and weight are presented as range.  
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Study protocols 
 

The protocol for each study is outlined in the figures and figure legends below.  

Study I 

 

Figure 3. Study I. Half of the subjects were studied in the supine and the other half in the prone posture. Each 
subject was studied twice, once ventilated with the addition of 10 cmH2O PEEP during radiotracer 
administration, and once during ventilation without PEEP. (A) Induction of anesthesia in supine posture 
followed by (B) administration of  inhaled Technegas (99mTc) via the ventilator and intravenous injection of 
113mIn-labeled macroaggregates in the prone or supine posture. (C) SPECT imaging in the same posture as 
during radiotracer administration, and (D) repeated SPECT imaging in supine posture for subjects where 
radiotracers were administered prone. All images were obtained during ventilation without PEEP. PEEP, 
positive end-expiratory pressure. 

 

Study II 

 

Figure 4. Study II. All subjects were studied, each on one occasion, in both the upright and head-down posture. 
Macroaggregates labelled with either 99mTc or 113mIn was first administered intravenously in the upright posture 
followed by a short rest in the supine posture. A second administration of macroaggregates labelled with the 
other radionuclide was performed in the head-down posture. The protocol was completed by SPECT imaging 
that simultaneously imaged the distribution of both radiotracers.  
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Study III 

 

Figure 5. Study III. All subjects were studied supine. First, inhalation of Technegas (99mTc) was used to mark 
regional ventilation during exposure to three times normal gravity (3 G) in a human centrifuge. The subjects 
were then transported to the SPECT laboratory for the first image acquisition. Thereafter the subjects again 
inhaled Technegas, now at normal gravity (1 G) followed by a second SPECT image acquisition. Subtraction of 
the first images from the second yielded the radiotracer distribution at the second administration of Technegas.  
SPECT, single photon emission computed tomography. 

 

Study IV 

Figure 6. Study IV. All subjects were studied at two occasions, once in supine and once in prone posture, in a 
randomized order. Regional ventilation was marked with Technegas (99mTc) during exposure to three times 
normal gravity (3 G) in a human centrifuge. The subjects were thereafter transported to the SPECT laboratory 
for image acquisition in the supine posture at normal gravity. A second set of SPECT images were obtained in 
the prone posture after radiotracer administration prone. SPECT, single photon emission computed tomography. 
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Anesthesia (Study I) 
 

The subjects were monitored with electrocardiogram, blood pressure, pulse oximetry, arterial 
blood gases, respiratory rate, airway pressures, tidal volumes, and oxygen and carbon dioxide 
(CO2) concentration in inhaled and exhaled gases. Induction of anesthesia was performed 
with alfentanil and propofol, and maintained with propofol infusion and boluses of alfentanil 
as needed. Muscle paralysis was achieved with rocuronium and maintained until imaging was 
completed. The subjects were orally intubated and mechanically ventilated using volume 
control with a tidal volume of 8 ml/kg; respiratory rate was adjusted to a normal end tidal 
CO2 concentration. The inspired fraction of oxygen was 30% and increased if pulse oximeter 
readings decreased below 95%. A recruitment maneuver using a continuous airway pressure 
of 40 cmH2O during 20 seconds was performed 15 minutes before radiotracer administration 
and after each change of posture.  

 

Tilt table (Study II) 
 

We used a manually operated tilt table to study the 
distribution of blood flow in the inverse upright, 
head down, posture. The tilt table had a footplate, 
and the subjects were secured with a padded harness 
over the ankles, (Fig. 7). During the experiment the 
subjects were monitored with pulse oximetry, 
electrocardiogram and blood pressure. The head-
down posture was maintained 60 seconds before 
radiotracer administration and 60 seconds after the 
administration was completed.  

 

 

 

 

  Figure 7. Tilt table, picture used with 
permission from the subject.  
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The human centrifuge (Study III-IV) 
 

The hypergravity experiments were performed in the human centrifuge at Karolinska 
Institutet (Fig. 8). The centrifuge has a gondola that rotates with a radius of 7.25 m and has its 
floor perpendicular to the resultant gravitational vector. In both studies, the floor of the 
gondola was covered with a mattress and, during hypergravity exposure in the supine posture, 
a head support to accommodate the subject. The subjects were secured to the gondola floor 
with a 5-point safety belt and monitored at all time with a two-way audio communication 
system and a color video system. Physiological monitoring was obtained with 
electrocardiogram from chest electrodes and pulse oximetry from an earlobe using a clinical 
monitoring system. Expiratory flow was acquired from measurement through a mouthpiece 
and stored using a digital acquisition system. 

 

 

Figure 8. The human centrifuge at Karolinska Institutet. Upper figure: the gondola to the left was used in the 
hypergravity studies in this thesis. Lower figure: During hypergravity exposure the gondola adjust itself 
automatically so that the floor of the gondola is perpendicular to the resultant of gravity and the centrifugal G 
(Fc) vectors. The angular velocity of the centrifuge is chosen so that the resultant equals 3 G.  
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SPECT (Study I-IV) 
 

Regional ventilation was mapped using inhaled Technegas (Study I, III-IV). The duration of 
Technegas administration depends on the intended dose, whether the gas generated is diluted 
by air as in Study III-IV, and on the subjects breathing pattern. We used an external 
scintillation counter to measure the administered radioactivity.  

Regional lung perfusion was marked with macroaggregates of human albumin labeled with 
radioactive indium (113mIn) (Study I-II) and radioactive technetium (99mTc) (Study II).  

SPECT images were obtained with a two-headed gamma camera (Millennium VG; General 
Electric Medical Systems, Milwaukee, WI), equipped with low energy high-resolution 
parallel-hole collimators and recorded in 72 projections, 25 seconds per projection. The 
images, one set for each principal photon energy, were corrected for radioactive decay before 
image reconstruction using filtered back projection. In addition to the SPECT scan a 
sequential CT scan was performed for anatomical lung delimitation as well as for correction 
of attenuation and scatter. 

Specific for Study III, where two different conditions are imaged with 99mTc, the activity 
recorded (projections at SPECT) after the first Technegas administration (3 G) was subtracted 
from the projections in the second SPECT (1 G) prior to image reconstruction. To avoid 
image noise amplification at subtraction, the dosage of Technegas was doubled at the second 
administration (approximately 50 and 100 MBq at 3 G and 1 G, respectively). 

 

SPECT data analysis (Study I-IV) 
 

The original two-dimensional SPECT images are reconstructed into three-dimensional 
images, consisting of a number of voxels (size 4.42x4.42x4.42 mm3) with spatial coordinates.  
Each voxel has a value (counts per voxel) for each imaged radionuclide, which represents the 
perfusion or ventilation to that part of the lung at the time of radiotracer administration. For 
each set of images, voxel values are normalized to the mean for all voxels in that image. The 
normalized values therefore represent ventilation or perfusion to that voxel relative to the 
mean for all voxels in that subject in each situation. 

The SPECT results were analyzed in different ways: 

1. Study I-IV: The lungs were divided into 10 isogravitational segments, each 
representing 10% of the total distance from the most dependent to the most non-
dependent region of the lung. Distributions of normalized ventilation, perfusion or 
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ventilation-to-perfusion ratio per voxel were illustrated with plots of mean values for 
all voxels within each segment versus vertical height.   

