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For a given combination of inspired and mixed venous gases, the local partial 

pressures of oxygen (pO2) and carbon dioxide (pCO2) in capillary blood after gas 

exchange has occurred is determined by the proportion of delivered fresh gas (alveolar 

ventilation, VA) to blood flow (perfusion, Q), termed ventilation-perfusion (VA/Q) ratio. 

Non-uniformity of VA/Q among different lung regions impairs overall gas exchange, and 

hence decreases pulmonary function. However, pulmonary vascular tone is known to be 



 

 xviii 

sensitive to local pO2 and pCO2, providing a mechanism whereby blood flow may be 

actively regulated, and ventilation-perfusion matching maintained. Yet, the temporal 

dynamics of blood flow in the human lung have been largely unexplored due to the lack 

of appropriate tools. This dissertation presents three original studies utilizing recently

developed techniques in magnetic resonance imaging (MRI) to acquire dynamic 

measures of regional blood flow in the healthy human lung, in an attempt to characterize 

spatio-temporal patterns associated with active blood flow regulation and thereby gain 

insight into its role in normal physiologic function.   

Using the MRI method of arterial spin labeling (ASL), dynamic series of flow-

weighted images were produced in a single sagittal slice of the right lung of several 

subjects while breathing air, and while exposed to a series of physiologic challenges 

involving either changes in inspired oxygen, administration of a pulmonary vasodilator 

(nitric oxide, NO), or elevation of end-tidal CO2 (hypercapnia). Effects of vascular 

regulatory activity on the distribution of blood flow were assessed utilizing fluctuation 

dispersion (FD), a measure of overall spatio-temporal change, regional difference maps, 

and an ANOVA-like variance-partitioning scheme. Hypoxia increased temporal 

variability, hypercapnia increased spatial variability, and both led to changes in the 

pattern of blood flow but over different spatial scale-lengths, with hypoxia driving 

redistribution over larger regions. Further, the normoxic lung was found to exhibit 

vasomotor tone at rest that served to mitigate the effects of gravity on blood flow. These 

studies support the notion of gas exchange as an active as opposed to passive process, 

with complementary roles for O2 and CO2 mediated vascular regulation in ensuring the 

efficiency of uptake and elimination of gases. 
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Chapter 1. Background  
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Introduction 

The primary function of the lung is the elimination of carbon dioxide and the 

uptake of oxygen needed for energy production. In the human lung, this process occurs 

in each of approximately 60,000 functional (acini) operating in parallel, bringing inspired 

gas and circulating blood together to allow exchange via passive diffusion. For a given 

combination of inspired and mixed venous gases, the partial pressures of oxygen and 

carbon dioxide in capillaries leaving an acinus is wholly determined by the proportion of 

delivered fresh gas (alveolar ventilation, VA) to blood flow (perfusion, Q), termed VA/Q 

ratio. Efficient gas exchange requires that ventilation and perfusion be distributed in 

appropriate proportion among the lung’s many acini, with the development of VA/Q 

heterogeneity a major cause of arterial hypoxemia in pulmonary disease. Thus, an 

understanding of the mechanisms underlying regional ventilation-perfusion matching has 

significant clinical importance in the assessment of pulmonary function.  

There is a prevailing view that gas exchange is a steady-state process, and that 

both the factors that drive and serve to correct ventilation-perfusion mismatch are largely 

static. However, while steady-state ventilation-perfusion matching has been well studied 

over the past 60 years, it seems both plausible and likely that acinar blood flow and 

ventilation vary over short time scales, with temporal VA-Q mismatch affecting gas 

transport. Additionally, if total ventilation and perfusion is maintained, then local changes 

necessarily affect overall heterogeneity on a moment-to-moment basis, as decreased 

ventilation or perfusion in one region is accompanied by corresponding increases 

elsewhere, hampering organ gas exchange efficiency. Mechanisms that seek to bring 

blood flow to correspondingly ventilated areas would then need to respond across both 
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spatial and temporal domains, making gas exchange a dynamic rather than static 

process. 

Even while it has long been known that the lung possesses an intrinsic ability to 

actively regulate local vascular resistance, and thereby possibly redirect blood flow away 

from poorly functioning areas of lung mitigating VA-Q mismatch, it is only recently that 

experimental tools have been developed which would even permit sufficient temporal 

study of lung function to assess the relative role of dynamic vascular regulation in 

healthy pulmonary function. Thus there exists a substantial knowledge-gap with long-

term potential for clinical insight, the correction of which has been the major thrust of my 

doctoral work. Over the past five-years I have employed functional MRI techniques in an 

attempt to capture pulmonary hemodynamics in both spatial and temporal domains 

concurrently for the first time, the ultimate goal of which is dynamic characterization of 

active vascular control in the healthy human lung. This chapter is presented as a 

foundational overview of current knowledge regarding gas exchange and ventilation-

perfusion matching in the lung, necessary to set the stage for the studies that follow.  

Importance of ventilation-perfusion matching 

According to West (118), the human lung contains approximately 500 million 

alveoli, or tiny air sacs, juxtaposed with a network of pulmonary capillaries that together 

facilitate gas exchange by allowing for diffusional transport of oxygen and carbon 

dioxide. At its finest the separation between the vascular compartment and alveolar air-

space, the blood-gas interface, is comprised of as little as three layers: a single 

endothelial cell, a basement membrane, and an alveolar epithelial cell (type 1 

pneumocyte); a total thickness of only 0.3µm. This structural arrangement allows for 

rapid diffusion of respiratory gases down their partial pressure gradients such that even 
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during heavy exertion at sea level, partial pressure equilibration generally occurs across 

the blood-gas interface before blood exits alveolar capillaries. O2 and CO2 are therefore 

often referred to as ‘perfusion limited’, in that for a given delivery of fresh gas (via 

ventilation), the rate of mass transfer from the alveolar space and into the bloodstream 

(and vice-versa) is primarily dependent upon the rate of delivery of arterial blood. Thus, 

local alveolar gas composition and consequently arterial oxygenation is highly influenced 

by the degree to which lung alveoli are both perfused and ventilated. However, the 

relationship between ventilation, perfusion, and gas exchange remained difficult to solve 

for some time. Graphical techniques provided some of the first major insights.  

In 1946 Fenn, Rahn and Otis published a set of mathematical and graphical 

relationships significantly advancing our fundamental understanding of gas exchange 

(27). They applied principles of mass conservation to arrive at a solution for alveolar gas 

composition in terms of partial pressures of oxygen and carbon dioxide, and linked 

variations in gas mixture to metabolic consumption/production. This relationship is now 

widely taught in medical schools as the alveolar gas equation, described in (27) as: 

 

 
!!
PAO2= PIO2− PACO2

R
+
PAO2⋅FIO2 1−R( )

R
  [1.1] 

 

!!PAO2  Alveolar partial pressure of oxygen (mmHg) 

!!PIO2  Inspired partial pressure of oxygen (mmHg) 

!!PACO2  Alveolar partial pressure of carbon dioxide (mmHg) 

!!FIO2  Inspired air oxygen fraction 

!R  Respiratory exchange ratio  
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where the respiratory exchange ratio is defined as the relative rate of carbon dioxide 

production (!! !Vco2 ) to oxygen consumption (!! !Vo2 ) . The equation is a direct manifestation 

of mass balance, where the resulting steady-state alveolar oxygen tension is the 

difference between the amount delivered to an alveolus (the inspired partial pressure), 

and that removed through exchange with blood carbon dioxide (the second term). The 

last term in [1.1] is often treated as negligible and accounts for the impact of the change 

in alveolar gas volume when the rate of oxygen consumption and carbon dioxide 

production is unequal (typically on the order of 1-2 mmHg).  

Fenn, et al. additionally demonstrated that complex relationships between 

alveolar gas content, ventilation, and metabolic factors could be easily visualized as a 

series of metabolic isopleths on a 2-dimensional plane with O2 and CO2 tension as 

ordinates. Riley and Cournand expanded on this, realizing that the same approach could 

 

Figure 1-1.  O2-CO2 Diagram from (86). Blood R lines are curvilinear originating from the mixed 
venous point (V) due to non-linear dissociation properties. Gas R lines originate from the 
inspired gas point (I). Steady state alveolar gas contents are constrained to the line in which 
blood R = gas R (heavy curved line). 
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be applied to alveolar capillary blood as well as to alveolar air (86). They deduced that, 

assuming equilibration of partial pressure across the blood-gas barrier, the respiratory 

exchange ratio (R, alternatively respiratory quotient RQ) for the blood and gas phases 

must be equal, and therefore the corresponding isopleths intersect on the O2 -CO2 

diagram at the alveolar gas composition.  

The series of intersections for various values of R describes a line of possible 

alveolar states with composition somewhere between the content of mixed venous blood 

and moist inspired air. While R for the lung as a whole must be reflective of metabolic 

requirements, both Rahn and Riley et al. independently suggested that individual alveoli 

may exhibit a distribution of exchange ratios determined by local flow of gas and blood 

(84, 86). Equating gas-phase transport by ventilation and blood-phase transport by 

perfusion, they arrived at the following relationship between local alveolar gas and the 

ventilation-perfusion (! !VA !Q ) ratio: 

 

 
!! 
PCO2=

.864 CvCO2 −CaCO2( )
!VA !Q

  [1.2] 

 

 

! !VA  Alveolar ventilation (liters/min) 

! !Q  Alveolar perfusion (liters/min) 

!!CvCO2  Mixed-venous CO2 content (ml/dl) 

!!CaCO2  Arterial CO2 content (ml/dl) 

!!PCO2  Alveolar CO2 partial pressure (mmHg) 
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Despite being curvilinear, the one-to-one correspondence of possible O2-CO2 

configurations depicted in figure -11 along with the dependence of CO2 exchange on 

ventilation and perfusion arrived at in [1.2] meant that for a given composition of mixed-

venous blood and inspired gas (and absent diffusion impairment), local alveolar pO2  

pCO2 and metabolic exchange (R) are uniquely determined by the local ventilation-

perfusion ratio(84, 86). Thus, the combination of permissible states on the O2-CO2 

diagram is commonly referred to as the ! !VA !Q line. 

It was not then possible to use [1.2] to directly solve for the content of alveolar air 

in a forward sense, as pO2 both decreases with increased pCO2 and also alters the 

relationship between partial pressure and blood CO2 content (116). However, Rahn and 

Riley et al. each proposed similar graphical methods of solution for the inverse problem 

that would allow computation of alveolar gas composition and the corresponding ! !VA !Q

ratio at predefined values of R, providing a means to construct a look-up table of sorts. 

They each demonstrated that ! !VA !Q  ratios near zero lead to alveolar gas content near 

the mixed-venous point, and that this composition became increasingly similar to that of 

moist inspired air as ! !VA !Q  tended toward infinity. Both the ! !VA !Q  = 0 (perfused but not 

ventilated) and ! !VA !Q  = ∞  (ventilated but not perfused) regions represent conditions in 

which gas exchange effectively ceases, and are respectively termed shunt and 

(physiologic) deadspace.  

 If the ideal lung could be considered to operate as a single uniform compartment 

with all alveoli exchanging gas at the same R, then the intersection of blood and gas R-

values on the O2-CO2 diagram yields not only the alveolar air and blood gas composition 

(assuming equilibration), but also the final arterial composition as well. However, 

previous measurements of alveolar gas and arterial blood composition in resting healthy 
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human subjects at sea level had already indicated an oxygen tension gradient of 

approximately 10 mmHg, attributed largely to venous admixture of blood bypassing gas-

exchanging regions, such as that from the bronchial, anterior cardiac, and Thebesian 

veins (63). It was soon postulated though that a distribution of ! !VA !Q  ratios across alveoli 

might also lead to differences in mixed arterial and alveolar gas, independent of a true 

venous shunt (84, 86, 87). Since arterial blood represents the summed contributions of 

individual alveolar capillaries, it was theorized that if a distribution of ventilation-perfusion 

ratios were present, then arterial contents would be more heavily influenced by units 

operating on the! !VA !Q line to the left of the effective R for the lung as a whole (due to 

larger flow contributions), displacing arterial gas content along the blood-R line towards 

the mixed venous point and in effect increasing the apparent venous admixture of 

arterial blood (86) as illustrated in figure 1-2 .  

 

 

 

Figure 1-2.  The ideal homogenous lung has alveolar composition given by point AL. 
Heterogeneous VA/Q shifts the concentration of mixed capillary blood (C) and alveolar expired 
gas (EC) backwards along blood and gas R lines, impairing gas exchange efficiency. Arterial 
blood (AR) and mixed expired gas (E) are further shifted due to shunt and deadspace. (86) 



 

 

9 

Although only theoretical at the time, Farhi et al. used available published data to 

model the contribution of inhomogeneity in ! !VA !Q to measurements of the alveolar-arterial 

oxygen gradient (alternately AaDO2 or A-a difference) finding that non-uniform 

distribution accounted for as much as half the gradient at rest (at sea level) (26). The 

substantial impact that non-uniform ! !VA !Q ratio among alveoli has on the lung is 

attributable primarily to two factors 1) the non-linear relationship between gas 

concentration and blood content due to interaction with hemoglobin (Hb), and 2) flow-

weighting of capillary blood and alveolar gas to the final mixed concentrations. This is 

perhaps best visualized with the following simplified example, illustrated in figure 1-3.  

Panel A and Panel B show a case of uniform and non-uniform ! !VA !Q  distribution, 

respectively. In Panel A, both right and left lungs receive equal ventilation and perfusion 

of 2.5 liters/min (! !VA !Q  = 1). The corresponding alveolar and blood gas tensions leaving 

each lung are then 100 mmHg for O2 and 40 mmHg for CO2 which can be converted into 

contents by means of the oxygen and carbon dioxide dissociation curves for blood 

(shown in Panels C and D). For a pO2 of 100 mmHg, the resulting arterial oxygen 

saturation from the Hb-O2 dissociation curve is approximately 98%, leading to a total 

oxygen concentration of 20.4 ml/dl blood from each lung and for mixed arterial blood 

(assuming a normal Hb concentration of 15 mg/dl, and ignoring the small dissolved 

component).  

In contrast, although the total ventilation and perfusion across both lungs in 

Panel B is equivalent to that in Panel A  (5 liters/min), the right lung now receives a 

larger fraction of total ventilation and the left lung a larger share of blood flow such that 

their ! !VA !Q ratios are 3 and 1/3. Now blood leaving the left lung has fallen to 

approximately 90% saturation, while blood leaving the right lung is essentially  
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unchanged due to insensitivity of Hb to increases in pO2 above 100mm Hg, the so-called 

‘flat part’ of the curve (Panel C). If each lung were then to contribute equally to the 

composition of mixed arterial blood, the resulting oxygen content would be 

 

Figure 1-3.   Effects of non-uniform ventilation-perfusion matching. A) A lung with uniform 
VA/Q. Alveolar and capillary contents are everywhere equal and blood is well oxygenated. B) 
Total blood flow and ventilation is the same as A, but is now disproportionately distributed 
between right and left lungs. Oxygen saturation falls as the low VA/Q lung contributes more to 
mixed arterial blood, while improved oxygenation in the high VA/Q lung is essentially 
unchanged. C) Nonlinear O2 – Hb dissociation curve causes a large decline in blood content at 
low Va/Q ratio, where the curve is steep. The flat part of the curve at high pO2 leads to little 
change in blood O2 content for over-ventilated lung units. D) The CO2 dissociation curve is more 
linear than that for O2, explaining why CO2 exchange is not as strongly affected by 
heterogeneous VA/Q. 
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approximately 19.7 mg/dl (~95% saturated) compared to 20.4 mg/dl (98% saturated) in 

the case of uniform ! !VA !Q . However, as the right and left lungs receive unequal 

perfusion, the contribution of each to mixed arterial blood must also disproportionally 

represent the lung with higher perfusion, which consequently is also less well 

oxygenated. The actual oxygen content of mixed arterial blood is therefore the flow-

weighted average, 19.2 mg/dl (~92% saturated).  

Clinically, decreased oxygen uptake efficiency (and thus impaired gas exchange) 

is measured as the difference in the pO2 between alveoli of the ‘ideal’ uniform lung given 

by [1.1] and that obtained from arterial blood gas analysis. It is possible to arrive at an 

estimate of the ideal AaDO2 for the lung as a whole in Panel B by reading the Hb-O2 

curve backwards, solving for the pO2 yielding the mixed arterial oxygen saturation. 

Finding an arterial pO2 of 63 mmHg, the AaDO2 is approximately 37 mmHg for the case 

of uneven ! !VA !Q . In reality, the actual gradient would be 12 mmHg larger as mixed 

alveolar gas over-represents the lung with high ! !VA !Q . Although oxygen exchange is 

significantly impaired, the effect on CO2 is less dramatic owing to differences in the 

shape of the dissociation curves for the two gases (Panels C and D).  

As seen in the example shown in figure 1-3, non-uniformity of ! !VA !Q  among 

alveoli leads to an effective decrease in gas exchange efficiency of the lung. For 

simplicity, interactions between pH, pCO2, and the O2 and CO2 carrying capacity of blood 

have been ignored. It is well known that changes in pH shift the Hb-O2 dissociation curve 

(the Bohr effect) and that the oxygenation of blood reduces its ability to retain CO2 (the 

Haldane effect). Further, the gas content of mixed venous blood has been assumed 

unchanged as a result of introducing ! !VA !Q  inequality, but in truth fixed metabolic 

demand requires decreased venous oxygen content when arterial saturation falls. This 
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complex interdependence between parameters made realistic gas exchange modeling 

extremely difficult until the advent of modern computing, even when simplified to a small 

number of alveolar compartments.  