2. Study II: Redistribution of blood flow was visualized using plots of the mean 
difference in blood flow per voxel between the upright and head-down posture for 
each isogravitational segment. 

3. Study I-II and IV: Vertical gradients were estimated as the regression coefficients 
from linear regressions of regional ventilation, perfusion, and ventilation-to-perfusion 
ratios per voxel. Gradients were quantified as the change in normalized ventilation, 
blood flow, and ventilation-to-perfusion ratio per cm. 

4. Study I: The PEEP-induced redistribution of ventilation and blood flow, respectively, 
were estimated by subtracting the gradient during ventilation with PEEP from the 
gradient without PEEP, for each posture. 

5. In Study II we analysed our data similar to Glenny et al.60 to assess the effect of 
gravity on the distribution of regional blood flow. The effect of gravity can be thought 
of as increased or decreased flow to each voxel, in a situation with no effect of 
gravity. As we measured blood flow per voxel in two postures with the opposite effect 
of gravity, the mean flow per voxel across the two situations could hence be taken as 
the blood flow per voxel with the effect of gravity excluded. The heterogeneity in 
blood flow per voxel when voxel values were averaged across both postures then 
represents the heterogeneity caused by lung structure. These data and multiple-
stepwise linear regressions were used to calculate the relative contribution of structure 
and height up the lung (i.e. gravity) to the blood flow heterogeneity in each posture. 
Blood flow to a voxel (i) in posture (j) was modeled as       

                                         Qij = α • Qmeani + β • heighti + εi       

where Qmeani was the mean flow to that voxel (i) across the two postures, height was 
the distance up the lung in each posture (j), and εi was the residual component for 
each voxel. The difference in r2 value between including both structure and height up 
the lung and only structure in the regression model was taken as the contribution of 
height up the lung to the overall blood flow heterogeneity. 

6. Study II: The partial volume effect is shared between the two postures, which induce 
a correlation in flow per voxel across the two postures.  This enhances the correlation 
ascribed to lung structure. To quantify this correlation, the CT images for each subject 
and posture were used to create a data set with voxel values randomly sampled from a 
Poisson distribution with a mean equal to the original SPECT image for each subject. 
The two sets of images were convolved with the corresponding point spread function 
of the SPECT system with the tracer used in each posture. The voxel-wise linear 
correlation was used to estimate the influence of the partial volume effect on the 
blood flow heterogeneity ascribed to lung structure. 
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7. Study III: The heterogeneity of regional ventilation was estimated using variance 
analysis. Global heterogeneity (SStotal) was obtained as the sum of squares of the 
voxel-wise differences from the mean for all voxels. The variation of ventilation 
within isogravitational planes (SSiso) was estimated by calculation of the sum of 
squares for voxel-wise differences between each voxel value and the corresponding 
mean voxel value for each isogravitational plane. The heterogeneity explained by the 
vertical direction was calculated by subtracting SSiso from SStotal. All calculations 
were done separately for each subject and gravitational condition. 

8. Study III-IV: The redistribution of ventilation (per unit volume of the lung) caused 
by hypergravity was estimated by comparing the ratio between the mean ventilation 
per voxel for the non-dependent and dependent half of the lung.  

9. Study IV: For comparison with the distribution of ventilation in supine and prone 
humans at normal gravity, results from a prior study from the research team was 
included in the study. These data are from other subjects.21 
 

Statistics 
 

All continuous data are presented as mean ± SD. Paired and un-paired two-tailed Student´s t-
tests were used for statistical analysis of physiological parameters and differences between 
conditions as appropriate. Results were considered statistically significant if p<0.05.   
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RESULTS 
 

Study I 
 

The SPECT image, Figure 9, depicts the distribution of ventilation and perfusion, 
respectively, with and without PEEP in the supine and prone postures in one of the subjects. 

 

 

Figure 9. Single photon computed tomography images of regional ventilation and blood flow, respectively, with 
and without PEEP 10 cmH2O, in the supine and prone posture. Images are from the same subject and represent a 
transversal section of both lungs at midlung level. Image acquisition was obtained supine without PEEP. 
Coloring is according to a relative scale individual for all images. PEEP, positive end-expiratory pressure. 

 

PEEP and regional ventilation 

Figure 10 A-D shows the vertical distributions of ventilation, with and without PEEP. In 
supine subjects ventilated without PEEP, ventilation is rather uniform but shifted to 
dependent regions with the addition of PEEP (Fig. 10 A). In prone posture, a predominant, 
and similar, distribution of ventilation to the non-dependent region is demonstrated both with 
and without PEEP (Fig. 10 B). A shift from supine to prone posture without PEEP result in a 
redistribution of ventilation to dorsal, now non-dependent lung regions (Fig 10 C). In 
contrast, a shift from supine to prone with PEEP lead to a slight increase in ventilation to 
ventral, now dependent, parts of the lung in the prone posture (Fig. 10 D). Table 2 presents 
the gradients from dependent to non-dependent lung regions in regional ventilation with and 
without PEEP. The effect of PEEP on the dependent-to-non-dependent distribution of 
ventilation and perfusion can also be estimated as the difference in gradient (gradient with 
PEEP minus gradient without PEEP) from least squares regression. The difference in 
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ventilation gradients was -0.062 ± 0.057 in supine and -0.017 ± 0.011 in prone (Table 3). A 
difference in gradient >0 means a PEEP-induced redistribution from dependent to non-
dependent regions, a difference <0 the opposite. Hence, these results confirm the 
redistribution towards dependents regions in supine compared to the relatively unchanged 
regional ventilation in prone with the addition of PEEP, as indicated in Figure 10. 

 

       A                                                               B                                                 

 

       C                                                        D 

 

Figure 10. Plots A-B illustrates the change in regional ventilation with the addition of PEEP in supine and prone 
posture, respectively.  Plots C-D show the same data but now combined with the intention to illustrate the 
redistribution of ventilation within the lung at a change in posture during ventilation with and without PEEP. For 
these plots, the lungs were divided into 10 sections of equal height along the dorsal-to-ventral distance of the 
lung. Normalized regional ventilation per voxel was averaged within each section. Plotted values are the mean 
values across all individuals for each section; error bars illustrate SD for individual mean values for each section. 
All data are from SPECT image acquisition supine. PEEP, Positive end-expiratory pressure. 
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PEEP and regional perfusion 

Figure 11 illustrates the vertical distribution of perfusion, with and without PEEP. In supine 
subjects, there is a predominant blood flow to the dependent region, which is accentuated 
with the addition of PEEP (Fig. 11 A). In prone posture, the more uniform distribution of 
blood flow without PEEP is shifted to greater perfusion in dependent lung regions with the 
addition of PEEP (Fig. 11 B). In contrast to ventilation, without PEEP a shift from supine to 
prone posture lead to a redistribution of blood flow towards ventral, now dependent parts of 
the lung (Fig. 11 C). Thus, a shift from supine to prone shifts blood flow to dependent regions 
both during ventilation without and with PEEP, and the redistribution is accentuated with the 
addition of PEEP (Fig. 11 D). As indicated in both the plots in Figure 11, as well as from the 
gradients in Table 2, PEEP causes a redistribution of regional blood flow from non-dependent 
to dependent regions in both supine and prone posture. The differences between perfusion 
gradients with and without PEEP were -0.050 ± 0.029 in supine and -0.054 ± 0.015 in prone, 
implying a quantitatively similar redistribution in the two postures (Table 3).  

 

Table 2. Gradients from dependent to non-dependent lung regions 

 Ventilation Perfusion 

 PEEP 0  PEEP 10 cmH2O PEEP 0  PEEP 10 cmH2O 

Supine 0.012 ± 0.031  -0.050 ± 0.028 -0.047 ± 0.017 -0.097 ± 0.026 

Prone 0.040 ± 0.012  0.023 ± 0.006 0.000 ± 0.016 -0.054 ± 0.014 

Estimates of dependent-to-non-dependent gradients obtained from linear least squares regression. Values are 
mean ± SD. Units are normalized ventilation and perfusion per cm. All data are from SPECT image acquisition 
supine. PEEP, positive end-expiratory pressure. 

 

Table 3. Effect of PEEP on gradients from dependent to non-dependent lung regions 

 Ventilation Perfusion Ventilation-to-perfusion ratio 

Supine -0.062 ± 0.057† -0.050 ± 0.029* -0.003 ± 0.049 

Prone -0.017 ± 0.011* -0.054 ± 0.015* 0.045 ± 0.024* 

Effect of PEEP on the vertical distribution of perfusion, ventilation and ventilation-to-perfusion ratios, estimated 
as differences in gradients (gradient with PEEP minus gradient without PEEP) from linear least squares 
regressions. Values are mean ± SD. Units are normalized perfusion, ventilation or ventilation-to-perfusion ratios 
per cm. All data are from SPECT image acquisition supine. A difference in gradient >0 signifies a PEEP-
induced redistribution from dependent to non-dependent regions, a difference <0 a shift in the opposite direction. 
Hence, a difference of 0 implies that the addition of PEEP did not change the gradient at all.                                              
† p<0.05; *p<0.01 for being different from zero (single sample t-test). PEEP, positive end-expiratory pressure. 
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       A                                                         B 

 

       C                                                         D                                              

 

Figure 10. Plots A-B illustrates the change in regional lung blood flow with the addition of PEEP in supine and 
prone posture, respectively. Plots C-D show the same data but now combined with the intention to illustrate the 
redistribution of ventilation within the lung at a change in posture during ventilation with and without PEEP. For 
these plots, the lungs were divided into 10 sections of equal height along the dorsal-to-ventral distance of the 
lung. Normalized regional ventilation per voxel was averaged within each section. Plotted values are the mean 
values across all individuals for each section; error bars illustrate SD for individual mean values for each section. 
All data are from SPECT image acquisition supine. PEEP, Positive end-expiratory pressure. 

 

PEEP and regional ventilation-to-perfusion ratios 

The addition of PEEP caused different effects on ventilation-to-perfusion ratio depending on 
posture. In supine posture, PEEP caused a similar redistribution of both perfusion and 
ventilation towards dependent lung regions. Hence, little change in the ventilation-to-
perfusion ratios occurred as demonstrated by the difference in gradients with and without 
PEEP; -0.003 ± 0.049 (Table 3). In the prone posture, the addition of PEEP lead to a 
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redistribution of both perfusion and ventilation to dependent regions, although much smaller 
for ventilation. Thus, PEEP resulted in a dependent increase and non-dependent decrease in 
ventilation-to-perfusion ratios, with a difference between gradients with and without PEEP of 
0.045 ± 0.024 (Table 3).  

 

Study II 
 

Redistribution of perfusion in the head-down posture 

A change from upright to head-down posture redistributed blood flow from basal towards 
apical regions of the lung, hence in the direction of gravity, as illustrated by SPECT images 
from one subject in Figure 12. 

 

 

 

 

 

 

 

 

 

 

Figure 12. Single photon computed tomography images of regional blood flow in the upright and head-down 
posture, respectively, from one subject. Images represent a sagittal section of both lungs. Image acquisition was 
obtained supine. Coloring is according to a relative scale individual for all images. 

 

The blood flow redistribution illustrated by Figure 12 is confirmed in Figure 13, showing 
plots of the vertical blood flow distribution across all individuals. As Figure 13 A 
demonstrates, in upright posture blood flow is predominantly distributed to the dependent, 
basal, part of the lung. A shift to the head-down posture redistributes blood flow towards the 
apical, now dependent lung region; hence in the direction of gravity. Figure 13 B shows 
blood flow redistribution with a shift in posture from upright to head-down. The negative 
values in the basal part imply less blood flow in head-down posture while the positive values 
in the apical part means increased blood flow with a shift in posture. 
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Figure 13. Regional blood flow distribution in upright and head-down posture (A), and redistribution of regional 
blood flow with a change from upright to head-down posture (B), derived from SPECT data. For these plots the 
lungs were divided into 10 sections of equal height along the basal-to-apical distance of the lung. Mean blood 
flow per voxel was calculated for each section, each subject and each posture. Plot A. Normalized blood flow, 
blood flow per voxel normalized to the mean for all voxels in each situation and individual. Plotted values are 
the mean values across all individuals for each section; error bars illustrate SD for individual mean values for 
each section. Plot B. For each section and each individual, the difference in blood flow per voxel between the 
head-down and upright posture was calculated. A negative value implies less blood flow in the head-down 
posture compared to upright, positive values the opposite. Plotted values are the mean difference for each section 
across all individuals; error bars illustrate SD for these differences. All data are from SPECT image acquisition 
supine. 

 

The redistribution of blood flow was quantified by comparing the percentage of total 
perfusion distributed to the apical and basal halves of the lung, respectively, and by the 
vertical gradients from linear regression as presented in Table 4. It has to be remembered that 
these percentages are influenced by the shape of the lung, i.e. the basal part of the lung is 
larger than the apical half. Both the changes in blood flow to the two halves of the lung and 
the gradients were statistically different between the two postures. In both postures, the linear 
regressions demonstrated increasing blood flow in the direction of gravity, although much 
less in head-down than upright (Table 4).   
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Table 4. Distribution of regional perfusion, apical and basal lung halves, as well as apical-to-
basal gradients 

 Upright Head-down P value 

Apical half (%) 21 ± 6 37 ± 7  < 0.05 

Basal half (%) 79 ± 6 63 ± 7  < 0.05 

Apical-to-basal gradient 0.073 ± 0.019 -0.006 ± 0.006  < 0.05 

Distribution of perfusion to the apical and basal half of the lung. Estimates of apical-to-basal gradients obtained 
from linear least squares regression. Values are mean ± SD. Units are normalized blood flow per cm. 

 

Influence of gravity on regional perfusion  

The relative contribution of gravity (height up the lung) and structure to blood flow 
heterogeneity in upright and head-down posture was calculated as described in the methods 
section, and presented in Table 5. The results show that gravity on the average explains only 
6% (r2) of the variability (in blood flow per voxel) in the upright posture and 15% in the 
head-down posture. The variability ascribed to the influence of structure, independent of 
gravity, is 86% in upright respectively 71% in head-down posture. The r2 values for structure 
include the influence of the partial volume effect that is inherent to the SPECT method 
(addressed further in the discussion). Our estimation of the effect of the SPECT method on 
the calculated correlation suggests that the SPECT method substantially contributes to the r2 
values. Calculated r2 ascribed to the method was on the average 34% ± 10%. 