In 1969 Olszowka and Farhi (79) published a set of computer algorithms allowing 

for computation of ! !VA !Q lines, and thus alveolar gas contents. For an input mixed venous 

concentration, ! !VA !Q ratio and alveolar oxygen tension (PAO2), the alveolar pCO2 

(PACO2) is found that satisfies [1.2] by means of iterative search and a set of 

subroutines for calculating blood gas concentration (57, 58, 78). The solution to [1.2] 

also yields the exchange ratio for blood from the Fick equations for O2 and CO2 transport 

(116): 

 

 

!! 
Rb =

!Q CvCO2−CaCO2( )
!Q CaO2 −CvO2( ) = CvCO2−CaCO2

CaO2 −CvO2
  [1.3] 

 

!Rb  
Respiratory exchange ratio for blood 

!!CvCO2  Mixed-venous CO2 content (ml/dl) 

!!CaCO2  Arterial CO2 content (ml/dl) 

!!CvO2  Mixed-venous O2 content (ml/dl) 

!!CaO2  Arterial O2 content (ml/dl) 

 

Alveolar nitrogen content is then found using conservation of mass [1.4], where 

the inspired alveolar ventilation (! !VAI ) is given by the previously determined O2 and CO2 

partial pressures and the respiratory exchange ratio for the gas phase (which is 

equivalent to !Rb for steady state) [1.6].  
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 !! 
!VAI ⋅PIN 2− !VA ⋅PAN 2= !Qλ PAN 2−PVN 2( )   [1.4] 

 

Rearrangement of [1.4] yields: 

 

!! 

PAN 2=

!VAI
!Q
PIN 2+λPVN 2

!VA
!Q
+λ

  [1.5] 

 

 

!! 

!VAI = PAO2+PACO2 RA
PIO2   [1.6] 

 

! !VAI  
Inspired alveolar ventilation  !!PAN 2  Alveolar N2 pressure  

! !VA  Expired alveolar ventilation  !!PVN 2  Venous N2 pressure  

λ  Solubility of nitrogen in blood  !!PIO2  Inspired O2 pressure  

!!PIN 2  Inspired N2 pressure  !RA  Respiratory exchange ratio  

 

With the alveolar pressures of O2 and CO2 and N2 determined, the algorithm 

proceeds by checking the total pressure (assuming 100% humidity at body temperature), 

and driving the difference from the actual barometric pressure to zero by updating the 

initial guess of PAO2 at a fixed! !VA !Q until convergence is reached.  
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This method, and one similar to it produced by Kelman (59), made more 

sophisticated study of gas exchange possible through computer-based lung models. 

Among the first of these was published by West (117), in which the lung was 

approximated as a series of multiple (up to 1000) parallel compartments with log-

normally distributed ventilation and perfusion, and the entire system constrained by total 

perfusion, ventilation, and either a fixed mixed venous point or fixed metabolic demand. 

West varied the degree of ventilation-perfusion mismatch and other physiologic 

parameters to obtain the overall effect on gas exchange, finding a “precipitous and 

nearly linear fall in arterial pO2 with increasing inequality” when the system was 

constrained by metabolic demand. Increasing ! !VA !Q inequality further eventually impairs 

 

Figure 1-4. Left) Gas exchange parameters as a function of VA/Q inequality in West’s 
computer model of the lung. The mixed venous point is allowed to freely vary, and the 
algorithm finds the parameters that meet input metabolic consumption/production. Increasing 
inequality drastically lowers both arterial and venous oxygenation, as well as increases CO2 
tension. The fraction of effective deadspace (VD/VT) ventilation and shunt (QS/QT) perfusion 
increases with inequality. Middle and Right) Effect of increasing total ventilation or total 
perfusion on PO2 and PCO2 at isopleths of Va/Q inequality (higher σ denotes larger inequality). 
Arterial PCO2 increases and PO2 decreases with increased Va/Q mismatch, but is restored 
towards normal as ventilation V (middle) or blood flow Q (right) is increased. Increased flow (V 
or Q) is more effective at improving CO2 elimination towards normal than O2 uptake due to 
different dissociation properties. Figures originally appeared in (117). 
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gas exchange to the point where metabolic demand can no longer be satisfied, as 

evidenced by reduction in the pO2 of mixed-venous blood below 0 mmHg (figure 1-4, 

left). Increased arterial pCO2 was also observed, indicating that even when the blood-

gas dissociation relationship was near linear, ! !VA !Q  inequality resulted in impairment of 

gas exchange.  

Perhaps among the most striking findings of West’s model is the observation 

that, for anything more than very minor ! !VA !Q  heterogeneity, increases in total ventilation 

are generally able to mitigate any remaining deficit in CO2 exchange but are far less able 

to improve oxygenation (figure 1-4, middle and right) due to non-linear dissociation with 

hemoglobin. In the middle and right panels of figure 1-4, increased ! !VA !Q  heterogeneity 

is represented by movement from one isopleth to the other (in the direction of increased 

σ) at constant ventilation V or perfusion Q, and leads to reduced arterial oxygenation 

(PO2, solid lines) and increased CO2 retention (PCO2, dashed lines). Increased flow 

(either V or Q) at constant ! !VA !Q  heterogeneity restores gas concentrations towards 

normal, increasing PO2 and decreasing PCO2. However, improvements in PO2 with 

increased flow are relatively minor, and a large deficit remains from the normal value of 

100 mmHg. The clinical implication, then, is that pathologic alterations in the distributions 

of ventilation and perfusion across alveoli have a serious and unavoidable consequence 

of significant impairment of oxygen uptake and, thus declining pulmonary function. 

Hence, improving our understanding of factors driving ! !VA !Q heterogeneity was then and 

is now of critical importance.  
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Spatial heterogeneity of Ventilation & Perfusion 

Today it is axiomatic that pulmonary blood flow and alveolar ventilation are 

spatially heterogeneous processes, and that these spatial distributions have clear 

implications for the ability of the lung to oxygenate blood and eliminate CO2 (118). 

However, it is important to recognize that these features and their clinical significance 

were neither intuitive nor initially supposed. The gas-exchanging region of the lung was 

originally believed to operate as a single compartment with uniform composition; 

receiving equal ventilation and blood flow throughout (61). Some of the earliest 

experiments to suggest otherwise were those of Nielsen, Sonne, and Roelsen in the 

1930s using fractional sampling of expired gas throughout the course of expiration(75, 

91, 94). Nielsen and Sonne (75) observed that expiratory gas increased in oxygen 

concentration toward end-expiration, a result which they declared “could hardly be 

interpreted in any other way than expressing that the rate of blood flow through the 

various parts of the lungs is subject to very marked variation”.   

In a separate study, Sonne (94) attempted to demonstrate that ventilation may 

also not be uniform among alveoli. He found distinct differences in the initial fall of 

oxygen concentration during expiration when using rapid, deep breathing maneuvers 

compared to normal inspiration, positing that deep inspiration increased underlying 

ventilatory heterogeneity among alveoli such that those with relatively lower ventilation 

produce a more oxygen depleted gas on deep inspiration. It had been contended that 

some of the variability in gas concentration during sampling might arise from ongoing 

metabolism and gas transfer within alveoli throughout the course of expiration (61). In 

order to overcome the difficulty of interpreting concentrations in respiratory gases 

involved in normal metabolism and complex biological interactions, Roelsen(91) took an 

alternative approach by having subjects take a single inspiration of a metabolically inert 
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gas (pure hydrogen), and recorded the concentration of the inert gas during the 

subsequent washout on expiration. Roelsen found not only uneven ventilation in the 

healthy lung as evidenced by a trend toward declining hydrogen concentration at end-

expiration, but considerably larger differences in patients with a history asthma or 

emphysema, foreshadowing our current understanding about the pathophysiology of 

these pulmonary diseases.  

At the time, the notion that alveolar ventilation and perfusion is non-uniform 

throughout the lung represented a profound shift in thinking. It was then unknown, for 

example, whether the variation in composition of expired gas represented regional 

differences in ventilation, or alternatively a stratification of alveolar gas into a series of 

layers whereby composition varied from one respiratory airway generation to the next, 

but remained uniform within each generation (29). That regional variation indeed existed 

was borne out by Martin, Cline, and Marshall (66)  who, by making simultaneous 

measurement of end-expired alveolar gas from right upper and lower lobar bronchi of 

anesthetized human subjects, found the right upper lobe to be relatively oxygen enriched 

and carbon dioxide deplete in upright posture. Posture itself also appeared to play a role 

in these regional differences. Rahn and colleagues (83) found posture-dependent 

variation in both lobar ventilation and respiratory exchange ratio, the latter of which is 

uniquely determined by the ! !VA !Q  ratio (see previous discussion). 

Gravity as a determinant of spatial variation  

These findings were particularly insightful on two accounts. First, they served to 

explain the curious apical localization of pulmonary lesions in patients infected with 

tuberculosis, as tuberculous bacteria had been previously shown to grow better in 

oxygen rich environments (43). This is an important clinical correlate that would have 



 

 

18 

otherwise been entirely missed in the classic uniform lung model. Secondly, it provided 

convincing evidence that regional differences in gas exchange arise at least in part due 

to the strong influence of gravity on the lung. West and Dollery (112-114), contributed 

significantly in this regard, and their landmark studies on the distributions of ventilation, 

perfusion, and ventilation-perfusion matching provided what is now foundational 

textbook material on pulmonary physiology.  

 

 

Figure 1-5.  Distributions of Ventilation (left, dashed blue), Perfusion (left, solid red), and 
ventilation-perfusion ratio (right) as a function of linear height up the lung. Ventilation and 
Perfusion both increase towards the bottom of the lung. However, the gradient in perfusion is 
steeper, leading to higher Va/Q ratio at the top of the lung than at the base. Figure created from 
data published in (113) 

 

Dyson and colleagues (West among them) (23) developed a technique of 

utilizing a radioactive isotope of oxygen (oxygen-15) to measure ventilation and 

perfusion occurring within small localized regions throughout the lung which worked as 

follows. Subjects would take a single inspiration of the radiolabeled gas followed by a 

short breath-hold, and the time course of radioactivity in underlying lung tissue would be 



 

 

19 

detected by small scintillation counters placed on the chest. The profile of radioactivity 

would thus display an initial rapid rise during the inspiratory phase, its rate of delivery 

being proportional to local ventilation. During the breath-hold however, radioactivity 

would fall as the radiolabeled gas was transported away by flowing blood, the rate of 

decay now proportional to local perfusion. Using oxygen-15 labeled CO2 and placing 

scintillation detectors at various heights along the apico-basal axis of the lung, West and 

Dollery (113) showed that while in normal upright man ventilation increased towards the 

lung base the ! !VA !Q ratio fell in the same direction to a far greater magnitude, with ! !VA !Q

of the basal lung approximately 1/9th that at the apex owing to a large vertical gradient in 

regional perfusion (figure 1-5).  

Effect of gravity on the distribution of blood flow 

The progressive linear increase of blood flow from near zero at the apex to 

maximal towards the lung base was eliminated when subjects were placed supine, 

suggesting a hydrostatic mechanism as the cause of normal regional variation in 

pulmonary perfusion. In a follow-up study, West, Dollery and Naimark (112) created an 

isolated dog lung preparation, allowing direct manipulation of arterial, venous, and 

alveolar pressures so that their effects on regional blood flow could be observed. Blood 

flow was measured this time using radioactive xenon-133 dissolved in saline and fed into 

the arterial line, which would be delivered across the lung in proportion to local blood 

flow and detected by a pair of scintillation counters moved progressively from top to 

bottom. Changes in each of the arterial, alveolar, and venous pressures significantly 

altered the distribution of blood flow in interesting ways. For example, West and 

colleagues showed that when local arterial pressure fell below alveolar pressure, blood 

flow would cease superior to the height at equalization and increase linearly below. 
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Additionally, they observed that when the venous pressure was raised sufficiently, the 

rate at which blood flow increased as a function of distance down the lung  (the gradient 

slope) declined.  

That perfusion may at times be more dependent upon the arterio-alveolar 

pressure gradient and at other times the arterio-venous gradient had been previously 

reported by Banister and Torrance (11), then theorizing that the vascular bed and 

surrounding alveolar airspace could function much like a sluice gate. When the 

extravascular pressure exceeded the intravascular pressure, blood vessels would 

collapse and flow would cease, but otherwise flow might continue freely when 

extravascular pressure was low. This concept is now more commonly referred to as a 

Starling resistor, after the method of varying arterial resistance in a heart preparation 

published by Knowlton and Starling (60). It was proposed that the large vertical gradient 

in pulmonary perfusion could be explained by changes in hydrostatic pressure 

associating with pumping a column of blood up the height of the lung and the individual 

alveoli functioning like Starling resistors (114), known as the zone model of perfusion.  

 

 
!!
P + 12ρV

2 + ρgh   [1.7] 

 

The total energy associated with fluid flow is given by [1.7] as the sum of 

hydrostatic, hydrodynamic, and gravitational potential energy. Applying conservation of 

energy (Bernoulli’s equation), the maximum arterial pressure as a function of height 

above the right ventricle varies linearly according to [1.8]. The corresponding local 

venous pressure can be approximated similarly by replacing the right ventricular terms 

with those of the left atrium. 
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 !
Pa = PRV − ρg ha −hRV( )   [1.8] 

     

!Pa  
Capillary arterial pressure 

!PRV  
Right-ventricular systolic pressure 

ρ  Blood density 

!g  Gravitational acceleration 

!ha  
Height of alveolar capillary along gravitational axis 

!hRV  
Height of right ventricular outlet (pulmonic valve) along gravitational axis 

 

West and Dollery envisioned that changes in arterial and venous pressure thus 

lead to one of three possible conditions or zones, as illustrated in figure 1-6. In the first, 

low arterial pressure would be insufficient to overcome extravascular alveolar air 

pressure, and alveolar capillaries would collapse preventing flow of blood. This might be 

the case near the top of the lung, where arterial pressure would be lowest. As one 

progressed down the lung, however, arterial pressure would eventually exceed that in 

the alveoli (which is equal throughout the lung) and a second zone would develop. In this 

second zone, venous pressure remains below that in the alveoli, and thus the end-

capillary pressure cannot fall below alveolar pressure otherwise the vessel would 

collapse and flow would stop. The driving force for flow must then be the arterial-alveolar 

pressure difference, and the rate of flow would increase rapidly as one progressed 

toward the bottom of the lung as arterial pressure would continue to grow and alveolar 

pressure would remained fixed.  
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A second transition would occur at the point in which venous pressure rose 

above that in the alveoli, leading to a third perfusion zone in which the arterio-venous 

pressure difference now determined local flow. Whereas the change in flow with height 

in zone 2 was large, it can be readily seen from [1.8] that a linear gravitational 

dependence of both arterial and venous pressure would lead to a fixed arterio-venous 

pressure difference, and thus blood flow would become to an extent height-insensitive. 

However, it is clear that although blood flow changes less rapidly with height towards the 

bottom of the lung, changes still do occur. In interpreting this apparent paradox, it is 

important to bear in mind that blood vessels are not rigid and that, as both arterial and 

venous pressures rise in zone 3, pulmonary capillaries undergo distention. It is well 

known that resistance to fluid flow in a pipe increases to the fourth power of the pipe 

 

Figure 1-6. Illustration of the Zone model of pulmonary perfusion from (114). Zone 1: Alveolar 
pressure (PA) exceeds arterial pressure (Pa), collapsing capillaries and preventing flow, as may 
be the case near the top of the lung. Zone 2: Pa increases down the height of the lung due to 
hydrostatic pressure. As arterial increases above alveolar pressure, flow begins. Venous 
pressure (Pv) still remains lower than alveolar pressure, and so flow is driven by the difference 
(Pa-PA). Zone 3: Venous pressure now exceeds alveolar, and the Pa-Pv difference now 
determines flow. Further increases in pressure may distend capillaries, lowering resistance. 
Intrapleural pressure (IP) may similarly impede flow into and out of the lung 
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radius. Therefore distension of alveolar capillaries results in decreased resistance and 

increased flow as one moves down zone 3, albeit at a lower rate than before. One of the 

most fascinating consequences of non-rigid vessels is that the distribution of blood flow 

across the lung itself has the ability to alter the pressure-flow relationships of the whole 

organ. Increased pulmonary artery pressure drastically reduces vascular resistance in a 

non-linear fashion as the arterial pressure head is raised to the top of the lung, attributed 

to distention and recruitment of alveolar capillaries in previous zones 1 and 2 (114). 

The effect of gravity on the distribution of ventilation 

The considerable impact of gravity upon the lung has made it a particularly fruitful 

area of study by no means limited to effects on blood flow alone. As indicated in the 

previous discussion although gravitational variation in blood flow is comparatively larger, 

a significant gravitational gradient in ventilation exists as well (113). Analogous to the 

hydrostatic and starling resistor effects, changes in intrapleural pressure with height 

induce changes in ventilation due to non-linear stress-strain mechanics of lung tissue. 

Using xenon-133 dilution to measure human regional lung volume, Milic-Emili et al. (69)  

found that after a normal expiration, alveoli near the top of the upright lung showed 

greater resting expansion than that at the base (67% vs. 28% of maximal volume). 