 

Table 5. Relative contribution of structure and height up the lung to perfusion heterogeneity 

in the upright and head-down posture 

 r2 Structure* r2 Structure* + Height r2 Added by Height 

Upright Mean 0.86 0.93 0.06 

Head-down Mean 0.71 0.86 0.15 

*The r2 values ascribed to structure include the effect of the method; see Methods section, SPECT data analysis.  
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Study III 
 

Mapping of regional ventilation at hypergravity 

The use of Technegas administration during exposure to 3 G to explore the distribution of 
ventilation at hypergravity proved feasible. 

Redistribution of regional ventilation at hypergravity 

SPECT images from one subject illustrating the redistribution of regional ventilation from 
dependent towards non-dependent lung regions with a change from normal to three times 
normal gravity are shown in Figure 14. These images suggest that exposure to hypergravity 
redistributes ventilation in the opposite direction of gravity in supine posture, which was 
confirmed by the overall analysis of the SPECT data (Fig. 15). 

 

Figure 14. Single photon emission computed tomography images of regional ventilation during normal (1 G) 
and three times normal gravity (3 G). Images are from the same subject and represent a sagittal section of the 
right lung and a transverse section of both lungs at midheart level, respectively.  Image acquisition was obtained 
supine at normal gravity. Coloring is according to a relative scale individual for all images.  

 

To address whether the hypergravity-induced vertical shift in ventilation occurred along the 
whole apical-to-basal distance, the changes in distribution of ventilation between 1 and 3 G in 
the whole lung as well as separately for the apical and basal half of the lung are illustrated in 
plots in Figure 15. The results clearly demonstrate the same pattern of redistribution of 
ventilation towards the non-dependent part of the lung in both the apical and basal half.  
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Figure 15. Distribution of regional ventilation in the supine and prone posture at normal (1 G) and three times 
normal gravity (3 G). The plots show data from the whole lung, the apical, and the basal half of the lung. For 
these plots the lungs were divided into 10 sections of equal height along the dorsal-to-ventral distance of the 
lung. Mean ventilation per voxel was calculated for each section, each subject and each gravitational condition. 
Normalized ventilation, ventilation per voxel normalized to the mean for all voxels in each situation and 
individual. Plotted values are the mean value across all individuals for each section; error bars illustrate SD for 
individual mean values for each section. All data are from SPECT image acquisition supine at normal gravity. 

 

Similarly, the mean ventilation per voxel in the non-dependent and dependent part of the lung 
as well as the non-dependent to dependent ratio demonstrate greater ventilation per unit lung 
volume in the non-dependent half of the lung during 3 G, as opposed to 1 G (Table 6). The 
percentage of ventilation distributed to the non-dependent respectively dependent half of the 
lung is reported in Table 7.  
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In addition to the non-dependent-to-dependent changes in regional ventilation, the change in 
distribution of ventilation to the apical and basal half was also quantified. As reported in 
Table 6 and 7, both the percentage of ventilation distributed to the apical half of the lung and 
mean ventilation per voxel in the same region increase at exposure to hypergravity. Hence, a 
hypergravity-induced increase in the fraction of ventilation distributed to apical regions was 
also demonstrated.  

 

Table 6. Non-dependent to dependent and apical to basal distributions of regional ventilation 

 1 G 3 G P value 

Mean ventilation per voxel    

Non-dependent half 0.87 ± 0.09 1.31 ± 1.15 <0.0001 

Dependent half 1.08 ± 0.05 0.82 ± 0.10 <0.0001 

Apical half 0.91 ± 0.08 1.00 ± 0.09 <0.01 

Basal half 1.02 ± 0.05 0.93 ± 0.03 <0.01 

Ratios    

Non-dependent-to-dependent  0.81 ± 0.12 1.63 ± 0.35 <0.0001 

Apical-to-basal   0.90 ± 0.11 1.09 ± 0.12 <0.01 

Ratios between mean ventilation per voxel for the non-dependent, dependent, apical, and basal half of the lung. 
Values are mean ± SD across all subjects. 1 G, normal gravity; 3 G, three times normal gravity. 

 

Table 7. Distribution of regional ventilation; non-dependent and dependent, apical and basal 
lung halves 

 1 G 3 G 

Non-dependent half (%) 34 ± 6 52 ± 5 

Dependent half (%) 66 ± 6 48 ± 5 

Apical half (%) 39 47 

Basal half (%) 61 53 

Percentage of total ventilation distributed to the non-dependent and dependent, as well as the apical and basal 
half of the lung respectively. These percentages are however confounded by the shape of the lung, i.e. the 
dependent halves being larger than the non-dependent as well as the basal regions also being more dependent. 
Values are mean ± SD across all subjects. 1 G, normal gravity; 3 G, three times normal gravity.  
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Isogravitational variance of ventilation 

The results from variance analysis show that the variation within isogravitational planes 
constitute 83% of the total variation at 1 G and 66% at 3 G. The variation in the vertical 
direction increased significantly between 1 and 3 G, p <0.01. In contrast, the variation within 
isogravitational planes did not increase significantly, p = 0.55.  

 

Study IV 
 

Regional ventilation supine 

In the supine posture, the SPECT image shown in Figure 16 (A) indicates greater regional 
ventilation in the non-dependent, ventral, part of the lung at 3 G. Similarly, Figure 17 (A) 
demonstrates greater regional ventilation in the non-dependent than dependent lung region in 
all subjects at 3 G in the supine posture. Compared to regional ventilation at normal gravity, 
these results indicate a redistribution of ventilation from dependent towards non-dependent 
lung regions at exposure to hypergravity (Fig. 17 B). Mean ventilation per voxel in the non-
dependent and dependent part of the lung, respectively, as well as the ratio between the 
values consistently demonstrate a greater ventilation per unit volume of the non-dependent 
lung at 3 G as opposed to 1 G (Table 8). Table 8 also presents the vertical gradient in the 
dependent-to-non-dependent direction.  These results are in agreement with the results from 
Study III. 

 

 

Figure 16. Combined single photon emission computed tomography and computed tomography images of the 
distribution of ventilation during exposure to three times normal gravity (3 G) in the (A) supine and (B) prone 
posture. Images are from the same subject and represent a transversal section of both lungs at midlung level. 
Image acquisition was obtained supine at normal gravity. Coloring is according to a relative scale individual for 
all images. 
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Regional ventilation prone  

Similar to supine, the SPECT image (Fig.16 B) as well as plots (Fig. 17 C-D) demonstrate a 
predominant distribution of ventilation to the non-dependent, now dorsal, part of the lung in 
the prone posture at 3 G. Again, the pattern is consistent for all subjects (Fig. 17 C). In the 
prone posture, ventilation is predominately distributed to dorsal regions both at 1 and 3 G but 
the ventral-to-dorsal increase in regional ventilation was greater at hypergravity (Fig. 17 D). 
This is confirmed by the comparison of the mean ventilation per voxel for the non-dependent 
and dependent lung regions and the vertical gradients (Table 8).  