Regional vital capacity showed the opposite trend however, increasing towards the base 

of the lung and suggesting that non-dependent alveoli experience a larger degree of 

stretch by default, their expansion thus relatively inhibited (figure 1-7, left).  

Measurement of intrapleural pressure with an esophageal balloon revealed a height-

dependence that explained differences in end-expiratory regional lung volumes. 

Intrapleural pressure near the top of the lung was the most negative, corresponding to 

the largest expanding forces on alveoli at rest. The rate of change of regional volume 

with pressure (compliance) was well approximated by an exponential function, with 
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decreased compliance at high transpulmonary (most negative intrapleural) pressure 

(figure 1-7, right).  

 

Glazier et al. (32) independently reached very similar conclusions to that of Milic-

Emili and colleagues, this time by direct measurement of alveolar size through 

histological morphometry. Dog lungs were frozen in situ with the airway maintained at 

the desired pressure. The lungs were then removed, sectioned, and relative alveolar 

volumes estimated. Alveolar size decreased down the height of the lung (from top to 

bottom) whether dogs were frozen in the upright or inverted position; thus in the upright 

posture alveoli near the lung apex were largest whereas those near the base were 

largest in the inverted lung. Instead of using a direct measurement of transpulmonary 

pressure, Glazier et al. estimated expanding force as a function of height by modeling 

the lung as a suspended spring deforming under its own weight, much like a slinky held 

from the top. The transpulmonary pressure at any given level was calculated by 

 

Figure 1-7.  Left) Regional lung volumes as a function of height down the lung. The top of the 
lung is more expanded (and expands less on inspiration) than the base of the lung. Regional 
ventilatory capacity (VCr), Inspiratory capacity (ICr), Residual volume (RVr), functional residual 
capacity (FRCr), Residual volume (RVr). Right) Pressure-volume relationship (as a % of total 
capacity) of alveoli, determined with esophageal balloon. The relationship is approximately 
exponential, with the slope flattening significantly at high transpulmonary pressure (as would be 
the case near the top of the lung). Both illustrations from (69)  
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determining the total weight of the lung below spread over the current cross-sectional 

area. This technique showed strong agreement with measurements reported by Milic-

Emili (69), transpulmonary pressure decreasing along the gravitational axis of the lung 

from top to bottom (figure 1-8, left). The in-vivo pressure-volume relationship, 

determined using these calculated values is shown in figure 1-8 (right) along with 

inspiratory an expiratory limbs for the whole lung. The shape of the pressure-volume 

curve indicates that for a given inspiratory effort (transpulmonary pressure change), 

alveoli subject to the largest (most negative) pleural pressure expand less than where 

the pleural pressure is less negative; corresponding to relatively larger ventilation 

towards the base of the upright lung. 

 

 

 

Figure 1-8. Illustrations from (32) Left) Transpulmonary pressure as a function of height, 
calculated from the cross sectional area and the weight of the lung suspended below. Right) 
Inspiratory and expiratory Pressure-volume relationships for the whole lung (solid lines), and the 
calculated in-vivo alveolar relationship (dashed line). Relationships are similar to those obtained 
by Milic-Emili (69), supporting the idea that lung weight and mechanical properties drive 
gravitational variation in ventilation.  
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It is clear then, that both ventilation and perfusion of lung tissue are both quite 

susceptible to gravitational influence. It is also becoming increasingly apparent that 

these features impact overall pulmonary function as well, through alteration of ! !VA !Q  ratio 

in clinically meaningful ways. There have been a number of reports that suggest prone 

positioning of critically ill patients with acute respiratory distress syndrome (ARDS) 

increases arterial oxygenation through improving ventilation-perfusion matching (28, 80), 

and may positively impact survival (46). The prone position (compared to supine) has 

been shown to result in greater uniformity of both ventilation and perfusion distributions 

thought to be due in part to the interplay between asymmetric lung shape and gravity 

((47), although others have asserted either a majority effect on blood flow (77) or subject 

specific variation and no systematic change (73). Whether these effects are systematic 

or not, the current active discussion in the scientific community on the use of positioning 

as a therapeutic intervention underscores the potential for significant clinical impact and 

the need for further inquiry into determinants of flow distribution in the lung. 

Structural influences on pulmonary flow heterogeneity  

Scintigraphy with oxygen-15 and xenon-133 gas enabled measurement of 

regional flows at smaller than lobar scale, directly leading to the early insights into 

pulmonary function of the 1960s. The microsphere technique expanded that ability even 

further. The general method is as follows. Small tracer particles of uniform size, either 

radioactively or fluorescently labeled, are delivered to an anesthetized laboratory animal 

(if experiments are done in-situ) by venous catheter (for perfusion) or inhalation as an 

aerosol (for ventilation). These particles are sized such that they lodge upon reaching 

the capillary bed or alveolus, thus remaining in the tissue once delivered, and become 

regionally distributed in the lung in proportion to current local flow. The animal is then 
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euthanized, with the lungs removed, inflated, dried, and cast for slicing into layers or 

cubes. The spatial locations of all pieces are recorded in a three-dimensional coordinate 

system and each piece is analyzed for radioactivity (or fluorescence). The activity for 

that piece relative to the mean activity for all pieces is then used as a measurement of 

relative flow at the time of delivery, which can be corrected to absolute flow if cardiac 

output is independently determined.  

Although the process excludes human study, the ability to map whole-lung flow 

and collect incredibly rich experimental data fueled a wave of investigation on the heels 

of the discovery that gravity (and thus posture) led to significant effects on the lung. The 

microsphere technique was advantageous for a few reasons. First, it allowed for a 

limited degree of repeat and simultaneous assessment, providing estimates of intrinsic 

noise (37). Second and most importantly, it made it possible to move from surface 

detection to detailed volumetric study, providing information not otherwise accessible. 

Since the lung no longer need be intact at the time of measurement, it could be finely 

sectioned and flow (at the time of marking) to each piece could then be determined to 

reconstruct the full three dimensional distribution (45). An interesting consequence was 

that a number of investigators began to notice spatial variation in blood flow not 

accounted for by the effects of gravity and the zone model (45, 50, 85).  

Beck and Rehder (15) proposed that nongravitational perfusion heterogeneity 

may have an anatomical explanation, regional differences in vascular conductance. 

They made measurements of blood flow in isolated and perfused dog lungs using 15-µm 

plastic beads radiolabeled with 141Ce, 51Cr, 85Sr, and 46Sc. Left atrial pressure was set 

such that venous pressure in the dependent lung was maintained below alveolar 

pressure, making regional vascular conductance proportional to the arterial-alveolar 

pressure gradient (ensuring zone 2). They were then able to obtain a 3-d spatial 
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distribution of pressure-flow curves for each lung by varying the input pulmonary arterial 

pressure and adjusting for hydrostatic effects. Regional vascular resistance was 

assessed throughout the lung by interpolating pressure-flow curves, and using flow at a 

fixed pressure gradient (! !Qtest ) as a surrogate marker. ! !Qtest was significantly associated 

with anatomic location, suggesting differences in vascular conductance (reciprocal of 

resistance) independent of orientation relative to gravity. Vascular conductance was 

consistently found to be highest in the dorso-caudal region and lowest in the ventro-

cephalad region (figure 1-9, left), contributing to gravity-independent anatomic gradients 

in perfusion (figure 1-9, right). 

 

 

With Beck and Rehder (15) it became apparent that structural vascular 

differences between regions of the lung may also be an important contributor to 

observed perfusion heterogeneity, which then also effects the efficiency of gas exchange 

through its impact on ! !VA !Q  matching. Glenny and colleagues have since argued that 

 

Figure 1-9. Differences in regional vascular conductance predispose to structural perfusion 
heterogeneity, from Beck and Rehder(15). Left) Dorso-caudal lung regions show highest 
vascular conductance regardless of posture (shaded black). Grey shaded regions indicate 
areas of low vascular conductance. Right) Spatial gradients of vascular conductance 
(measured by flow at fixed input pressure, Qtest) occur primarily in dorso-ventral and 
secondarily in cephalo-caudal directions, contributing to anatomical flow gradients.  
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for a representative experiment in each of the four con- 
ditions. Considerable differences in the slopes of these 
curves existed among lung regions. Flows were expressed 
per weight of dry lung, a normalization procedure that 
may have contributed to the differences in slopes, if 
significant differences in weights existed. However, the 
weights of the samples varied only twofold, whereas the 
slopes of the pressure vs. flow relationships varied at 
least fourfold. Second, the samples from central regions 
tended to be lighter than those from peripheral regions;l 
that is, the topographical distribution of weights was 
different from the distribution of vascular conductances 
(see below). Third, when flow was expressed in absolute 
units, similar differences in pressure vs. flow curves 
existed. Thus the differences in pulmonary vascular con- 
ductance among lung regions were not artifactual. 

Topographical Distribution of Regional 
Vascular Conductances 

As will be recalled, &test) was used as an index of 
regional vascular conductance (Fig. 2). To examine the 
t,opographical distribution of vascular conductances, the 
coordinates of all samples *of a given lung were plotted 
sequentially from highest Q(test) to lowest Q(test). Re- 
gions with highest Q(test) were consistently located dor- 
socaudally (Fig. 5).. As coordinates of samples having 
sequentially lower Q(test) were added to the plot, the 
coordinates were located progressively more ventroce- 
phalad. For clarity, only the regions of lung occupied by 
the samples in the upper and lower 25th percentile of 
Q(test) are indicated diagramatically in Fig. 5 for repre- 
sentative experiments in the four conditions. Note that, 
regardless of the vertical orientation of the lungs and of 
the lung volume, the regions with the highest Q(test) 
were located dorsocaudal and regions with the lowest 
Q(test) were located ventrocephalad. With three lungs 
in each group we cannot make a rigorous statistical 
compariso? among the groups. However, our method of 
obtaining Q(test) should have corrected for the effects of 

1 The differences in weights among lung samples could be caused by 
uneven shrinking of the lung during drying. Central regions may shrink 
less than peripheral regions, because the latter probably dry first, 
forming a Semirigid shell around the center. The highly significant correlation between &test) and 

Supine, 50% TLC Supine, 90% TLC 

Head-up (45’1, 90% TLC 

gravity. The consistency in distribution of @test) among 
groups verified that the orientation of the lungs relative 
to gravity was not an important factor. Lung volume was 
also not jmportant in determining the relative distribu- 
tion of Q(test), although further studies are needed to 
document the effects of lung inflation on regional vas- 
cular conductance. 

The differences in &test) between regions of highest 
and lowest Q(test) ranged from -4 to 1 up to 50 to 1 
(Fig. 6). This suggests that the differences in regional 
vascular conductance could be a significant factor in the 
distribution of pulmonary blood flow. The histograms 
for 6 of the 12 lungs were skewed to lower Q(test) and 
the histograms of 6 were symmetrical. 

The distribution of Q(test) might be compared with 
the distribution of blood flow in saline-filled lungs in 
which the driving pressure for flow is uniform. The only 
study of the distribution of pulmonary blood flow in 
saline-filled dog lungs (31) demonstrated nearly uniform 
vertical distribution of blood flow, determined using 1311- 
labeled macroaggregates of albumin. The reasons for the 
discrepancy between the latter study and our results are 
unclear, but two factors may have contributed. First, the 
vascular resistances appeared to have been much higher 
than in our study. Second, the external detection meth- 
ods may have lacked the resolution necessary to docu- 
ment the regional differences in flows. 

To examine regional differences in. &test), multiple 
linear-regression analysis was used. Q(test) was corre- 
lated with the anatomically related coordinates x (ceph- 
alocaudal axis), y (latero-medial axis), and z (dorsoven- 
tral axis) (Fig. 1). Linear and square terms, cross prod- 
ucts of the linear terms and two “dummy” variables 
identifying the lobe from which the sample was taken, 
were included in the analysis. In all 12 lungs, the overall 
? ranged from 0.60 to 0.92, indicating a highly significant 
(P < 0.0001) correlation between Q(test) and the ana- 
tomic position of a sample. In 9 of the 12 lungs, neither 
of the dummy variables contributed significantly to the 
model (P > 0.02), suggesting that the lobulation of the 
l.eft lung does not contribute to regional variability in 
Q(test). 

Left lateral, 90% TLC 

FIG. 5. Diagrammatic representation of anatomic 
locations of lung regions occupied by samples with 
25% highest (dark area) and 25% lowest (Zig!xt shaded 
area) vascular conductances [Q(test)s] in 4 represent- 
ative lungs. Even though lungs were perfused in dif- 
ferent vertical orientations, for clarity diagrams depict 
left lung of an animal in supine position. In each 
panel, left diagram represents a lateral view of lung 
and right diagram represents a transverse section. 
Note. similar anatomic position of regions of high and 
low Q(test), regardless of vertical orientation of lung 
during perfusion. 
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FIG. 7. Gradient in vascular conductance @(test)] along 3 principal 
axes. Values are means 2 SD; n = 12. Gradients in Q(test) were 
obtained from first derivatives of multiple linear-regression model with 
respect to 31: (cephalocaudal), y (lateromedial), or z (dorsoventral) axis. 
Gradients in @test) were normalized by dividing by mean Q(test) for 
each lung. Asterisks denote Si .gnificant difference from 0 (P < 0.01). 
Note significant gradients in cephalocaudal and dorsoventral direc - 
tions, and statistically insignificant gradient in lateromedial direction. 

the model indicated a fairly smooth gradient in Q(test) 
from regions of high to low Q(test). To compare the rates 
of change in &test) per unit distance in the direction of 
the three principal axes, the first partial derivatives of 
the model were taken at the center of volume (i.e., mean 
X, y, and z of all samples) of the lung. The derivatives, 
expressed as a fraction of the mean Q(test) for each lung, 
were averaged for all 12 lungs (Fig. 7). The gradients in 
the dorsoventral and cephalocaudal directions were con- 
sistently and significantly less than zero, indicating a 
decrease in Q(test) by 10 and 6%, respectively, per cen- 
timeter away from the most dorsal and caudal regions of 
lung (Fig. 5, dark regions). The dorsoventral slope was 
significantly more negative (P < 0.01, paired t test) than 
the cephalocaudal slope. The lateromedial gradient was 
not significantly different from zero, although the spatial 
resolution of our technique may have been inadequate to 
reveal a gradient in this, the narrowest, dimension of the 

left lung. 
To provide a better visual impression of the topo- 

graphical distribution of Q(test), isoflow lines in 1.5 cm 
transverse sections of a diaphragmatic lobe from a 

lung perfused in the lateral position are shown in Fig. 8, 
top. Large variations in Q(t,est) existed among regions. 

here was a fairly smooth and progressive reduction in 
(test) along the ‘dorsoventral axis and a tendency for a 

ecrease in the cephalocaudal direction. A sagittal view 
of the apical lobe also shows gradients in Q(test) from 
caudal and cephalad to dorsal and ventral areas. These 
gradients were consistent with the gradients determined 
by multiple-regression analysis (Fig. 7). The differences 
in Q(test) in the cardiac lobe were not as large as in the 
other lobes. 

It is somewhat risky to assume the factors influencing 
regional vascular conductance in our excised, va,sodilated 
lungs operate in intact/ animals. Regional lung expansion, 
hypoxic pulmonary vasoconstriction and neurohumoral . 
control of vascular smooth muscle tone would be additive 
with the intrinsic differences in regional pulmonary vas- 
cular conductances. 

ficant dorsoventral and cephalocaudal gra- 
-----indicative of differences in regional 

vascular conductances--could be the underlying mecha- 
nism for differences in regional blood flows measured at 
horizontal levels in animals or humans However, such 
differences have not been found consistently by all in- 
vestigators. Some (8) have found a difference of 31 
between blood flow in dorsal and ventral areas of dogs, 
whereas others (25) have found no difference. Cephalo- 
caudal differences in blood flow have also been docu- 
mented in dogs in the supine or lateral position (8, 11, 
14, 25) but not in the prone position (14). In upright 
humans, dorsoventral gradients in regional blood flow 
were found in one st#udy (27) but not in another (3). In 
studies of recumbent humans, basal regions have been 
found to receive less (1, 3, 4, 6), more (lfi), or the same 
(7) blood fl ow compared with apical regions. Also in 
recumbent humans, blood flow was found t,o be highest 
near the centroid of the lung, decreasing in a centrifugal 
pattern in all directions (10). 

No consistent differences were noted in regional vas- 
cular conductances between lateral and medial regions 
(Figs. 7 and 8), consistent with results in dogs (11) or 
humans (22) who were either breathing spontaneously 
(II, 22) or whose lungs were mechanically ventilated 
without positive end-expiratory pressure (PEEP) (11). 
However, a lateral-to-medial difference in regional blood 
flow developed when a PEEP of 20 cmH& was applied 
in the dogs (11). This gradient was attributed to uneven 
regional lung expansion (11); one would therefore not 
expect to see the difference in isolated lungs. 

Inconsistencies in reported results among laboratories 
may be due to technical or physiological factors. Tech- 
nical factors include reporting results as total flow to 
regions of varying size vs. using normalized data (flow/ 
alveolus or flow/unit volume); use of external detection 



 

 

29 

between the effects of gravity and structure on the distribution of flow, structure is in fact 

the more important. For example, they found that in the supine dog lung gravity only 

explained 5.8% of the total variability in regional perfusion, while radial distance from the 

center of the lung accounted for 13.4% (35). In the same study, they noted 

isogravitational variability as measured by the coefficient of variation (CV) to be of 

comparable magnitude to that in the vertical direction. The same trends were found in 

the prone posture, including a persistent area of increased flow in the dorso-caudal 

region both while supine and prone, and a strong positive correlation overall (in same-

piece flow) when the orientation with respect to gravity had been reversed.  