 

Table 8. Non-dependent to dependent distributions of regional ventilation  

 Supine 3 G n=6 Supine 1 G n=7 Prone 3 G n=6 Prone 1 G n=7 

Non-dependent 1.23 ± 0.12 0.80 ± 0.07 1.25 ± 0.09 1.07 ± 0.02 

Dependent 0.88 ± 0.07 1.08 ± 0.03 0.46 ± 0.20 0.84 ± 0.07 

ND:D ratio 1.42 ± 0.25 0.74 ± 0.08 3.33 ± 1.87 1.28 ± 0.12 

Vertical D-ND gradient 0.083 ± 0.038 -0.052 ± 0.23 0.123 ± 0.036 0.041 ± 0.016 

Mean ventilation per voxel in the non-dependent (ND) and dependent (D) part of the lung and the ratio between 
these mean values (ND:D ratio. Vertical gradient D-ND, estimates of the gradients in ventilation per voxel in the 
dependent-to-non-dependent direction, from least squares linear regression. All data are from SPECT image 
acquisition supine. Values are mean  ± SD across all subjects, units mean normalized ventilation per voxel and 
normalized ventilation per voxel per cm. 3 G, three times normal gravity. For comparison we also included data 
in the same posture but at normal gravity (1 G), these data are from a prior study using other subjects.21 
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Figure 17. Distribution of regional ventilation in the supine and prone posture at normal (1 G) and three times 
normal gravity (3 G). For these plots the lungs were divided into 10 sections of equal height along the dorsal-to-
ventral distance of the lung. Mean ventilation per voxel was calculated for each segment, each subject and each 
posture. Plots A and C show the data for each subject and situation at 3 G. Plots B and D show mean 
ventilation for each section across all subjects. For comparison data were included for the distribution of 
ventilation in the same body posture but at 1 G. These data are from a prior study using other subjects.21 
Normalized ventilation per voxel, normalized to the mean for all voxels in each posture and individual. Error 
bars illustrate SD for individual mean values for each section. All data are from SPECT image acquisition 
supine. 
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Figure 18 summarizes the results of Study IV. At normal gravity, ventilation is 
predominantly distributed to the dorsal part of the lung in both supine and prone posture with 
very similar vertical gradients in both postures. Exposure to 3 G redistributes ventilation 
towards non-dependent, ventral, lung regions in supine posture, while a corresponding shift in 
regional ventilation to dorsal, non-dependent regions occur in prone posture. Importantly, all 
these results refer to images obtained in the supine posture. This means the comparisons 
relates to the distribution of ventilation within the airways. For the prone posture, the actual 
distribution per unit lung volume while prone is different. 

 

 

Figure 18. Distribution of regional ventilation in the supine and prone posture at normal (1 G) and three times 
normal gravity (3 G). For these plots the lungs were divided into 10 sections of equal height along the dorsal-to-
ventral distance of the lung. Mean ventilation per voxel was calculated for each segment, each subject and each 
posture. Plotted values are the mean ventilation for each section across all individuals for each situation. Data are 
identical to those in Figure 17 but in this plot combined to further illustrate the effect of gravity on the 
distribution of regional ventilation along the vertical distance of the lung. For comparison data were included for 
the distribution of ventilation in the same body posture but at 1 G. These data are from a prior study using other 
subjects.21 Differences between the different situations therefor reflect the effect of the direction and magnitude 
of the gravitational force on the distribution of ventilation within the lung parenchyma. Error bars marking SD 
are omitted to enhance clarity. All data are from SPECT image acquisition supine. 
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DISCUSSION  
 

Determinants of lung perfusion and ventilation 
 

As the title implies, the overall aim of this thesis has been to investigate the role of body 
posture and gravity as determinants of regional lung perfusion and ventilation. The results 
show that neither body posture nor gravity is the sole determinant of these distributions, 
although they both play important roles. If posture was the only, or predominant, determinant 
of the distribution of ventilation and lung blood flow, and all other factors identical, the 
comparisons upright – head-down, respectively supine – prone would be mirror images and 
this is clearly not the case.  Figure 19 combines SPECT images from Study II and an earlier 
supine – prone study from the research group,21 and depicts the changes in distribution of 
perfusion if the body is seen as a spinning wheel. The images serve to give a schematic 
illustration of the influence of gravity on regional lung blood flow in these postures. Just 
looking at the images gives the impression that gravity is a major determinant of lung blood 
flow distribution. However, the results from Study II suggest otherwise. In Study II, 
exploring the maximal influence of posture under normal gravitational conditions, we 
conclude that lung structure is the main determinant of regional lung blood flow, which is in 
agreement with earlier studies using the same approach.60 

 

                                                                                                                                      

Figure 19. Single photon 
emission computed tomography 
images of the distribution of 
regional blood flow in different 
postures at normal gravity. For 
comparison, images for the 
supine and prone postures are 
included from a prior study 
using a different subject.21 
Images for upright and head-
down are from the same subject 
(Study II). Images represent a 
sagittal section of the lung. 
Image acquisition was obtained 
supine. Coloring is according to 
a relative scale individual for all 
images. 

 



 

 40 

Distribution of ventilation  
 

The studies included in this thesis have examined the distribution of regional ventilation 
under various conditions, all in healthy humans: 

• Anesthetized and mechanically ventilated with and without PEEP 10 cmH2O, supine 
and prone (Study I) 

• Awake supine at normal gravity and hypergravity (Study III) 
• Awake supine and prone at hypergravity (Study IV) 

Although not the same subjects, the following discussion compares the results from these and 
earlier studies from the research team, aiming at further clarifying the influence of posture 
and gravity. These prior studies used SPECT methods that were identical, or very similar, to 
the method used in this thesis. The plots in Figure 20 illustrate the distribution of ventilation 
in the supine and prone human in the different situations.  

Ventilation supine 

The results from Study III demonstrate that regional ventilation in the awake supine human 
is most pronounced in the dependent, dorsal, part of the lung. This is consistent with earlier 
studies.18, 21-28 As Figure 20 A depicts, our results suggest that general anesthesia and 
mechanical ventilation without PEEP causes a shift of regional ventilation from dependent to 
non-dependent lung regions (Study I). This is in agreement with the study by Tokics et al.91, 
but in contrast with the findings by Nyrén et al.92 demonstrating an increasing gradient in the 
opposite direction. Both studies used SPECT, as the studies in this thesis. Nyrén et al. argued 
that an explanation to these diverging results might be that Tokics et al. noted atelectasis in 
the most dependent lung. Nyrén et al. performed recruitment maneuvers, and the subjects 
were mechanically ventilated with a PEEP of 4-5 cmH2O, which may have prevented 
formation of atelectasis and thereby a decreased dependent ventilation. However, as a 
recruitment maneuver was performed also in Study I, and no atelectasis was seen on the CT 
scan, the presence of significant atelectasis cannot explain the different findings in this study. 
With the addition of PEEP 10 cmH2O in Study I, ventilation was redistributed towards the 
dependent (dorsal) part of the lung – mimicking the pattern in the awake situation (Fig. 20 
A). In earlier studies, the addition of PEEP has proved to increase ventilation to the 
dependent lung in anesthetized and mechanically ventilated humans in lateral position.105 In 
supine anesthetized and mechanically ventilated humans, Hulands et al. demonstrated a 
distribution of ventilation slightly in favor of the dependent lung region during inflation of the 
lung to 1 liter above FRC, although not significantly different from the awake situation.89 