Repeated study in large animals (horses) (49), primates (baboons) (33), and in 

pigs exposed to weightlessness and increased gravity (36) have led to similar 

conclusions on the dominant effect of vascular structure. The lungs of horses could be 

thought to be more susceptible to the effects of gravity due to their sheer size, however 

vertical perfusion gradients in horses were small in comparison to total blood flow 

heterogeneity, and in three of the four tested the direction was opposite that expected 

with the zone model. In baboons a vertical gradient of perfusion consistent with the zone 

model was found, but even when upright, gravity only explained 25% of total 

heterogeneity whereas structure accounted for 59%. Experiments at low and increased 

gravity show that same-piece flow is highly correlated (r2 = 0.84) between prone and 

supine postures during the zero-g phase of parabolic flight, and that this correlation isn’t 

much affected during 1.8G loading (r2 = 0.72). It has been asserted that this large 

structural perfusion heterogeneity arises from asymmetric fractal-like branching of the 

vascular tree (34, 40).  
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Fractal-like structures are pervasive in biological systems and are thought to be 

advantageous when total volume is constrained, as they both maximize surface area for 

metabolic exchange and minimize transport distance (111). True fractals are a class of 

geometric structures that exhibit self-similarity across scale, and as a consequence are 

of effectively infinite characteristic length. The famous Koch curve is an example of one 

such fractal structure formed from iterative replacement of the middle third of all line 

segments (starting with a single segment) with two more of equal length to the piece 

replaced, as shown in figure 1-10. Mandelbrot (65) observed that many naturally 

occurring geometries exhibit statistical self-similarity that is fractal-like. Description of 

these shapes, he argued, is then inherently difficult by conventional means as 

measurements are heavily influenced by the length of the measuring device. He 

therefore proposed an alternative approach that has since formed the foundation of 

fractal mathematics, re-conceptualizing traditional notions of ‘dimension’ to describe the 

degree to which a shape fills the space it occupies. This fractal dimension (D) is given by 

the following ratio: 

 

!!
D= −

log Nε( )
log ε( )                                         [1.9] 

 

where ε is the scale-length of measurement (i.e. spatial resolution of the ruler) and!Nε is 

the total measured length of the shape using ε  (and is in the same units). Thus, fractal 

dimension is scale-invariant and can take non-integer values, bounded by the 

topological dimension on the low end and the next higher integer. The Koch curve 

illustrated in figure 1-10 has a fractal dimension of approximately 1.26, near that 

reported by Mandelbrot for the coastline of Britain (65). 
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Spatial perfusion heterogeneity in the coronary circulation has been shown to 

obey power-law scale dependence similar to that of fractal structures. Bassingthwaighte, 

King, and Roger (13) invoked Mandelbrot’s definition of dimension to model the effect of 

scale-length on the relative dispersion (RD) of perfusion assuming a fractal properties. 

Given a reference piece size (!mref ) and the RD observed at that scale (!RDmref ), the RD 

at any other scale is given by [1.10], where m is the new piece size and!Ds the spatial 

fractal dimension. Note then that when viewed on a log-log plot the relationship between 

RD and piece-size becomes linear with slope 1-!Ds . Uniform flow leads to a!Ds value of 

1.0 (horizontal line), whereas a random Gaussian distribution has !Ds of 1.5. 

Bassingthwaighte et al. fit the model to microsphere coronary perfusion data, yielding a 

correlation coefficient of 0.99 and!Ds of 1.2, implying non-random fractal distribution over 

a wide scale range.  

 

 

Figure 1-10.  Four iterations of the Koch curve, a fractal structure that exhibits self-similarity 
across spatial scale. The Koch curve is formed by iteratively replacing the middle third of each 
line segment with two equal length segments (forming an equilateral triangle). The effective 
‘length’ of the Koch curve is infinite, but it is well described by Mandelbrot’s fractal dimension, 
Ds = 1.26 
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!!
RDm= RDmref

m
mref

⎛
⎝⎜

⎞
⎠⎟

1−Ds

  [1.10] 

 

Application to distributions of pulmonary blood flow logically followed as a means 

of investigating the impact of branching vascular structure on perfusion heterogeneity. 

Fractal dimensions of 1.09 (r2 = 0.99) in dogs (40), 1.12 (r2 = 0.99) in rats (34)  and 1.18 

(r2 = 0.91) in humans (62) have been reported for spatial variation in pulmonary 

perfusion, the latter measured with non-invasive imaging. The high degree of fidelity with 

which fractal scaling of heterogeneity describes that observed in pulmonary blood flow is 

quite remarkable. More remarkable still, is that this relationship appears to hold quite 

well down to the alveolar-capillary level where gas exchange occurs (34). Glenny and 

colleagues (41) have shown asymmetric vascular branching to be a possible explanation 

for this phenomena. They utilized a bifurcating tree model proposed by Van Beek et al. 

(100) in which, upon reaching a bifurcation node, each parent branch with flow F is split 

into two daughter branches with flow !γ F  and !! 1−γ( )F as illustrated in figure 1-11. After 

n generations, flow in terminal branches then take on one of k values in the range 0 to n 

 

Figure 1-11. Bifurcating fractal tree model of perfusion. At each bifurcation, flow from the parent 
branch is split asymmetrically between daughter branches with partition γ and (1- γ). Illustration 
from (41) 
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FIG. 1. Dichotomously branching fractal model. Left: basic element 
in which fractions y and 1 - y of total flow F, are distributed to daugh- 
ter branches. Right: flow at terminal branches in network of 2 genera- 
tions. 

each of the experimental data sets (4). The flows are 
presented as mean normalized flows where the mean 
flow after n generations is F,/2”. The flows generated by 
the network are similar to those obtained from experi- 
mental data in that they have a distribution which is 
skewed to the right. 

The flow distributions generated by this model will 
have some heterogeneity that can be characterized by the 
RD. An analytic solution for RD as a function of y and n 
has been obtained by van Beek et al. (18) and is given by 
the equation 

RD = \Jzn. [y2 + (1 - Y)~]” - 1 (3 
Equation 3 can now be related to the fundamental fractal 
Eq. 1. The relative dispersion can be determined for any 
level of an n generation vascular tree. The RD after one 
branching is equivalent to partitioning the tree into two 
pieces. If the RD is determined after two branchings, the 
vascular tree is partitioned into four pieces. The volume 
of these pieces can be determined by arbitrarily selecting 
V ref equal to a single terminal branch. Because there are 
2” terminal branches in an n generation tree, the size of 
the pieces (v) after one branching will be 2”/2 and the size 
of the pieces after two branchings will be 2”/4. Generaliz- 
ing this for all of the branchings in the vascular model 
with n bifurcations, v = 2”/2’ for the ith generation where 
i assumes integer values from 1 to n and 

RD(v) = v2ia [y2 + (1 - r)“3’ - 1 (4) 
Although Eq. 3 cannot be reduced to a fractal form, the 

relationship between the heterogeneity of flow from the 
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model (RD model) and the perfused piece size (v) appears to 
be fractal. Figure 3A shows the RDmodel as a function of 
piece size for a S-generation vascular tree with a y of 
0.45. The individual points represent the relative disper- 
sion calculated from Eq. 4 as a function of v. When plot- 
ted on a log-log scale after deleting the four largest 
pieces, the relationship appears linear, suggesting that it 
is fractal over the range of observations (4). 

The largest pieces are not used in the analysis because, 
as noted by van Beek and associates (18), they do not fit 
the theoretical fractal relationship of Eq. 1 as well as the 
smaller pieces. Equation 4 produces a slightly curved re- 
lationship between v and RD(v) while Eq. 1 predicts a 
linear relationship (18). The fractal dimension D,, de- 
fined by the slope of RD(v) vs. v, is theoretically constant 
over the range of observations. However, D, will gradu- 
ally decrease as v decreases for the relationship of Eq. 4. 
To determine a single fractal dimension that best charac- 
terizes the distribution of flows, a least-squares linear fit 
to RD(v) is used to obtain a slope. The statistical cer- 
tainty of RD(v) at large v values is low because the stan- 
dard deviation is determined from a small sample size 
(only 2” observations after n bifurcations). The fractal 
dimension is therefore best defined by RD(v) for the 
smallest volumes. The decision to exclude the four larg- 
est pieces remains somewhat arbitrary but reflects the 
procedure used for estimating the fractal dimension of 
blood flow in experimental measurements on heart (1) 
and lung tissue (4). 

Random variation asymmetry. This model is identical 
to model III of van Beek et al. (18). The asymmetry of 
flow in the first model is the same at all bifurcations in 
the vascular network. This is not an accurate representa- 
tion of the pulmonary vascular tree in that there is vari- 
ability in the anatomical predicted asymmetry of flow 
(10). A more realistic model can be constructed by as- 
signing a different y to each branch point. In this model 
the value of y is selected from a normal distribution with 
a mean 7 = 0.5 and a standard deviation 0. A vascular 
network with 0 = 0.0 produces a uniform distribution of 
flow to all branches with RD = 0.0. As CT diverges from 
zero, so will RD. 

Unfortunately this model does not have an analytic 
solution (18). A computer simulation can be run that con- 
structs a vascular network by randomly assigning y val- 
ues with a standard deviation of 0 to each bifurcation and 

15 generations 
y= 0.45 
RD = 40.1% 

FIG. 2. Frequency distributions of flow in 
network with 15 generations. Flows are normal- 
ized to mean flow. 
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according to the binomial frequency distribution, where the corresponding flow is given 

by [1.11] and the RD of perfusion for the n-generation tree can be calculated directly 

from [1.12]. Taking the total volume subtended by the bifurcating tree to be equal to the  

number of terminal branches (2n), the volume of pieces at the i-th generation (of an n-

generation tree), where each daughter branch forms a single piece, is 2n/2i. The RD at 

that piece size is given by [1.12], replacing n with i. 

 

 !!F = γ
k 1−γ( )n−k F 0               [1.11] 

 

 
!!
RD= 2n γ 2 + 1−γ( )2⎡

⎣⎢
⎤
⎦⎥

n

−1        [1.12] 

 

It has been shown by Van Beek et al. (100) that this bifurcating tree model is 

fractal in nature. Using the current divider analogy for γ , flow partitioning is described by 

the ratio of the resistance of each daughter branch to their series resistance. Denoting 

daughter branches with subscripts 1 and 2, and applying Poiseuille’s law one obtains 

[1.13] which is invariant to uniform scaling in either vessel radius r or length l. Since γ  

remains the same from one generation to the next, the ratios of parent-daughter radii 

and length must also themselves be scale-invariant, and thus the bifurcation is fractal.  

 

!!
γ =

l2 r2
4

l1 r1
4 + l2 r2

4          [1.13] 
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Two versions of the model were fit to experimental data obtained via microsphere 

methods (41). In the first, a constantγ was found that created the closest agreement 

between modeled RD and that observed in dogs. In the second version, γ was allowed 

to vary from one branch to the next according to a normal distribution with mean 0.5 

(equal flow partition), and the standard deviation (σ ) of that distribution was the model 

fit parameter. Fits of each model to data from a single animal are displayed in figure 1-

12.  

 

The results from both models show that branching asymmetry of either type 

accurately predicts changes in perfusion heterogeneity with spatial scale, assessed by 

the coefficient of variation (CV) between the predicted and observed RDs. For fixed 

asymmetry, γ  fell in a narrow range with mean 0.459 ± 0.009  (CV 0.069). When 

branching asymmetry was normally distributed instead, the average σ was 0.041 ± 0.01 

(CV 0.07). That such small flow biases in the bifurcating tree model result in the large 

 

Figure 1-12. Fits of microsphere flow data obtained in dogs to asymmetric branching tree 
models of pulmonary perfusion heterogeneity. Left) Partition between daughter branches γ 
was held fixed across generations, and the value yielding best fit was determined. A fixed 
asymmetry of only  ~ 45%:55% was sufficient to explain the observed data. Right) Partition 
coefficient was modeled as normally distributed about a mean of 0.5 (equal partition), and the 
standard deviation of the distribution was the fit parameter. Small random variation in γ 
produces similar results to those shown at left. Illustration from (41)  
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than the radius and length of a vessel. Vasoactive factors, 
local alveolar volumes, and hydrostatic pressures affect 
the resistance in a given vessel and hence influence re- 
gional blood flow. The asymmetry parameter 7, should 
therefore be thought of as a general descriptor of flow 
distribution to daughter branches, which is determined 
by a number of factors. 

Blood flow within isogravitational planes is heteroge- 
neous and spatially correlated (4-6, 14, 15). Nicolaysen 
and associates (14) suggested that this heterogeneity is a 
random process. The flow distributions in our fractal 
models are not influenced by gravitational factors. The 
asymmetry of flow at branches within the pulmonary ar- 
terial tree may therefore account for the heterogeneity of 
flow within isogravitational planes. These simple fractal 
networks also nicely explain the observation that pulmo- 
nary blood flow distribution is fractal and spatially 
correlated (4,6). A model of pulmonary blood flow distri- 
bution based solely on gravitational effects would not 
produce the fractal relationship we have observed. Blood 
flow distribution in the lung is spatially correlated in that 
high-flow regions tend to be near areas of high-flow and 
low-flow regions tend to be adjacent to other areas of low 
flow (4). This observation is accounted for by the dichoto- 
mously branching network in that flows to neighboring 
regions are more closely related (they share a parent or 
grandparent branch point) than are regions separated by 
a greater distance. The more closely related two regions 

are in the vascular tree, the more likely their flows will be 
similar. 

These fractal networks obviously represent simplified 
models of the complex and dynamic nature of pulmonary 
blood flow, and as such they have a number of deficien- 
cies. Morphometric analysis of the pulmonary arterial 
tree has shown that although the vast majority of 
branchings are dichotomous, there are occasional branch 
points with more than two daughter branches (7, 17). 
The asymmetry of branchings of the pulmonary arterial 
tree is not absolutely fixed as modeled by the first net- 
work. Measurements by Singhal et al. (17) have de- 
scribed the ratio of radii in daughter branches to range 
from 0.1 to 1.0 with a standard deviation of 0.20 in a given 
pulmonary arterial tree. The fractal models also have 
equal path lengths to all of the terminal branches which 
is unlike the pulmonary vascular tree (8). 

Horsfield (10) has analyzed morphometric data on the 
human lung to estimate the asymmetry of flow between 
daughter branches. Although he uses different nomen- 
clature, it is possible to determined an estimate of 7 from 
his calculations. Using Poiseuille’s law and average mea- 
surements of daughter branch radii and lengths, Hors- 
field estimated the relative proportion of flows to be 
0.635 and 0.365 to daughters of a parent vessel. If this 
estimate of 7 = 0.365 is used in the constant asymmetry 
model, the relative dispersion of flow after 15 genera- 
tions would be 136.9%. This is considerably larger than 

TABLE 1. Model parameters 

Animal 
No. Generation 

Constant Asymmetry Random Variation Asymmetry 

Coefficient Standard Coefficient 
Asymmetry of variation deviation of variation 

1 14 0.468 0.093 0.033 0.086 
2 14 0.457 0.035 0.042 0.036 
3 15 0.447 0.135 0.057 0.148 
4 14 0.464 0.043 0.036 0.042 
5 15 0.451 0.047 0.048 0.050 
6 14 0.468 0.062 0.033 0.055 

Mean -t SD 0.459_+0.009 0.069+0.038 0.041~0.010 0.070+0.042 
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structural perfusion heterogeneities seen is quite surprising. Glenny and colleagues (41) 

point out that γ need not be interpreted solely as resulting from static structural 

differences between daughter branches, but may result from the interplay of many 

factors including vasomotor activity, hydrostatic effects, and local alveolar volumes. 

Marxen and Henkelmen (67) have shown asymmetries in volume subtended by 

bifurcating branches lead to similar effects of scale on perfusion heterogeneity.  

Given the influence that vascular branching has on the distribution of pulmonary 

blood flow, it is then not entirely surprising that airway structure may have analogous 

effects on the distribution of ventilation throughout the lung and that similar methods 

have been employed for the study of structural ventilation heterogeneity as those just 

discussed. It is worth noting that the asymmetric branching model of Van Beek (100) 

does not actually make any special assumptions regarding the fluid properties of blood 

or the circulation itself it would be as applicable to air flowing through branching airways 

as it is blood through the vascular tree. Thus fractal ventilation is a reasonable 

expectation given observations of fractal blood flow. Even before the application of 

microsphere methods with high spatial resolution, inert gas estimates of small-scale 

variation in alveolar specific ventilation (SV, ventilation normalized to initial alveolar 

volume, !!ΔV V 0 ) were as high as 52% of total heterogeneity, gravity comprising only 

34% (24). A later study (103) comparing measurements made on earth and during 

spaceflight have also indicated gravity-independent variation at least as large as gravity-

dependent variation.  

Altemeier et al. (4) demonstrated that ventilation does indeed display fractal 

structural qualities remarkably similar to those of pulmonary blood flow. Fluorescently 

labeled microspheres were simultaneously administered via aerosol inhalation and 

injection to each of six anesthetized and mechanically ventilated pigs, with all pigs 
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studied in both supine and prone postures. After removing, drying and embedding the 

lungs in foam, lungs were sectioned into ~2 cm3 cubes (with original location mapped) 

allowing regional ventilation and perfusion to be determined. CVs (same as RDs) for 

ventilation and perfusion were calculated for clusters of varying size by aggregating 

nearby pieces, and CV – piece-size relationships were fit with [1.10]. Altemeier et al. 

found ventilation heterogeneity had average fractal dimension 1.092 ±0.038 (r2 = 0.63) 

when supine, increasing to 1.157 ±0.041 (r2 = 0.80) in the prone posture. Simultaneous 

measurements for fractal dimension of perfusion heterogeneity were quite close to those 

for ventilation; 1.148 ±0.043 (r2 = 0.80, supine) and 1.192 ±0.061 (r2 = 0.84, prone). The 

strong coefficients of determination (r2 values) found by Altemeier and colleagues (4) 

support the idea that the distribution of ventilation in the lung is also fractal in nature. 

 

Ventilation – perfusion matching in the healthy lung 

It is hard to imagine a stronger evolutionary selective pressure than ensuring 

metabolic demands for gas exchange are met while at rest, hunting for food, or escaping 

predation. Thus one might assume, given the significantly negative impact that uneven

! !VA !Q ratio has on gas exchange, that the lung would have developed in such a way as to 

ensure as close to uniform delivery of blood and fresh gas as possible to its many million 

alveoli. Yet, for the reasons discussed in the previous section, it is clear that this is not 

the case. The large degree of naturally occurring spatial variation in both ventilation and 

perfusion thus seems at odds with the lung’s biological raison d'être, underscoring the 

need for either intrinsic or extrinsic factors that match regional variation in one to 

variation in the other. Where the use of aerosolized/injected microspheres enabled 

whole-lung study of ventilation-perfusion matching in other animals, much of what we 
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know regarding the same in human health and disease was enabled by an alternative 

approach developed by Wagner and company (107) for obtaining continuous 

distributions of ! !VA !Q ratio, termed the multiple inert gas elimination technique (MIGET).  

In MIGET, six inert gases with differing solubility are infused via peripheral 

venous catheter, where upon reaching the pulmonary capillary bed they partially or 

completely diffuse into the alveolar air space, the rest retained in blood. Defining 

retention (R) and excretion (E) as the alveolar or capillary partial pressure of inert gas 

normalized to its mixed venous pressure, the local retention and excretion are then 

wholly determined by the blood-gas partition coefficient (λ ) and the ! !VA !Q ratio according 

to [1.14]. Whole-lung retention and excretion for an inert gas (i) is then the flow-weighted 

average for each capillary [1.15] or alveolus [1.16], where N is the total number of gas-

exchanging units and the subscript t denotes total flow. Collecting samples of mixed 

arterial blood/expired gas (to measure retention/excretion) and imposing smoothness 

 

Figure 1-13. The retention (Pc/Pv) and excretion (PA/Pv) of inert gases with various solubility 
for the Multiple Inert Gas Elimination Technique. Retention and Excretion values for a lung 
compartment are influenced by the compartment’s VA/Q ratio. Selection of gases with partition 
coefficients that impart sensitivity over a range of VA/Q ratio are used to generate continuous 
distributions for the whole lung. Illustration from (107) 
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METHODS 

Experimental outline. The experimental procedure which 
provides the data for the analysis is suitable both for human 
subjects and experimental animals in health and disease. A 
mixture of several inert gases (six, for example) whose solu- 
bilities in blood range from very low (e.g., sulfur hexa- 
fluoride) to very high (e.g., acetone) is equilibrated with a 
suitable solution such as normal saline or 5 % dextrose in 
distilled water. The relative proportions of the gases are 
selected so as to result in approximately equal arterial 
concentrations for each gas. The solution is then infused 
into a peripheral vein, and, after a steady state within the 
lungs has been established, mixed arterial blood and mixed 
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expired gas are simultaneously sampled. 
For each gas, its concentration in both samples and its 

blood: gas partition coefficient are measured by gas chroma- 
tography (30). It is also necessary to know total pulmonary 
blood flow and minute ventilation. Then, by use of the 
Fick principle, the mixed venous concentration of each 
gas is calculated from the arterial and expired values, 
thereby avoiding the necessity of direct sampling via a 
pulmonary artery catheter (see step 3 in APPENDIX II). 

FIG. 1. Relationship between inert gas retention Pc/PT (or excre- 
tion PA/Pv) and blood-gas partition coefficient, using a logarithmic 
scale for the abscissa. Four curves are drawn, each for homogeneous 
lung units with different VA/i2 ratios. Note that the curves are all 
smooth and monotonic. Blood-gas partition coefficients for human 
blood at 37°C are also shown. 

The ratios of mixed arterial to mixed venous concentra- 
tion (defined as retention, R) and mixed expired to mixed 
venous concentration (defined as excretion, E) for each 
gas are plotted against the solubility of the gas in question. 
The retention-solubility plot is then processed by digital 
computer and yields the distribution of blood flow with 
respect to VA/~, and, independently, the excretion- 
solubility plot is similarly converted into the distribution 
of ventilation with respect to VA/Q. It is then possible to 
predict the arterial and alveolar Po2 and Pco2, and these 
may be compared with the measured values. 

L4ssumptions and dejnitions. The lung is assumed to con- 
sist of a number of compartments arranged in parallel with 
respect to both ventilation and blood flow, but any num- 
ber of compartments is allowed. Each compartment is 
taken to be homogeneous, with single values for ventilation, 
blood flow, and alveolar, venous, and end-capillary con- 
centrations of each gas. It is also assumed that diffusion 
equilibration between alveolar gas and end-capillary blood 
is complete, and that the inspired concentration of each 
of the inert gases is zero. 

The distribution of blood flow may then be defined from 
this description of the lung as the plot of blood flow against 
the ratio of ventilation to blood flow, compartment by 
compartment. Similarly, the ventilation distribution is 
defined as the plot of ventilation against the ratio of ven- 
tilation to blood flow. 

A further assumption in this analysis is that the dis- 
tribution of ventilation and blood flow in any particular 
case have smooth contours and contain no sudden irregu- 
larities. The numerical method is not capable of recovering 
distributions containing such sudden irregularities but on 
intuitive grounds we believe it is reasonable to assume that 
these do not occur either in the normal or diseased lung. 

Equations. If  in all VA/Q units the amount of any gas 
exchanged between pulmonary capillary blood and alveoli 
equals the amount exchanged between the alveoli and the 
atmosphere, the lung may be said to be in a steady state 
of gas exchange. Under these conditions, it is known that 

in each VA/Q unit the quantitative exchange of any inert 
gas depends only on the VA/Q ratio of the unit and the 
blood:gas partition coefficient of the gas (X), as shown in 
Eq. 1. 

(0 

where PA is the alveolar partial pressure, PC the end- 
capillary partial pressure, assumed equal to PA, and PV is 
the mixed venous partial pressure. It is more convenient 
to divide by PV. If  E = PA/PC and R = Pc/PV, Eq. I 
may be rewritten as Eq. 2: 

(2) 

Examples of the relationship between R and X (the reten- 
tion-solubility curve) and between E and X (the excretion- 
solubility curve) for lung units with low, normal, and high 
VA/Q ratios are shown in Fig. 1. 

One may now consider a lung containing a distribution 
of VA/Q ratios as defined above. If  the lung contains N 
different VA/Q units with blood flow Qj and ventilation 
Vj in the jth unit, then for any gas with blood : gas partition 
coefficient X i, overall retention Ri and overall excretion Ei 
are given by Eq. 3A and 3B, respectively: 

1 
c K&l 
j=l 

Vj 'Xi 

+ vj/Qj 1 

(34 

C [vj] 
j=l 

These equations state that the mixed arterial concentration 
is a blood flow-weighted mean of compartmental values 
while the mixed expired level is similarly a ventilation- 
weighted mean of compartmental values. 
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constraints allows one to numerically solve [1.15] and [1.16] for the proportion of 

ventilation and blood flow delivered to lung units as a function of ! !VA !Q ratio. 50 ! !VA !Q

compartments are typically chosen on log-scale with compartments 1 and 50 

representing shunt (no ventilation) and deadspace (no perfusion), and the six inert gases 

are chosen to have λ s that provide sensitivity over a wide range (see figure 1-13). 

! 
R = E = λ

λ + !VA !Q
                                  [1.14] 

!! 
Ri =

1
!Qt

!Qjλi
λi + !Vj !Qj
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!! 
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Despite underlying structural and gravitationally induced heterogeneity in 

ventilation and perfusion, MIGET analysis reveals these distributions are well matched in 

healthy human lungs breathing room air (106). Example data are illustrated in figure 1-

14. In healthy subjects (aged 21-60), ! !VA !Q distributions are narrow (less than one 

decade) and cluster around a ! !VA !Q near 1. The second moments of blood-flow and 

ventilation curves (on semi-log scale), termed logSDQ and logSDV, reveal that particularly 

for young subjects (21-24) ventilation-perfusion mismatch is minimal. The average 

logSDQ and logSDV in this group is only 0.43 and 0.35 respectively, corresponding to an 

average measured Alveolar-arterial O2 gradient of 9 mmHg. Note that these values 

coincide with the lower-limit of resolution of MIGET, as the smoothing constraint in the 

numerical procedure will produce logSDQs and logSDVs on the order of 0.3 even when 

the lung is completely uniform(107). Mild increases in dispersion of ! !VA !Q ratio seem to 
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be associated with healthy aging but these differences are small, on average 

representing only a 0.1 increase in logSDV (or Q) by age 70 (19, 106). 

Flow matching mechanisms may permit some correction in ! !VA !Q  heterogeneity 

by diverting blood flow towards areas of higher ventilation and away from those with 

lower ventilation (i.e. enhancing spatial flow correlation), explaining low ! !VA !Q dispersion 

in healthy people. These fall generally into two categories; passive mechanisms that 

couple action of body forces on distributions of perfusion and ventilation, and active 

mechanisms that operate through feedback on local airway/vascular smooth muscle. It 

has been argued that the passive mechanisms play a predominant role in normal 

 

 

Figure 1-14.  Continuous distributions of ventilation-perfusion ratio obtained in healthy normoxic 
subjects in semi-recumbent position using MIGET. Illustrations from (107) Distributions are 
narrow, centered around a VA/Q ratio of 1.0, and do not show any areas of shunt or deadspace; 
indicating good VA-Q matching. Distributions are slightly wider in the older subject (at right) but 
still in the normal range, consistent with findings that gas exchange worsens slightly with age 
(19) 
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FIGURE 1 The distribution of ventilation and blood flow in
a young subject, M. S., breathing room air. There is very
little dispersion in either curve with no areas of high or low
VA/Q. There is no shunt. Both distributions are appropriately
positioned about a VA/Q close to 1.0, and are symmetrical on
a log scale.

mean of 5 mg/100 ml over the course of the study, equivalent
to less than 2 ml of blood being hemolyzed. We ascribe this
minor hemolysis to the reinfusion of blood withdrawn during
the cardiac output determinations.
Gas chromatography. The concentrations of the six test

gases in both mixed expired gas and arterial blood were
determined by gas chromatography. A Beckman gas chro-
matograph (GC)1 model GC 72-5 with both flame ionization
detector (FID) and electron capture detector (ECD) was
used (Beckman Instruments, Inc., Fullerton, Calif.). SF6
was measured with the ECD, while the remaining five gases
were detected by the FID.

Because only ratios of concentrations were needed, absolute
calibration of the GC was unnecessary. Since the FID is
linear over a wide range with respect to peak height, raw peak
height data were sufficient for computation of the gas con-
centration ratios. However, the ECD is inherently alinear,
so that a relative calibration curve was necessary for SF6.
This was readily obtained by means of serial dilutions of the
most concentrated sample of SF6.

Expired gas samples were introduced into the GC directly
via a 2-ml constant volume inlet loop. To measure the gases
in arterial blood, they were first extracted into helium which
was then introduced as above into the GC. The method of
extraction and measurements is described elsewhere in detail
(16) and is similar in principle to that originally described by
Hamilton (17). It consists of equilibrating known volumes of
arterial blood and helium at the temperature of the subject
for a period of 40 min. The once-equilibrated blood is then

' Abbreviations used in this paper: ECD, electron capture
detector; FID, flame ionization detector; GC, gas chromato-
graph.

re-equilibrated with a second volume of helium as before, and
from the ratio of the two peak heights obtained at each
equilibration, the solubility of each gas may be calculated.
This enables the original blood concentration and solubility
to be computed for each gas.
For the FID, the carrier gas (helium) flow rate was 50 ml/

min, and column temperature 170'C. For the ECD, helium
flow rate was 25 ml/min and temperature 80'C. In both cases,
the same column was used, namely, Poropak-T 80/100 mesh,
6 ft long, and ith in diameter (stainless steel). The column
was obtained prepacked from Beckman Instruments, Inc.

Computer analysis. From the ratio of mixed expired to
arterial concentrations for each gas, the solubility of each gas,
and minute ventilation and cardiac output, the arterial-to-
venous ratio and expired-to-venous ratio of concentrations
for each gas were calculated by means of the Fick principle.
As described in the general outline, these ratios, together

with the measurements of solubility, constitute all the neces-
sary data for the determination of both the distribution of
ventilation and of blood flow with respect to VA/Q. These
distributions are not unique in a strict mathematical sense,
because they are calculated in terms of a large number (50)
of compartments. However, all possible distributions that
can be derived from a given set of data can be shown to be
virtually indistinguishable, so that a single useful solution
can be obtained. This concept is considered in detail elsewhere
(12), where the principles of the numerical analysis that
transform the data into the distributions are also described.
The computer program for this analysis is written in Fortran
and is directly executable on most large computers, including
the Control Data 3600 and Burroughs 6700 digital computers.
Execution time on such a computer varies between 1 and 3
min depending on the complexity of the distribution, since the
iterative methods take longer to converge upon a complex
shape than upon a simple one. The computer program is
available from the authors.

RESULTS
Distributions of VA/Q in semirecumbent subjects
breathing air
Group 1: young subjects aged 21-24 yr. Fig. 1 shows

typical distributions of ventilation and blood flow
against VA/Q in a young normal subject (M.S.).
VA/Q is shown on a log scale and the individual points
showing blood flow and ventilation add up to the total
cardiac output and ventilation, respectively. The line
joining the individual points is for clarity only. Note
how little dispersion there is in either curve. A useful
index of the dispersion is the standard deviation of the
distribution calculated with a natural log scale for the
abscissa (log SD). In this case, log SD was 0.32 for
blood flow and 0.29 for ventilation. The values in
Table II are the means of two measurements made
5 min apart.
Although an attenuated scale for VA/Q is used in

Fig. 1 (only the region of VA/Q from 0.1 to 10.0 is
plotted) the analysis of this subject's data was per-
formed routinely, namely, by obtaining the solution
over the entire working VA/Q range of from 0.005 to
100.0. The reason for using this attenuation was that
all the points for blood flow and ventilation outside the
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FIGURE 2 The distribution of ventilation and blood flow in
an older subject (E. L.) breathing room air. Compared with
the young subject (Fig. 1), there is more dispersion in both
curves, and a small tail of blood flow in low VA/Q areas, so
that the blood flow- distribution is not log-normal. There is
still no shunt, and there are no areas of very high or low VA/Q.

blood flow and 0.44 to 0.31 for ventilation) or in the
skewness of ventilation (third moment, 0.02 to 0.00) but
the blood flow distributions became more negatively
skewed (third moment, - 0.90 to - 1.50) due to the
increased blood flow in low VA/Q areas.

In all subjects, a shunt appeared (mean value 3.2%)
after breathing oxygen for 30 min. As for the young
subjects, this shunt was present only during oxygen
breathing, whether before or after air breathing. In
on subject (W.C.), shown in Fig. 4 (lower panel), the
shunt reached a value of 10.7%. Note that the main
body of the distribution in this case was virtually
unaltered while the blood perfusing units in the VA/Q
range 0.005-0.1 (amounting to 9.6% of the cardiac
output) disappeared. Hypotheses consistent with the
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hyperventilation was partly offset by the increase in
low VA/Q areas. There was little change in the dis-
persion of the distributions (from log SD 0.76 to 0.80 for
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FIGURE 3 The distribution of ventilation and blood flow in
subject W. C. breathing room air. As distinct from the subject
in Fig. 2, this man demonstrated areas of low VA/Q, with
units as low as 0.01. However, there was still no shunt, and
although the main body of the distributions showed more
dispersion than those in Fig. 2, there were no areas with
VA/Q greater than 10.
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FIGURE 4 Distributions of blood flow breathing both air
and 100% oxygen in one young subject and one older subject.
In the young man, (M. S.) there was an overall shift due to
hyperventilation, anda shunt of 1% appeared. The older
subject, (W. C.) demonstrated major changes. The shoulder
of blood flow in low VA/Q areas breathing room air has
disappeared on breathing oxygen, while at the same time a
shunt of 10.7% developed. Quantitatively, the amount of
blood flow in the low VA/Q regions breathing room air closely
'matched the degree of shunt on oxygen. The main body of the
distribution was unaltered.

62 P. D. Wagner, R. B. Laravuso, R. R. Uhl, and J. B. West



 

 

40 

function, with active matching representing a reserve capacity that is only called upon 

under physiologic/pathologic stress (42). Passive VA-Q matching is accomplished 

through the shared influence of gravity on ventilation, tissue deformation, and blood flow, 

and the common geometry in the airway and vascular trees.  