Returning to awake supine subjects, Study III-IV demonstrates the redistribution of 
ventilation from dependent towards non-dependent lung regions with a change from normal 
to three times normal gravity (Fig. 20 A).  
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Figure 20. Plots A-B summarizes the distribution of ventilation in supine and prone posture, respectively. Plot 
C show the same data for normal gravity but now combined with the intention to illustrate the remarkably 
similar pattern of distribution of ventilation in different situations. For these plots, the lungs were divided into 10 
sections of equal height along the dorsal-to-ventral distance of the lung. Normalized regional ventilation per 
voxel was averaged within each section. Plotted values are the mean values across all individuals for each 
section, error bars marking SD are omitted to enhance clarity. For comparison, data for the awake situation in 
both postures are included. These data are from a prior study using different subjects.21 All data are from SPECT 
image acquisition supine. PEEP, Positive end-expiratory pressure; 1 G, normal gravity; 3 G, three times normal 
gravity. 
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Ventilation prone 

Comparing the results from awake prone humans in an earlier study21 with the results from 
Study I on anesthetized and mechanically ventilated humans, a similar pattern of ventilation, 
regardless of level of PEEP is indicated. In all three situations, regional ventilation is most 
pronounced in the dorsal, non-dependent, region of the lung as illustrated in Figure 20 B. 
Exposure to hypergravity (Study IV) results in a redistribution of ventilation from dependent 
towards non-dependent lung regions compared to 1 G conditions (Fig. 20 B). Interesting to 
note is the similar, predominantly dorsal, distribution of ventilation in the different situation 
shown in Figure 20 C. 

To summarize; ventilation is predominantly distributed to the dorsal (dependent in supine and 
non-dependent in prone) part of the lung in both supine and prone awake subjects, as well as 
in anesthetized subjects mechanically ventilated with PEEP 10 cmH2O in supine, and 
regardless of PEEP 0 or 10 cmH2O in the prone posture (Fig. 20 C). Hypergravity increases 
ventilation to the non-dependent part of the lung, i.e. ventral in supine and dorsal in prone 
posture. Compared to awake subjects, the same shift is seen in the anesthetized subjects 
mechanically ventilated without PEEP in the supine posture. 

We suggest that airway closure may be a possible shared explanation to the decrease in 
ventilation in the dependent lung regions in supine humans with the induction of general 
anesthesia and mechanical ventilation without PEEP, as well as at exposure to hypergravity 
in both supine and prone posture. In both situations, a reduction of FRC occurs with increased 
airway closure resulting in reduced regional ventilation in the dependent region of the lung.  

 

Distribution of perfusion 
 

The distribution of regional lung perfusion in healthy subjects has been addressed in the 
following situations: 

• During general anesthesia and mechanical ventilation with and without PEEP 10 
cmH2O, supine and prone (Study I) 

• Awake in the upright and inverse upright posture (Study II) 

Perfusion supine 

As for regional ventilation, the following discussion compares the results from these and 
earlier studies from our group, aiming at further clarifying the influence of posture and 
gravity. Studying healthy subjects with the same SPECT technique, Petersson et al.,21 in 
accordance with several other studies,22, 26, 30, 44-47 demonstrated a predominant distribution of 
perfusion in the dependent, dorsal, part of the lung in awake supine subjects. When compared 
to awake supine subjects, the results from Study I demonstrates that general anesthesia and 



 

  43 

mechanical ventilation are associated with a redistribution of blood flow from non-dependent 
towards dependent lung regions and that this is accentuated during mechanical ventilation 
with PEEP (Figure 21 A).   

Perfusion prone 

In the prone awake human, the same study by Petersson et al.122 showed a predominant 
distribution of perfusion in the non-dependent, dorsal, region of the lung in the awake human. 
With induction of general anesthesia and mechanical ventilation, the results from Study I 
demonstrates a redistribution of regional blood flow towards dependent, ventral, lung regions, 
again even more pronounced with the addition of PEEP (Figure 21 B).  

 

          A                                                       B 

 

Figure 21. The plots summarize the distribution of blood flow in supine and prone posture, respectively. For 
these plots, the lungs were divided into 10 sections of equal height along the dorsal-to-ventral distance of the 
lung Normalized regional perfusion per voxel was averaged within each section. Plotted values are the mean 
value across all individuals for each section, error bars marking SD are omitted to enhance clarity. For 
comparison, data for the awake situation in both postures are included. These data are from a prior study using 
different subjects.21 All data are from SPECT image acquisition supine. PEEP, Positive end-expiratory pressure; 
1 G, normal gravity. 

 

Possible mechanisms causing the redistribution of blood flow with the addition of PEEP are 
increasing vascular resistance due to hyperinflation of non-dependent lung regions, decreased 
cardiac output and pulmonary artery pressure (PAP), and increased airway pressure. As 
discussed, these factors might induce, and/or increase, zone 1 and 2 conditions in a greater 
region of the lung. Another explanation might be reduced hypoxic vasoconstriction in 
previously atelectatic or poorly ventilated dependent lung regions. 
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Ventilation-to-perfusion match 
 

The ventilation-to-perfusion match was directly addressed in Study I. However, the results 
from Study IV, distribution of regional ventilation in supine and prone posture at 3 G, 
together with the results from a prior study on regional perfusion with the same technique and 
conditions,122 also enables a discussion of the ventilation-to-perfusion match at 3 G. 

 

Anesthesia, mechanical ventilation and PEEP  

Figure 22 presents the distribution of ventilation and perfusion, respectively, in supine and 
prone posture, with and without PEEP. In supine posture, the addition of PEEP caused a 
similar redistribution of both perfusion and ventilation towards dependent lung regions with 
little changes in V/Q ratios (Fig. 22 A-B). In prone subjects on the other hand, the 
redistribution of perfusion towards dependent lung regions was much greater compared to the 
redistribution of ventilation, leading to an increased V/Q mismatch (Fig. 22 C-D). With 
PEEP, the vertical ventilation-to-perfusion gradient was similar in both supine and prone 
posture. However, without PEEP the gradient was less in prone than in supine posture. From 
the results, derived from normal subjects, it is clear that the influence of posture (supine vs. 
prone) is greater in anesthetised and mechanically ventilated normal subjects than under 
awake, spontaneously breathing conditions. Hence, both posture and PEEP affects the 
ventilation-to-perfusion match. 
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Figure 22. These plots combine regional ventilation (V) and perfusion (Q) and illustrate the redistribution of V 
and Q with the addition of PEEP in (A-B) supine and (C-D) prone posture. For these plots, the lungs were 
divided into 10 sections of equal height along the dorsal-to-ventral distance of the lung. Normalized regional 
ventilation and perfusion, respectively, per voxel was averaged within each section. Plotted values are the mean 
value across all individuals for each section, error bars marking SD are omitted to enhance clarity. All data are 
from SPECT image acquisition supine. PEEP, Positive end-expiratory pressure. 
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Hypergravity  

As discussed in the introduction, impaired arterial oxygenation can be caused by 
hypoventilation, diffusion limitation, shunt, or ventilation-to-perfusion mismatch. In this 
thesis, the subjects exposed to hypergravity in Study III and IV demonstrated a clinically 
significant impairment in gas exchange with arterial desaturation, but why? The respiratory 
measurements exclude hypoventilation to be the cause of the impaired gas exchange. 
Diffusion limitation is a rare cause of impaired gas exchange and, although possible, we 
consider parenchymal oedema formation unlikely during this short exposure to 3 G. Thus, the 
probable cause of the hypergravity-induced desaturation is ventilation-to-perfusion mismatch, 
or shunt. 