Passive mechanisms of ventilation-perfusion matching 

Recalling the significant vertical gradients in blood flow and ventilation in figure 1-

5, it is clear that although both distributions appear non-uniform, the factors that drive 

gravitational heterogeneity in each act in the same direction; increasing flow toward the 

base of the lung, the gradient in Q somewhat greater than that in VA. Hence, all the 

gravitational gradient in VA actually serves to reduce! !VA !Q heterogeneity to a modest 

extent, with remaining gravitational ! !VA !Q  dispersion attributable to blood flow (113). It 

should be noted that this is a direct consequence of the lung’s specific pressure-volume 

(stress-strain) relationship, and therefore the mechanical properties of the lung actually 

serve to facilitate VA-Q matching. The extent to which this is the case has only recently 

become apparent. 

One may have noticed an apparent contradiction between the studies of West 

and Dollery (112, 114), which led to the zone model of perfusion, and those by Glenny 

and colleagues (33, 35, 49) asserting only a minor influence of gravity on the circulation. 

These differences have sparked much debate, which has thus far purposely been 

avoided so as not to complicate presentation. However, reconciliation between these 

two views came in the form of a study by Hopkins et al. (53) which sheds considerable 

light on the nuanced role that tissue properties play in promoting efficient gas exchange. 

Hopkins and colleagues theorized that although gravity imparts unequal distribution of 
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perfusion to regions of fixed volume, regional variation in tissue density might offset 

some of these changes if one considers functional pieces of lung to be of fixed mass.  

 

 

Milic-Emili (69) and Glazier (32) had previously suggested that the lung deforms 

under its own weight, much like a coiled spring supported from the top. Using functional 

MRI, Hopkins and colleagues (53) obtained measures of lung density and perfusion, 

showing both to be distributed along  vertical gradients. Further, these gradients were of 

comparable magnitude; -3%/cm vs. -4.9%/cm for lung density and perfusion 

respectively. After normalizing perfusion by regional density no statistically significant 

vertical gradient remained (See figure 1-15). Thus, even though gravity increases blood 

flow towards the base of the lung, the lung’s mechanical properties lead to a distribution 

of lung tissue that helps stabilize perfusion/gram.  

 

 

Figure 1-15.  The “slinky” effect. Perfusion increases down the lung due to gravity (Left), but 
the gradient is matched by the distribution of lung density distorting under its own weight 
(Middle). Thus, blood flow delivery to each gram of lung tissue is evenly maintained across 
lung height despite hydrostatic effects (Right), a form of passive Va-Q matching. Illustration 
from (53) 
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The situation is analogous to that of a suspended toy slinky (53). The pitch 

(vertical inches/360° turn) at the top of the slinky is larger than that at the base due to 

the force required to support the remaining slinky mass. Thus, the coil density is higher 

at the bottom than the top. The change in density with height, determined by stiffness of 

the slinky and its intrinsic mass/coil, is approximately equivalent to the hydrostatic 

pressure head loss over the same distance. Since blood flow to each coil remains 

constant, and coil density varies, the base of the slinky is relatively better perfused as 

was the finding by West and Dollery (113). In the microsphere technique (33, 35, 49), 

the lungs are inflated to TLC prior casting in foam and slicing, equivalent to extending 

the slinky so that it is fully stretched and thus of uniform pitch. In this stretched position, 

blood flow/coil (same as /g) is approximately the same as flow/unit height and thus little  

gravitational gradient is apparent.  

Where stress-strain mechanics lead to coupling between the vertical distributions 

of tissue, blood flow, and ventilation, it is clear both from figure 1-15 (right) and the high 

levels of spatial detail afforded by microsphere flow studies that considerable variation 

remains. As a reminder, these considerable non-gravitational heterogeneities are 

attributed to structural causes; small asymmetries in vascular/airway branching patterns 

lead to regional variation in flow that appears fractal-like (4, 33, 35, 41). Interestingly, it 

has been noted by several investigators that despite such large regional variation, the 

correlation between the two distributions remains high. Robertson et al. (89) reported 

regional perfusion as the strongest predictor of regional ventilation (r = 0.77) even when 

spatial location and gravitational height were included as predictors in the model. 3-D 

mapping by Altemeier et al. (4) revealed clustered patterns that were similar in both 

distributions, in which highly perfused regions were also well ventilated (and vice versa) 

(figure 1-16).  An attractive explanation for the similarities between regional flows is the 
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structural similarity between the airway and vascular trees (42). It’s well known that the 

airways and arterial system are closely related (in physical space) and branch together 

down to the level of gas-exchange (110). Shared branching geometry would be 

biologically efficient as a means of ensuring VA-Q matching, and is supported by the 

close agreement in fractal dimension for ventilation and perfusion reported by Altemeier 

and colleagues (1.157 vs. 1.192 in prone dogs respectively) (4).  

 

 

Changes in lung compliance (and) or disruption of the vascular and airway 

architecture, the hallmarks of chronic obstructive pulmonary disease (COPD), are 

therefore significantly detrimental to overall gas exchange as they impair passive VA-Q 

matching. This fact is well illustrated by a report from Wagner and co-workers (105), in 

which they distinguished three general pathological profiles in ! !VA !Q  ratio associated with 

COPD using MIGET (figure 1-17). In the first (H), patients displayed regions of 

abnormally high ! !VA !Q . These were typically associated with emphysematous 

 

Figure 1-16.  Distributions of ventilation and perfusion obtained with microspheres are well 
matched despite large spatial variation. Left) Both ventilation and perfusion show clustered 
spatial patterns consistent with fractal branching, but the behavior appears similar. Right) The 
correlation between the two distributions is remarkably high, indicating that Va/Q ratio would 
be more uniform than expected. Similar branching of vascular and airway trees may 
ventilation-perfusion matching. Illustrations from (4)  
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destruction of alveolar microstructure and increased compliance, the latter in part due to 

loss of “nylon-stocking elasticity” (a macro-scale property dependent upon 

microstructure) as well as changes in collagen and elastin density. In contrast, chronic 

bronchitis is characterized by sub-mucosal thickening of airways and increased sputum 

production, both of which distort airflow patterns and lead to areas of occlusion. Patients 

with chronic bronchitis thus tended to develop low ! !VA !Q modes (L) not seen in the 

predominantly emphysema group. Some patients exhibited both patterns (HL), with high 

and low ! !VA !Qmodes indicative of mixed disease. 

 

Active mechanisms of  (potential) Ventilation – Perfusion matching 

Most of what is understood regarding the capacity to actively modulate regional 

ventilation-perfusion matching occurs through feedback regulation on the vascular side. 

These features are largely intrinsic to the lung itself as opposed to externally mediated 

 

Figure 1-17. Phenotypic distributions of ventilation-perfusion ratio obtained in mild COPD 
patients with MIGET. Figure from (105). Open circles denote Ventilation and closed circles 
Perfusion to units of VA/Q ratio (on x axis). H, Left) Pathologic areas of abnormally high VA/Q 
were associated with changes in compliance and alveolar architecture (loss of alveolar 
capillaries), typical of Emphysema predominant disease. L, Middle) Ventilatory obstruction and 
low VA/Q were associated with patients displaying copious sputum production thickening of 
airway submucosa, symptoms associated with Chronic Bronchitis. HL, Right) Some patients 
showed both high and low VA/Q regions, indicative of mixed disease. 
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via neuro-humoral factors, and they impart local vasomotor sensitivity to the efficiency of 

gas-exchange by tying regional vascular resistance to alveolar oxygen and carbon 

dioxide content (25). Whereas in the systemic circulation muscular arteries dilate when 

O2 falls (or CO2 rises) the situation in the lung is reversed and vessels constrict, as was 

shown by Euler and Liljestrand (25) some 70 years ago. The vessels of the lung are 

completely unique in this way (8), and this seemingly paradoxical behavior results in 

what also appears a very purposeful outcome: a tendency towards uniform! !VA !Q ratio 

and a bolstering of gas-exchange efficiency (22, 25, 70, 74). This last point has been 

one of substantial debate, with some authors instead asserting that active ! !VA !Q

regulation is not involved in normal lung function(39), or is a vestigial byproduct of intra-

uterine development in which high pulmonary vascular resistance is desirable to 

facilitate right to left cardiac shunting(115). In that debate the response to hypoxia has 

garnered the most attention. 

Hypoxic pulmonary vasoconstriction 

The response to alveolar hypoxia is termed hypoxic pulmonary vasoconstriction 

(HPV), and appears to be an intrinsic property of the smooth muscle cells (PASMCs) 

lining pulmonary resistance vessels (71, 72). HPV is rapid and sustained, beginning 

within the first minute of exposure to acute hypoxia (8). Motley et al. (70) were the first to 

demonstrate HPV in humans, showing 10% oxygen breathing resulted in a roughly 75% 

increase in pulmonary vascular resistance over 2-4 minutes, lasting until the hypoxic 

stimulus was released. Since then it has become clear HPV follows a dose-response 

pattern over the normal physiologic range (12, 16, 82), as shown in figure 1-18. For 

example, Barer et al.(12) performed a series of experiments in cats and dogs in which  
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the left lower lobe was separately ventilated, and lobar venous flow measured as a 

function of alveolar pO2. Blood flow to the hypoxic lobe fell in both species as pO2 was 

lowered below 100 mmHg, declining at a rate of 15.7% per 20 mmHg in cats and 11.8% 

per 20 mmHg in dogs.  

 

The cellular mechanism is not yet fully worked out, but the current theory (8, 71, 

99) is as follows. The mitochondrial electron transport chain is intimately involved with 

managing the oxidation state of the cell through production of reactive oxygen species 

(ROS). When PASMCs become oxygen deplete, decreased ROS production inhibits 

redox-sensitive potassium channels and thus alters cellular membrane potential. 

Voltage-gated calcium channels open in response, raising cytoplasmic calcium 

concentration and triggering smooth muscle contraction. The difficulty with this 

explanation is that it fails to account for selective sensitivity to alveolar as opposed to 

 

Figure 1-18. HPV Stimulus-response curves for the dog left lung when the right lung was 
separately ventilated with air (squares) or 30% O2 (circles). Blood flow to the left lung declines 
as alveolar pO2 is reduced below 140 mmHg, and continues to fall over the physiologic 
range. Note that when the right lung was hyperoxic, the normoxic left lung receives only 
~30% of cardiac output (vs ~40% when both lungs breath the same gas). Illustration by Rahn 
and Bahnson (82)   
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arterial hypoxia (56), a problem all the more glaring as pulmonary resistance vessels 

(and thus PASMCs) are located upstream of the alveolar capillary bed. More recently, 

Wang et al. (109) has shown a potential role for gap-junction mediated signal 

transduction from capillary endothelium to upstream resistance vessels.   

It has been suggested that the vascular endothelium also plays an important role 

in modulating the strength of they hypoxic response (99, 118). This occurs through the 

release a number of small molecule mediators including endothelins which promote 

stronger vasoconstriction (51), and nitric oxide which opposes it, facilitating PASMC 

relaxation (1, 95). Nitric oxide (NO) is thought particularly critical in the rapid decline in 

pulmonary vascular resistance (PVR) necessary for the transition to extra-uterine life 

(48), but may also help maintain low PVR while air-breathing throughout adulthood (21). 

NO is created in the vascular endothelium via endothelial nitric oxide synthase (eNOS), 

where once produced it diffuses into underlying smooth muscle, activating guanylate 

cyclase and the cyclic-GMP (cGMP) cascade (118). Work by Archer et al. indicates that 

cGMP-dependent protein kinases upregulate potassium channel activity, opposing the 

effects of HPV and promoting smooth muscle relaxation (9).  

Nitric oxide has gained a lot of attention in both clinical and research spheres, in 

part due to its selectivity for the pulmonary circulation when inhaled at low doses (30, 

31). Clinically, it is useful as a screening vasodilator to assess the potential efficacy of 

calcium channel blockers in the treatment of pulmonary arterial hypertension (PAH) (93). 

However it has also provided an additional scientific tool to study HPV mediated blood 

flow regulation, further fueling ongoing debate about whether HPV actually contributes to 

VA-Q matching in health. For example, administration of inhaled nitric oxide (iNO) to has 

been found to decrease pulmonary arterial (PA) pressure only while subjects were 

overtly hypoxic (31, 81), implying that HPV is absent while air-breathing. The difficulty in 
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directly interpreting these results to imply a lack of regional hypoxia lies in the pressure-

flow dynamics of the lung (114) where distention and recruitment serve to maintain low 

PA pressure over a wide range of flow patterns. Rimeika et al.(88) has shown that 

expression of eNOS mRNA is non-uniform in the human lung, with higher expression in 

dorsally located regions. Thus, it is also possible that regional HPV (with equal stimulus) 

varies spatially to a significant extent and that these features might not be reflected by 

PA pressure alone.  

Pulmonary pressor response to hypercapnia 

Evidence for an independent pressor response to CO2, sometimes referred to as 

hypercapnic pulmonary vasoconstriction (HCPV), dates as far back as that for HPV (25). 

Yet, although HPV has been fairly well characterized over the intervening period, the 

role of CO2 in regulating the distribution of blood flow in the lung has been obscured by 

conflicting data and the lack of an apparent mechanism. CO2 has at times been shown 

to both dilate (14, 17, 104) and constrict (10, 12, 25) pulmonary resistance vessels. One 

theory floated by Hyman and Kadowitz (56) for the apparent discrepancy is the 

possibility of multiple CO2-sensing receptors with opposite function along the pulmonary 

vascular tree. They observed that vasodilation would occur when an isolated lung lobe 

was perfused with hypercapnic blood, but that vasoconstriction occurred when the same 

lobe was instead ventilated with hypercapnic gas. Thus, stimulation of sensors in the 

alveolar-capillary region may be a deciding factor in determining the direction of the 

response.   

There has been growing support for the idea that CO2 sensing may facilitate 

ventilation-perfusion matching. Swenson and colleagues (98) found that 2-4% inspired 

CO2 reduced ! !VA !Q dispersion, as evidenced by decreased logSDV and deadspace  
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(ventilation to units of infinite ! !VA !Q ratio). Although not intuitive, these MIGET effects are 

typically associated with changes in the pattern of blood flow. Another study by Brogan 

et al. (18) similarly found CO2 to improve ventilation-perfusion matching using (A-a)D 

area, another global marker of ! !VA !Q dispersion. The (A-a)D area is the integrated area 

between alveolar and arterial tensions for the six inert gases. It therefore seems likely 

that the distribution of blood flow is sensitive to ventilatory CO2, particularly since 

observed stimulus-response data indicate vascular sensitivity over the physiologic 

range. Barer et al. found the relationship between lobar blood flow and alveolar pCO2 to 

be approximately linear below 55 torr (mmHg), with slope -0.969%/torr (-19.4%/20 torr) 

in cats. The response was less steep in dogs (-.35%/torr) but linear over a wider range, 

suggesting species variation in the strength of the hypercapnic response. Flow stimulus-

 

 

Figure 1-19. Comparison of stimulus-response curves for hypoxia (left) and hypercapnia 
(right) obtained in dogs. Reductions in blood flow with increased pCO2 are roughly linear, 
approximately .35%/torr. Values as high as 1%/torr were obtained in cats in the same study, 
suggesting species variation in the strength of the response. Illustration from (12) 
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response curves for CO2 obtained in dogs are shown in figure 1-19.  Although these data 

were acquired at high levels of oxygenation, the effects of CO2 are thought to be 

independent and additive to those of hypoxia(20). 

While an exact mechanism has yet to be identified, there is a suggestion that 

CO2-mediated VA-Q matching may involve changes in alveolar pH catalyzed by carbonic 

anhydrase. Swenson et al. (97) have shown that administration of acetazolamide, a 

carbonic anhydrase inhibitor, elevates both logSDV and logSDQ indicating gas exchange 

impairment. Ex-vivo experiments on isolated branches of pulmonary arteries (PA) have 

also indicated pH dependence in the response to hypercapnia. Mean PA wall tension 

was unaffected when CO2 was elevated independently of pH (96). However, the same 

study found that normocapnic acidosis resulted in smooth muscle relaxation as opposed 

to contraction, which might be viewed as supporting the hypothesis of Hyman and 

Kadowitz(56) regarding the importance of alveolar vs. conduit vessel CO2 responses. 

Vascular feedback control of VA/Q 

It is apparent that the lung has the intrinsic capacity to actively redistribute blood 

flow away from poorly ventilated regions. This highlights the possibility that HPV and 

HCPV form part of a negative feedback process that is either necessary for or augments 

pulmonary function. In order to determine whether this is the case, a number of 

investigators(17, 22, 44) have employed principles of control theory to try and assess the 

strength of active control. Figure 1-20 shows a block diagram of vascular feedback for a 

single alveolus operating at a stable set point. Changes in ventilation or perfusion create 

disturbances in ! !VA !Q ratio, which consequently impact alveolar gas concentrations 

according to the relationship depicted in the O2-CO2 diagram (represented by the A 

block). Assuming this disturbance causes an initial decline in ! !VA !Q , PAO2 will decrease 
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and PACO2 will increase. The perturbations in alveolar gas concentration cause 

upstream pulmonary vessels to constrict via HPV and/or HCPV (represented by blocks B 

and C), reducing blood flow and restoring ! !VA !Q ratio towards normal. 

 

In order to derive the system equations, the system in figure 1-20 can be 

simplified to only consider feedback due to HPV (i.e. setting C to zero). The principles 

are the same for hypercapnic vasoconstriction (or the combined system). For a 

disturbance X, the resulting change in ventilation-perfusion ratio ! Δ !VA !Q  is found by 

summing around the loop terminal in the upper left, resulting in [1.17]. This can be easily 

rearranged to yield the transfer function [1.18], where –ABD is the gain due to feedback, 

sometimes referred to as the open loop gain (OLG). The OLG has a simple 

 

Figure 1-20.  Block diagram (left) and response plot (right) for pulmonary vascular feedback 
control of a gas exchange unit. Random fluctuation in ventilation or perfusion causes an 
initial change in the operating VA/Q (ΔVA/Q), represented by the shift from 1 to 2 in the 
response plot. The change in VA/Q impacts alveolar gas tensions (block A), causing 
feedback effects through hypoxic pulmonary vasoconstriction (block B) and hypercapnic 
pulmonary vasoconstriction (block C) that reduce/increase blood flow. The change in blood 
flow from these active mechanisms reduces ΔVA/Q (block D), and the lung unit is restored 
towards its original operating condition (movement from 2 to 3 on the response plot).  
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interpretation, as illustrated in the system response diagram (figure 1-20, right). An initial 

disturbance, plotted on the x-axis leads to an initial uncontrolled change in ! !VA !Q ratio 

from state 1 to state 2. However, activation of HPV causes the system to move back 

along the dotted line, restoring! !VA !Q ratio toward its original value. OLG is the ratio of the 

distance traversed along the dotted line (2 to 3) to the remaining error (3 to 3’). In the 

case in which no HPV exists, the system response is the uncontrolled response and the 

OLG is zero. If HPV perfectly corrected any disturbances, the system would come to a 

rest at 3’ and the OLG would be infinite. It is sometimes also useful to define the 

efficiency (E) of closed loop control as opposed to the OLG. In that case the efficiency is 

the percentage of the initial disturbance not transmitted to the final system state as in 

[1.19], 100% for perfect control. 

  

 ! Δ !VA !Q = X − ABDΔ !VA !Q   [1.17] 

 
!! 
Δ !VA !Q
X

= 1
1− ABD   [1.18] 

 
!! 
E =100 1− Δ !VA !Q

X
⎛
⎝⎜

⎞
⎠⎟

  [1.19] 

 

The open loop gain for vascular feedback can be estimated from the first 

derivatives for each of the processes involved, and is hence obtainable from clever 

experimentation and/or modeling. Human studies using these principles are particularly 

fascinating, and have shed light on the potential of active matching mechanisms to 

facilitate gas-exchange. Melot and coworkers (68) used MIGET and a computer 

algorithm published by West and Wagner (116) to measure feedback gain due to HPV in 
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humans.  Distributions of blood flow to 50 ! !VA !Q compartments were measured while air 

breathing and again while hypoxic (FIO2 = 0.125), both with and without nifedipine (a 

calcium channel blocker).  The normal and inhibited (with nifedipine) HPV responses 

were then estimated from observed reductions in blood flow to compartments of low 

! !VA !Q  resulting from the hypoxic switch. After fitting the HPV responses with linear 

regression, the effect of changes in blood flow (and thus ! !VA !Q ratio) could be 

incorporated using the computer gas-exchange algorithm (discussed in the first section 

of this text). Gains due to feedback were obtained for each of the four MIGET conditions 

(air/hypoxia, +/- nifedipine) and are shown in figure 1-21.  

  

 

Figure 1-21. The strength of feedback due to HPV for normoxic (left) and hypoxic (right) 
subjects, determined and illustrated by Melot et al. (68) using human data obtained via MIGET. 
The three curves correspond to 1: gains determined using a hypoxic stimulus, 2: gains 
determined using hypoxic stimulus after administration of nifedipine (a calcium channel 
blocker), and 3: gains determined for the 2 subjects in which nifedipine had the largest effect. 
HPV exhibits moderate feedback effects at Va/Qs .1 to 10, peaking near 0.4 (normoxia) or 1.5 
(hypoxia). At peak gain, HPV reduces ~38% of changes in PAO2 due to fluctuations in blood 
flow in normoxia (~28% in hypoxia).  
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Feedback gains were strongest between! !VA !Q  ratios of .1 and 10. Interestingly, 

this ! !VA !Q  range corresponds to that reported by West and Dollery(113) in the upright 

human lung. Feedback gains without nifedipine peaked at ! !VA !Q  of 0.4 (max gain = 0.61) 

while normoxic and 1.5 (max gain = 0.39) while hypoxic. The strength of feedback was 

mildly reduced by the administration of calcium channel blockers in most subjects, and 

strongly reduced in two (the dashed line). The implication from the data obtained by 

Melot et al.(68) is that, in the normoxic lung, HPV reduces approximately 38% of 

fluctuations in alveolar PO2 at peak efficiency. These values align fairly well with those 

obtained previously by Grant et al. (44), who found efficiencies of HPV in coatimundi 

between 34-55%, and a more recent human study by Dorrington and colleagues (22) 

that demonstrated peak HPV efficiency around 60%. The study by Dorrington is 

interesting in another way, however, as it is perhaps the first study to also include the 

CO2 response in the feedback loop. In doing so, they found that the overall efficiency of 

vascular feedback is maintained near 60% over a wide range of ! !VA !Q  ratio (figure 1-22). 

 

Figure 1-22. Contributions of CO2 and O2 responses to feedback efficiency in humans (% of 
flow disturbances mitigated). Total efficiency is maintained near 60% across the range of 
VA/Q ratio. CO2 appears to form the dominant feedback mechanism above VA/Q = 0.65, O2 
below. Illustration from (22) 
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Further, their data suggests that HCPV is the dominant regulatory mechanism above 

! !VA !Q  of 0.65, with HPV more important in low ! !VA !Q units.  

 

Temporal variability is essentially unaddressed 

An understanding of mechanisms that both drive and correct spatial 

heterogeneity of flow in the lung has proven to be of incredible clinical value.  The 

studies of West and Dollery (112-114), Glazier and West (32), Milic-Emili (69), and 

others revealed large gravitational gradients in both blood flow and ventilation that were 

never before appreciated. In a similar fashion, the application of the microsphere 

technique to the lung permitted examination of these distributions on a scale smaller 

than that possible with early radioactive tracer methods, highlighting important structural 

and anatomical influences that were not previously realized(33, 35, 36, 119). These 

insights now form the foundation for interpreting pathological aberrations in gas 

exchange. However, almost all of these studies have viewed the lung as an essentially 

static entity.  The state of any particular acinar unit may be time varying. Additionally, if 

input flows are maintained, then local changes necessarily affect overall heterogeneity 

on a moment-to-moment basis, as decreased ventilation or perfusion in one region is 

accompanied by corresponding increases elsewhere. Active physiologic control 

mechanisms that seek to bring blood flow to correspondingly ventilated areas must 

respond across both spatial and temporal domains, making gas exchange a dynamic 

rather than static process.  

Temporal variability is a hallmark of many physiological systems [for example 

heart-rate variability,(2, 3)], and there is some initial evidence to suggest that the same 

may be true in the lung. Glenny and coworkers were able to sample the distribution of 
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pulmonary blood flow at 5-6 time points in dogs, finding temporal variability accounted 

for approximately 7% of total perfusion heterogeneity (37, 38) and that temporal flow 

patterns were spatially organized. Later study by the same group in pigs, in which 3 

paired measurements of ventilation and blood flow were acquired at 20-minute intervals, 

demonstrating large coordinated shifts in V and Q that occur sporadically during normal 

air breathing (90). It is possible that these reflect an active process that helps dissipate 

temporal gas exchange abnormalities. Mice in which HPV had been effectively abolished 

by gene knockout have shown a tendency to spontaneously desaturate from an SpO2 of 

98% to as low as 85%(109). 

Current temporal data to date is lacking, not because it is known that temporal 

variability is unimportant, but because it is inherently difficult to obtain (particularly in 

human subjects). For example, microsphere flow studies (which cannot be performed in 

humans) permit only a small number of temporal observations, limited by the number of 

separately identifiable tracers, and these are often spaced several minutes to several 

days apart. Nearly all other available methodologies capable of resolving regional flow 

distributions involve either radioactive contrast agents (nuclear imaging) or require 

ionizing radiation (contrast enhanced CT), creating intrinsic limitations for repeated use. 

Further, flow measurement with these methods typically requires capturing bolus-

delivery kinetics over periods of several minutes, and therefore the few temporal data 

points available are also of intrinsically low temporal resolution. However, 

videomicrographic recordings of pulmonary capillary perfusion have shown the same 

kind of fractal patterns in temporal flow (mean Dt=1.12, r2 = 0.94)(108) as has been 

reported for spatial distribution. Therefore, it stands to reason that if temporal blood flow 

heterogeneity follows fractal scale-dependence, the contributions of temporal flow 
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patterns to overall perfusion heterogeneity may be vastly underestimated, as was shown 

in the spatial case with the microsphere technique(33, 35).  

The inability to examine temporal aspects of ventilation and perfusion 

heterogeneity in a meaningful way has to date limited full investigation of dynamic 

pulmonary function. Yet, many complex systems exhibit aberrations in dynamic behavior 

as a leading indicator of an impending rapid change from one steady-state condition to 

another (a critical transition)(92). The lung has shown itself capable of these kinds of 

transitions. On the ventilatory side, it has been found that bronchoconstricted lung units 

exhibit bi-stability, either largely-open or largely-closed (5-7). Ensembles of these bi-

stable units (the lung) combined with small structural heterogeneities present in the 

airway tree result in chaotic behavior, where small spatially uniform increases in airway 

tone lead to the sudden development of large patchy regions of poorly ventilated 

lung(101, 102, 120). The situation may be analogous on the circulatory side, where 

acute development of patchy vasoconstriction is thought to underlie high altitude 

pulmonary edema (HAPE)(52, 55). Therefore, dynamic flow variability may provide 

insight into a ‘physiologic state of health’ prior to manifest changes in gross pulmonary 

function, and furthermore explain the strong temporal components of some pulmonary 

diseases.  

 

Imaging pulmonary blood flow with MRI 

Recent advances in functional imaging with MRI have enabled what was hitherto 

virtually impossible, dynamic study of regional blood flow in the human lung. The 

advantages of MRI for temporal studies are considerable, as it offers both high spatial 

(on the order of millimeters) and temporal (on the order of seconds) resolution without 
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ionizing radiation, contrast administration, or any known exposure related sequelae. 

Measurements can be made effectively without limitation on the number of total 

repetitions per subject, facilitating comparison under a variety of physiological conditions 

and/or over prolonged time periods. Thus, there is now a unique opportunity to help fill 

the gaps in our understanding of temporal aspects of pulmonary function.  

The nature of the MR signal 

Although a thorough treatment of the physics behind MRI is well beyond the 

scope of this text, the following is meant as a basic overview of general textbook(76) 

concepts necessary to understand how blood flow measurements are made. Protons 

and neutrons (collectively nucleons) have intrinsic angular momentum (±½), a property 

referred to as spin. These nucleons arrange themselves within the nuclei of atoms they 

inhabit such that net nuclear spin is minimized (the Pauli exclusion principle). Therefore, 

in atoms having an even number of nucleons the exclusion principle results in zero net 

spin. In contrast, atoms with an odd number of nucleons are left with net spin ±½. The 

combination of this intrinsic angular momentum and nuclear charge creates a net 

magnetic dipole, and thus any externally applied magnetic field (B) will create a 

magnetic moment (M) such that there will be a tendency for the dipole to align with the 

external field in which it resides. With the external field applied, resident dipoles occupy 

one of two possible equilibrium states, either parallel or antiparallel to the magnetic field 

(B). The ratio of the number of nuclei oriented in either direction is related to the 

difference in energy of the two configurations, and is given by the Boltzmann distribution 

[1.20]. For medical imaging, these nuclei are typically those of hydrogen (naturally 

abundant in body water).  
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 !!
nantiparallel
nparallel

= e
− hγ
2πkTB

  [1.20] 

 

It can be seen from [1.20] that the externally applied field creates a small bias 

towards the parallel direction, on the order of 7ppm for field strengths employed in 

MRI(76). This slight predisposition creates a net equilibrium magnetization aligned with 

the main field (Z direction).  Signal for imaging is generated by tipping this longitudinal 

magnetization so that it is now 90° to the main field, and is accomplished through the 

application of small magnetic pulses at the resonant frequency of the nucleus. These 

happen to be in the radiofrequency range for hydrogen, and hence this process is known 

as RF excitation. Hydrogen nuclei so tipped begin to precess at a frequency dependent 

upon local field strength as shown in figure 1-23, rotating in the XY plane as they relax 

back towards alignment very similar to the wobbling of a spinning top as it comes to rest 

(except in reverse). Precession induces a current in the magnet’s receive coil that is 

proportional to the net magnetization, which provides image signal.  

 

!h  Planck constant 

γ  Gyromagnetic ratio (specific to the nucleus) 

!k  Boltzmann constant 

!T  Temperature (Kelvin) 

!B  Magnetic field strength  
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This signal rapidly decays with time constant T2* as nuclei become dephased in 

the XY plane. Dephasing results from heterogeneity in the magnetic field, and is thus 

influenced by local tissue properties, structural features like air-tissue interfaces, and 

random interactions between nuclei. Some amount of incomplete rephasing is possible 

by flipping all nuclear magnetization 180 degrees about the X (or Y) axis, creating what 

is known as a spin-echo. Flipping spins in this way corrects for dephasing caused by 

static variation in the magnetic field, but subsequent echoes will still decay with time 

constant T2 due to random spin interactions. Once this occurs signal can only be 

regenerated by another RF excitation, rotating longitudinal magnetization back into the 

transverse plane. The rate of recovery of this longitudinal magnetization has time 

constant T1, also dependent upon the local chemical environment, and is always greater 

than or equal to T2 (usually by an order of magnitude or more).   

The ASL technique 

Blood flow measurements made with MRI are possible with a technique called 

arterial spin labeling (ASL)(54, 64). In essence, the ASL method provides a “snapshot” 

of pulmonary blood flow within an anatomical section (slice) in a fashion analogous to 

the microsphere flow studies of Glenny and colleagues(33, 35, 37). Blood water is 

 

Figure 1-23.  The source of MRI signal. Left) Hydrogen nuclei initially have their 
magnetization aligned with the main magnetic field (Z direction). Right) RF excitation tips 
the magnetization into the XY plane, and the nuclei precess (rotate) as they relax back 
toward the Z direction. Precession induces a current in the magnet receive coil. 
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magnetically labeled outside the slice of interest and is allowed to flow into the slice 

plane where it is effectively captured by imaging. Since the label is magnetic it simply 

decays away with time constant T1 (~1400ms) until it is imaged, at which point it is 

effectively removed and a new label can be applied to repeat the process.  

Magnetic labeling is accomplished by preparatory RF excitation (the tagging 

phase) prior to image excitation/acquisition(47). The preparatory pulse inverts the 

longitudinal magnetization inside the slice plane so that it points in the –Z direction. 

When it is ultimately imaged some time later (the inversion time, TI), the signal 

generated from blood within the slice is given by [1.21] where TR is the repetition time 

between images. TE, the echo time, relates to the duration over which spins dephase 

after excitation. Blood outside the slice has its magnetization aligned along the +Z 

direction, and its signal generation is given by [1.22]. Inflow causes replacement of blood 

water within the slice with that from outside the slice, and the difference in magnetization 

between the two is the effective label signal per unit flow [1.23]. Note that In the event 

blood from outside (the resolution element) the image plane completely replaces that 

within an image voxel (the spatial resolution element), the effective label signal strength 

for additional flow to that voxel becomes zero (Moutside – Moutside). 

 

 !!Minside =M0 1−2e
−TI/T1 +e−TR/T1( )e−TE/T2   [1.21] 

 !!Moutside =M0 1−e
−TR/T1( )e−TE/T2   [1.22] 

 !!Mlabel = +Moutside −Minside =2M0e
−TI/T1e−TE/T2   [1.23] 
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Figure 1-24.  Measuring blood flow with ASL. In the control acquisition, the tagging phase 
magnetically labels blood outside the slice plane, but static components in the slice will also 
generate signal. During the inversion delay blood flows, increasing signal intensity 
proportional to flow and an image is acquired (image C). In order to remove static signal 
components, the process is repeated (the tag acquisition) but this time a blood label is not 
generated (image T). The difference (C-T) contains only components related to local flow 
(ASL image).  

 

The image will have contributions to signal from both the magnetic label, and 

from blood or other tissue that remains in the slice plane between the preparatory RF tag 

and image acquisition. In order to remove these ‘static’ components of signal and isolate 

the label the imaging process is repeated with the exact same timing parameters, except 

this time the entire volume is inverted. Since blood signal during this second preparation 

is the same both inside and outside the plane, no label is created and only the static 

signal remains. However, since the static signal is the same in the first and second 

images, the difference image (or ASL image) contains only the label as illustrated in 

figure 1-24. The entire process of capturing both image types, one with the label (the 

control image) and one without (the tag image), is called flow alternating inversion 
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recovery (FAIR) ASL. A slightly modified process in which an extra RF pulse is added on 

the slice plane to both images has also been used for measuring blood flow, and is 

termed FAIRER ASL. The modification splits half the label signal between control and 

tag image acquisitions, but the principles are essentially the same. The advantage of 

FAIRER is that the slice is always relaxing from saturation (90° tip) as opposed to 

inversion, and thus the order of image subtraction becomes independent of the inversion 

time (64).  