Adding the results from Study IV to the corresponding results for perfusion in the earlier 
study from the research group122 enables a comparison of the regional ventilation and blood 
flow, respectively, in supine and prone humans exposed to hypergravity. As showed in Figure 
23, these results demonstrate a predominant distribution of ventilation and perfusion to the 
non-dependent lung region during hypergravity in both supine and prone posture. Since 
arterial saturation is better preserved in prone, it is reasonable to argue that the degree of 
ventilation-to-perfusion mismatch is less in this posture. With the SPECT technique, shunt 
cannot be excluded. 
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Figure 23. These plots illustrate the distribution of ventilation and perfusion in supine and prone posture, 
respectively.  For these plots, the lungs were divided into 10 sections of equal height along the dorsal-to-ventral 
distance of the lung. Normalized regional ventilation and perfusion per voxel, respectively, were averaged within 
each section. Plotted values are the mean value across all individuals for each section, error bars marking SD are 
omitted to enhance clarity. For comparison, data for distribution of perfusion in both postures at 3 G are 
included. These data are from a prior study using different subjects.122 Ventilation data are from the whole lung; 
perfusion data are from a transverse section of the lung. Supine data are from SPECT image acquisition supine, 
while prone data are from SPECT image acquisition prone. 1 G, normal gravity; 3 G, three times normal gravity. 
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Important to keep in mind is that the distribution of tissue is different during exposure to 
hypergravity compared to during normal gravity. With increased gravitational force, lung 
parenchyma is shifted towards a more dependent position within the thorax. A lung region 
that is in the upper half (non-dependent) of the vertical height of the lung at 1 G might be 
shifted to the lower half (dependent) at hypergravity. With the return to normal gravity, the 
displaced lung tissue moves back to the normal non-dependent position. This is probably 
more pronounced in supine posture, due to the greater influence of the heart and abdominal 
contents on the lung in supine compared to prone posture. This phenomenon has to be taken 
into account when discussing the results from the hypergravity studies. The mapped vertical 
gradient in regional ventilation would have looked different if imaged during hypergravity, 
i.e. ventilation to the dependent half of the lung would have been greater. Equally important, 
our method, with all images obtained at normal gravity and in the same posture, captures the 
different distribution of ventilation within the lung during different conditions. 

 

Other factors influencing regional lung blood flow 
 

As discussed in the introduction, several factors influence regional ventilation and perfusion. 
Among them, cardiac output and hypoxic pulmonary vasoconstriction will be discussed 
further in relation to the studies in this thesis. 

Cardiac output 

An increase or decrease in cardiac output secondary to a change in body posture or 
gravitational force may influence the distribution of lung blood flow and hence ventilation-to-
perfusion match. An increase in cardiac output results in only a small increase in PAP, 
approximately 1 mmHg per liter of cardiac output in healthy young humans.139 However, as 
cardiac output rises, the increased pressure in the pulmonary vessels exceeds the pressure in 
the alveoli resulting in recruitment of more capillaries as well as an increase in vessel caliber 
(distension). Studies have demonstrated a more homogenous ventilation-to-perfusion match 
in humans during exercise-induced increase in cardiac output, due to increased blood flow to 
the non-dependent part of the lung.40, 140, 141 In contrast, a reduction in cardiac output might 
cause a reduction of blood flow to non-dependent regions, i.e. increasing zone 1. A second 
mechanism that might cause worsened arterial oxygenation at a decrease in cardiac output, in 
the presence of V/Q mismatch, is a decrease in the mixed venous oxygen saturation. 

With a change between supine and prone posture, Savaser et al.142 found no statistically 
significant difference in cardiac output. There are few studies on the hemodynamic effects on 
steep (>45°) head-down tilt in humans, and the results are inconsistent. Of three human 
studies on 90° head down tilt, two found no significant changes in cardiac output143, 144 while 
one demonstrated an increase in cardiac output.145 Considering the overall stable 
physiological parameters (presented in Table 9) in Study II, we do not believe that the 
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redistribution of regional blood flow demonstrated with a change from upright to head-down 
posture was caused by hemodynamic changes. 

 

Table 9. Physiological data, Study II 

 Upright Head-down P value 

Pulse Oximetry, % 97 ± 1 98 ± 2 0.41 

Heart rate, beats/min 78 ± 18 76 ± 10 0.83 

Systolic blood pressure, mmHg 129 ± 12 129 ±14 0.97 

Diastolic blood pressure, mmHg 83 ±7 75 ± 11 0.02 

Physiological measurements during injection of radiotracer. Values are mean ± SD. 

 

In a study on humans exposed to 5 G in the supine and prone posture, Rodin et al.114 
demonstrated a decrease in cardiac output during hypergravity compared to 1 G. However, 
studies in humans exposed to up to 5 G in the launch position (i.e. with elevated legs and hips 
and knee joints in 90-100° angle),146, 147 as well as supine humans exposed to 2 G,148 did not 
demonstrate a systematic/significant change in cardiac output. An earlier study from our 
research group (unpublished data) exposing volunteers to 3 G in the strict horizontal posture 
demonstrated only a small decrease (mean 8%) in cardiac output. Since the subjects in Study 
III and IV did not significantly increase their heart rate (presented in Table 10), and 
considering their position in the centrifuge to be closer to the launch position together with 
the relatively low level of hypergravity, we do not believe decreased cardiac output was a 
major contributor to our results. 
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Table 10. Physiological response to hypergravity exposure, summary of results from Study 

III-IV 

 Supine Prone 

 1 G (III) 3 G (III) 1 G (IV) 3 G (IV) 1 G (IV) 3 G (IV) 

Pulse Oximetry, % 97.8 ± 0.5 89.7 ± 3.5 98 ± 0.6 90 ± 2.0 98 ± 0.4 94 ± 1.7 

Respiratory rate, breaths/min 13 ± 3 15 ± 5 14 ± 4 16 ± 5 14 ± 3 15 ± 3 

Tidal volume, L 0.06 ± 0.14 0.50 ± 0.10 0.77 ± 0.35 0.63 ± 0.29 0.67 ± 0.26 0.57 ± 0.28 

Minute ventilation, L/min 7.3 ± 1.1 7.2 ± 1.5 9.6 ± 3.9 9.2 ± 2.7 9.3 ± 3.3 8.1 ± 3.3 

Heart rate, beats/min 67 ± 9 77 ± 13 80 ± 16 84 ± 11 81 ± 15 84 ± 13 

Physiological measurements for the last 2 minutes at normal gravity before acceleration (1 G) and for the last 2 
minutes during the exposure to three times normal gravity (3 G). Study III, n=10; Study IV, n=6. Values are 
mean ± SD. Statistical comparisons are reported in the individual paper III-IV. 

 

Hypoxic pulmonary vasoconstriction 

Global alveolar hypoxia causes pulmonary hypertension through hypoxic pulmonary 
vasoconstriction (HPV) and, if long-standing, vascular remodeling occurs.149 Similarly, 
regional alveolar hypoxia results in regional vasoconstriction. If the region with alveolar 
hypoxia is only a small part of the lung, the result is a reduction in regional lung blood flow 
but with little effect on the pulmonary arterial pressure. If the extent of the hypoxic region is 
large the redistribution of blood flow is less and the increase in pulmonary arterial pressure 
greater. In a previous study we exposed healthy humans to 5 G with and without prior 
administration of drugs suppressing HPV.150 No difference in arterial desaturation was seen 
between the groups. The results suggest that HPV do not have a major influence on the V/Q 
mismatch caused by this exposure to hypergravity.  

 

Limitations 
 

Limitations specific for each study have been discussed in the separate papers. The SPECT 
technique used in all studies in this thesis have some characteristics important to 
acknowledge for the understanding of the results. 

Different imaging techniques provide estimates of regional lung blood flow and ventilation 
expressed in units with different denominators, for instance unit lung volume, unit lung tissue 
or unit alveolar gas volume. This hampers direct comparisons between different methods 
since the amount of lung tissue or alveolar gas volume per unit lung volume differ between 
lung regions as well being influenced by posture, total lung volume, breathing pattern etc. 
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SPECT results are commonly expressed per unit lung volume making a comparison between 
images difficult if a redistribution of tissue can be assumed to have occurred. In all studies in 
this thesis, the comparisons between different conditions have always been with SPECT 
image acquisition supine. Thereby, the differences noted are differences in the distribution of 
perfusion or ventilation within the vasculature or airways because the distribution of lung 
tissue does not differ between images. Another advantage with imaging in the same posture is 
that attenuation and scatter do not contribute to differences between images. 

The radionuclides used in this thesis result in 
SPECT images with slightly different spatial 
resolution, which in turn results in different 
partial volume effects. With the SPECT system 
used in the thesis FWHM is around 10-20 mm 
for 99mTc. For 113mIn the spatial resolution is 
slightly lower (FWHM 20-30 mm151). To 
determine whether the differences in spatial 
resolution lead to differences in the mapped 
distributions, we performed a pilot experiment as 
part of Study II. When the two radiotracers were 
injected simultaneously in an upright subject, 
and the SPECT data was analyzed in the same 
way as the experiments included in the study, no 
differences in the distribution of regional blood 
flow between the radiotracers were demonstrated 
as shown in Figure 24. We therefore conclude that the comparisons made using the two 
different radiotracers are not influenced by the different spatial resolutions. As reported in the 
results section, the SPECT method (i.e. the partial volume effect) contributes substantially to 
the r2 values of the variability in blood flow per voxel ascribed to structure. Hence, the 
SPECT method results in an overestimation of the influence of structure in both body 
postures. However, taking the results from our analysis of the influence of the partial volume 
effect into account, the results in Study II still suggests that structure is the major 
determinant of regional blood flow, because the correlation induced by the method is a minor 
part of the total correlation ascribed to structure. 

As all subjects included in this thesis were healthy, the effect of PEEP, posture and gravity on 
regional lung ventilation and blood flow might be different in patients with respiratory 
failure. Due to ethical reasons, i.e. the administration of radioactivity, the subjects are 
different in each study, hampering the comparison between the different series of 
experiments. Despite this evident limitation, comparisons have been made in order to 
visualize the changes in ventilation and perfusion during the same body postures but under 
different conditions as well as comparing different postures. For the same ethical reasons the 
number of subjects in each study is small. Therefore, a number was chosen which has 
allowed identification of physiologic meaningful differences in previous studies. 

Figure 24. Distribution of normalized 
perfusion per voxel, mapped with 
technetium99m and indium113m, respectively. 
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Clinical implications - optimizing gas exchange  
 

In the normal lung, during normal gravitational conditions, the ventilation-to-perfusion match 
is almost perfect. In patients with respiratory failure, the impairment of gas exchange is due 
to some degree of mismatch between regional ventilation and perfusion. The goal for both the 
intensivist working with a patient with lung failure and the anesthetist handling the 
anesthetized patient during surgery is to optimize gas exchange. To do so, it is important to 
understand the impact of body posture and gravity on the distribution of ventilation and lung 
blood flow as well as being able to use the ventilator in an optimal way. 

The results of Study I tell us that adding PEEP to mechanically ventilated healthy humans in 
the supine posture adds little to the overall ventilation-to-perfusion match, redistributing both 
ventilation and blood flow towards the dependent parts of the lung. In the prone posture, the 
addition of PEEP leads to a much greater shift in blood flow than ventilation, increasing the 
ventilation-to-perfusion mismatch. In the clinical practice, this leads to the suggestion that 
optimal PEEP might be lower in the prone posture compared to supine, and that addition of 
PEEP may have a negative effect on gas exchange. The understanding that the impact of 
posture, supine vs. prone, on regional lung blood flow and ventilation in normal subjects is 
much greater in the anesthetized mechanically ventilated human than in the awake is also 
important to bear in mind. 
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CONCLUSIONS 

 
The general conclusion based on the results of this thesis is that body posture and gravity 
both affect the distribution of ventilation and perfusion in the lung.  

Specific conclusions are:  

•  In anesthetized and mechanically ventilated healthy humans, the addition of PEEP 10 
cmH2O results in a similar redistribution of both ventilation and blood flow towards 
dependent regions of the lung in the supine posture. This results in little change in the 
ventilation-to-perfusion match. In prone posture, in contrast, PEEP causes a much 
greater redistribution of blood flow than ventilation, leading to increased mismatch. 
The vertical ventilation-to-perfusion gradient is less in prone than supine posture 
without PEEP, but similar with the addition of PEEP (Study I). 
 

• With a shift in body posture from upright to head-down posture, lung blood flow is 
redistributed from basal to apical lung regions. Our results also suggests that lung 
structure is a greater determinant of regional blood flow than gravity in all body 
postures (Study II). 
 

• The use of Technegas to map regional ventilation in humans exposed to 
hypergravity is feasible (Study III).  
 

• Exposure to 3 G results in a redistribution of ventilation from dependent to non-
dependent �lung regions in spontaneously breathing supine humans (Study III and 
IV). 
 

• In spontaneously breathing healthy humans subjected to hypergravity (3 G) 
ventilation shifts from dependent to non-dependent lung regions in both supine and 
prone postures. The difference in vertical distribution between the supine and prone 
postures is much larger at 3 G compared to normal gravity. Compared to supine, the 
prone posture has a protective effect against hypergravity-induced arterial 
desaturation (Study IV). 
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I shall pass through this world but once. 

Any good, therefore, 

that I can do 

or any kindness that I 

can show to any fellow human being, 

let me do it now. 

Let me not defer nor 

neglect it, for I shall not pass 

this way again. 

 

Anonymous  

Retold by Dr. David in Magburaka, Sierra Leone, during the Ebola epidemic. 
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