 

Investigating Spatio-temporal blood flow dynamics 

The studies presented in the following chapters, which form the body of my 

doctoral research, represent initial efforts to investigate temporal aspects of regional 

pulmonary blood flow using ASL MRI. In each, important open physiologic questions 

have been explored. For example, to what degree do short time-scale (seconds) 

temporal fluctuations in blood flow contribute to perfusion heterogeneity? If blood flow is 

fractal both in time and space, as would be suggested by (108), contributions to total 

heterogeneity (and potential VA-Q mismatch) may be currently underestimated  by the 

low resolution and limited sampling of microsphere studies. Do active VA-Q matching 

mechanisms contribute to temporal/regional blood flow patterns in the healthy adult? 

Despite some evidence that they might(22, 90), it is still largely believed these active 

mechanisms play little role in the healthy normoxic lung (42). How does the vascular 

response to hypoxia differ (if at all) from the response to hypercapnia in terms of spatio-

temporal flow distribution? In comparison to available data on HPV, knowledge 

regarding the hypercapnic pressor response is sparse at best. It is my hope that data 

from the studies that follow will add meaningfully to ongoing discussion. 
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The following figures in Chapter 1 are reproductions: 1-1, 1-2, 1-4, 1-5, 1-6, 1-

7,1-8,1-9, 1-11, 1-12, 1-13, 1-14, 1-15, 1-16, 1-17, 1-18, 1-20, 1-21, 1-22, 1-23, 1-24. All 

permissions for reproduction have been obtained using Copyright Clearance Center. 

References can be found in the figure caption, with full citation at the end of the chapter 

in the reference section. 
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Asadi AK, Cronin MV, Sá RC, Theilmann RJ, Holverda S,
Hopkins SR, Buxton RB, Prisk GK. Spatial-temporal dynamics of
pulmonary blood flow in the healthy human lung in response to
altered FIO2. J Appl Physiol 114: 107–118, 2013. First published
October 23, 2012; doi:10.1152/japplphysiol.00433.2012.—The tem-
poral dynamics of blood flow in the human lung have been largely
unexplored due to the lack of appropriate technology. Using the
magnetic resonance imaging method of arterial spin labeling (ASL)
with subject-gated breathing, we produced a dynamic series of flow-
weighted images in a single sagittal slice of the right lung with a
spatial resolution of !1 cm3 and a temporal resolution of !10 s. The
mean flow pattern determined from a set of reference images was
removed to produce a time series of blood flow fluctuations. The
fluctuation dispersion (FD), defined as the spatial standard deviation
of each flow fluctuation map, was used to quantify the changes in
distribution of flow in six healthy subjects in response to 100 breaths
of hypoxia (FIO2 " 0.125) or hyperoxia (FIO2 " 1.0). Two reference
frames were used in calculation, one determined from the initial set of
images (FDglobal), and one determined from the mean of each corre-
sponding baseline or challenge period (FDlocal). FDlocal thus repre-
sented changes in temporal variability as a result of intervention,
whereas FDglobal encompasses both FDlocal and any generalized re-
distribution of flow associated with switching between two steady-
state patterns. Hypoxic challenge resulted in a significant increase
(96%, P # 0.001) in FDglobal from the normoxic control period and in
FDlocal (46%, P " 0.0048), but there was no corresponding increase
in spatial relative dispersion (spatial standard deviation of the images
divided by the mean; 8%, not significant). There was a smaller
increase in FDglobal in response to hyperoxia (47%, P " 0.0015) for
the single slice, suggestive of a more general response of the pulmo-
nary circulation to a change from normoxia to hyperoxia. These
results clearly demonstrate a temporal change in the sampled distri-
bution of pulmonary blood flow in response to hypoxia, which is not
observed when considering only the relative dispersion of the spatial
distribution.

pulmonary blood flow; variability; fluctuations; time course; hypoxic
pulmonary vasoconstriction

BEFORE THE ADVENT OF RADIOACTIVE TRACER technology, the
spatial distribution of pulmonary blood flow was unexplored,
and the now well-accepted spatial patterns of heterogeneity,
such as gravitationally induced differences in pulmonary blood
flow, remained hidden from view (13, 22, 24, 35, 37, 39, 46,
48). More recent studies (2, 25, 30, 34) have shed considerable
light on the factors that affect pulmonary blood flow. The lung
is now known to be a heterogeneous organ, with heterogeneity

in the spatial distribution of blood flow well described in
numerous studies (e.g., 2, 20, 25, 30, 34). We have previously
used a noninvasive magnetic resonance imaging (MRI) tech-
nique known as arterial spin labeling (ASL) (6, 19), described
below, to quantify pulmonary blood flow. Using ASL we have
shown that spatial heterogeneity of pulmonary blood flow as
measured by the relative dispersion (RD), calculated as the
standard deviation of signal intensity in an image divided by
the mean of the signal intensity, is a highly reliable measure
(27). In addition, RD was increased in older subjects compared
with younger subjects (7, 27), following exercise (7), and
following 30° head-down tilt (18). Exposure to brief periods of
isobaric hypoxia measured as a fraction of inspired oxygen
(FIO2

" 0.125) resulted in an increase in RD in subjects who
had previously suffered from high-altitude pulmonary edema
(HAPE) (20) where it was taken as evidence of uneven hypoxic
pulmonary vasoconstriction. Interestingly, RD was increased
only during hypoxia in HAPE-susceptible subjects and was not
changed in hypoxia in control subjects who had repeatedly
traveled to a high altitude without illness. This finding was
confirmed in later studies, which showed no change in RD in
response to hypoxia or hyperoxia in another population of
normal subjects (4).

These prior studies consider blood flow and pulmonary gas
exchange as a steady-state process. However, it is well appre-
ciated that there are active control elements in both the airways
and the pulmonary circulation such as hypoxic pulmonary
vasoconstriction (HPV) (31, 32), nasal nitric oxide–mediated
vasodilation (14), bronchoconstriction in response to reduced
alveolar CO2, and bronchodilation in response to increased
alveolar CO2 (33). Such control elements potentially have the
ability to regulate local physiology and thus are likely impor-
tant in the maintenance of efficient gas exchange, particularly
when the lung is perturbed in some manner (1, 44). Some
control elements, such as HPV, respond very rapidly with an
onset of the response occurring within a few seconds of an
alteration in FIO2

(32), and thus may initiate an alteration in the
temporal patterns of pulmonary blood flow in response to local
conditions. However, unlike spatial heterogeneity, the tempo-
ral heterogeneity of pulmonary blood flow remains relatively
unexplored, particularly in humans, largely because of a lack of
appropriate technology. Our current knowledge of temporal
variability of pulmonary blood flow is based on limited studies
in animal models using highly invasive microsphere techniques
with a temporal resolution of !20 min (40).

Here we report measurements of the dynamics of blood flow
in a single sagittal slice of the healthy human lung with a
spatial resolution of !1 cm3 and a temporal resolution of !10
s. The ASL method is similar in principle to classic methods
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involving labeling blood and measuring its delivery to tissue.
The key difference, though, is that the magnetization of the
blood is labeled noninvasively, so that there is no limitation on
imaging repetition imposed by the dose of ionizing radiation or
contrast agent. Consequently, the method is rapidly repeatable
(6), allowing the measurement of the temporal patterns of
pulmonary blood flow in a manner that has not been possible
before now. As an initial examination of the spatial-temporal
heterogeneity in the lung, we investigated the changes in
pulmonary blood flow distribution in normal humans exposed
to alterations in FIO2

. To improve sensitivity for detecting tem-
poral changes we introduced a new metric, fluctuation dispersion
(FD), as an alternative to the conventional RD. An advantage to
utilizing FD is that the average spatial pattern of pulmonary
perfusion is removed, which leads to improved sensitivity to
fluctuations over time. With this approach we were able to detect
shifts in the perfusion distribution with a change of state (e.g.,
normoxia to hypoxia), and to assess changes in the magnitude of
temporal fluctuations within a state.

METHODS

Subjects

We studied six healthy young men aged 22 to 35 years (mean age
29 ! 5; height 179 ! 5 cm; weight 76 ! 8 kg). All subjects were
lifelong nonsmokers, had normal lung function [FEV1 (% pred) 90 !
12], with no history of pulmonary or cardiovascular disease. Before
imaging, subjects were screened using a safety questionnaire to ensure
that there were no contraindications to MRI scanning. The University
of California San Diego Human Research Protection Program ap-
proved the study, and subjects provided written, informed consent
prior to participation.

Physiological Challenge and Monitoring

Setup and monitoring. Subjects were positioned supine in the MRI
scanner wearing a full-face mask (7400 series Oro-Nasal Mask, Hans
Rudolph, Shawnee, KS) equipped with a nonrebreathing T-valve
(Hans Rudolph). The inspiratory port of the T-valve was connected to
a remote-controlled valve allowing the operator to change the gas
inspired by the subject from ambient air to gas contained in a large
gas-tight bag filled from a gas cylinder in the control room. The
inspiratory paths were matched in airflow resistance to avoid any
alteration in functional residual capacity (FRC) when switching be-
tween them. The outlet of the T-valve was connected to a "6-m-long
low-resistance expiratory line leading out of the scanner room, where
expired tidal volume was measured using a ParvoMedics Metabolic
Measurement System, (Sandy, UT). This is essentially the same
system used in previous studies of pulmonary ventilation (41). Sub-
jects laid on the posterior elements of an eight-channel magnetic
resonance cardiac coil, and the anterior elements were placed directly
on the anterior chest wall. An electrocardiogram (lead II) was used for
gating the MRI scanner and a fingertip pulse oximeter (7500FO,
Nonin, Plymouth, MN) was used to monitor oxygen saturation (SpO2).

Voluntary respiration gating. For these temporal ASL studies the
image acquisition (described in detail below) was repeated in a
continuous series while the subject voluntarily gated respiration so
that all images were acquired during brief breath holds with the glottis
open at FRC. The repetition time for each successive image was set to
match the measured breathing rate of the subject with a value at rest
of "5 s being typical. Thus the sequence consisted of the subject
being imaged at FRC, taking a breath, and relaxing to FRC so that a
1- to 2-s apnea at FRC occurred when the next image was acquired
"5 s later. While this may sound complicated, our experience has
shown that the subjects adapted to the imposition of a regular

breathing pattern remarkably quickly, and that highly reliable data sets
(e.g., R # 0.93 for spatial relative dispersion) were acquired after one
or two 6–10 breath practice runs. Because the scans themselves
generate a loud, repeatable sound for each image preparation and
acquisition, subjects had audible cues throughout the study duration to
guide their breathing.

Stimulus protocol. Each subject underwent three studies, with
challenge blocks of altered fraction of inspired oxygen (FIO2) in a
randomized order between subjects. Each experimental run covered
images acquired at "5-s intervals during 240 consecutive breath
holds. This resulted in a "20-min run consisting of 100 breaths
(images) of ambient air (FIO2 # 0.21, saturated PIO2 # 150 mmHg),
100 breaths from the bag containing the test gas, followed by 40
breaths of ambient air. To alter FIO2, the gases contained in the gas bag
were as follows: 1) medical air as a control (FIO2 # 0.21, PIO2 # 150
mmHg); 2) a hypoxic gas mixture (FIO2 # 0.125, PIO2 # 90 mmHg)
approximating conditions at 12,500 ft altitude (3,800 m), a hypoxic
stimulus extensively used by us before (4, 20); and 3) oxygen (FIO2 #
1.00, PIO2 # 713 mmHg).

Image Acquisition

Background: ASL methods. This approach was originally devel-
oped for measuring blood flow in the brain, and has been adapted to
measure the highly pulsatile flow delivery to the lung. MRI measures
a signal proportional to the net magnetization of hydrogen nuclei
(primarily in water molecules) at the time of measurement. The
flexibility of MRI methods is that this magnetization can be manip-
ulated and prepared in many ways. The central idea of the ASL
method is that two images of the same lung slice are acquired in which
the magnetization of blood outside the slice is modulated, while the
signal generated from water within the slice is unchanged. For
imaging of the lung we use the FAIRER (flow-sensitive alternating
inversion recovery with an extra radiofrequency pulse) technique (6).
For the first image, a slice-selective inversion pulse is applied to a
band slightly wider than the slice to be imaged. The magnetization of
water within the slice is inverted, while the magnetization of arterial
blood outside the slice is unchanged. After a delay between the
inversion pulse and the image acquisition (TI), an image is acquired.
During that delay interval arterial blood outside the slice is delivered
to each image voxel in proportion to its blood flow, so the net signal
from the voxel is a mix of signals from the static water in the voxel
plus the signal of delivered arterial blood. For the second image, the
inversion pulse is applied in a nonselective way, so that blood outside
the slice as well as water within the slice are all inverted. After the
same delay TI, the second image is acquired. When the two images
are subtracted, the signal from static water within the slice cancels,
because the associated magnetization was prepared in the same way
for both images. However, the signal of blood delivered during the
interval TI does not cancel, leaving a difference in signal that is
proportional to the volume of arterial blood delivered during that time
interval. With this preparation, the delivered blood signal is bright
when the selective inversion pulse is used (the first image). For the
second image, magnetization of delivered blood has partially relaxed
from the inversion pulse, a process in which the inverted longitudinal
magnetization gradually grows back toward its equilibrium value,
passing through zero (null point) along the way. The degree of
relaxation depends on the time between tag and TI and the longitu-
dinal relaxation time (T1) of blood ("1,300 msec at 1.5T) (43). The
timing of the inversion pulse is cardiac-gated so that it is applied
before a systolic period and the image of the slice is acquired after the
systolic period, so a typical delay is TI "800 ms. At a magnetic field
strength of 1.5T, the T1 of blood is such that the magnetization of the
delivered blood is near its null point for this TI, so the signal of
delivered blood in the second image is near zero. For this reason we
describe the first image as a blood-bright image, and the second as a
blood-dark image. However, it is important to note that this terminol-
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ogy is simply descriptive; the method does not require that the signal
of blood in the blood-dark image be equal to zero. In standard ASL
terminology, the image in which the magnetization of arterial blood
outside the slice is inverted (the blood-dark image) is called the tag
image, and the image for which the magnetization of arterial blood is
not inverted (the blood-bright image) is called the control image.

Image acquisition parameters. All images were collected with a
General Electric 1.5 Tesla Excite MRI system using an eight-channel
torso coil. Cardiac-gated tag and control images of a single sagittal
slice in the right lung were acquired with a slice thickness of 10 mm,
square field of view of 40 cm, and a 256 ! 128 matrix, giving a
resolution element of "1.5 ! 3 ! 10 mm ("45 mm3 or 0.05 cm3).
We used a two-dimensional ASL-FAIRER sequence (6) with a
half-Fourier acquisition single-shot turbo spin-echo (HASTE) imag-
ing scheme with a readout window of "300 ms. For dynamic imaging
of the lung we repeated the imaging using an alternating tag and
control sequence with the subject voluntarily respiratory gating to be
at FRC for each image, as described above. The inversion time, TI,
was chosen to be "80% of the subject’s R-R interval. The repetition
time, TR, was chosen to be "5 s to provide a comfortable breathing
rate for voluntary respiration-gating during the repeated image acqui-
sitions. For the slice selective inversion pulse, the width of the
inversion band was 15 mm greater than the slice thickness.

For this study, images were acquired in a single sagittal slice of the
right lung at a lateral position where the apical-basal dimension of the
lung was approximately maximal. Repeated imaging of a single slice
maximized the temporal resolution of these studies. With the current
technique, imaging a greater volume of the lung would require a
trade-off of reduced temporal resolution. The location of the slice was
referenced to the spine on the localizer images to ensure scans
performed after subject repositioning were comparable.

Data Preprocessing Path

Our goal for each study was to generate a time series of maps of the
fluctuations of blood flow within the imaged lung slice to further
analyze the spatial and temporal characteristics. The basic preprocess-
ing path leading to this goal is illustrated in Fig. 1. All processing was
performed using in-house Matlab code.

Image registration. Occasional images in which the subject was
clearly not at FRC (on the basis of diaphragm position) were dis-
carded, and the remaining images were registered. Rejected images
were rare; a total of 155 images among the 4,320 images in the entire
data set ("3.6%) were rejected as bad breath-holds, with a maximum
of 43 images rejected in a single run.

Even though our subjects were self-gating their breathing to be at
FRC for each image, there was inevitable misregistration both from
slight alterations in breath hold volume and other subject motion.
Because the image contrast was different for tag and control images,
we could not use features of the lung field themselves for registration.
Instead, we identified the lung margins and applied a deformable
image registration across the lung to match the boundaries. The
boundary of the lung on each sagittal image was essentially a rounded
triangle, and was well fit with three cubic curves joined together. We
chose cubic Bezier curves (often used in graphics programs) as a
flexible parametric description of a cubic curve defined by two anchor
points at the ends and two additional points that define the tangents of
the curve as it approaches the anchor points (5a). For anchor points
P1(x,y) and P4(x,y), and control points P2(x,y) and P3(x,y), the cubic
curve is described parametrically with a variable t varying from 0 to
1. A point P on the curve is described as:

P(t) ! (1 " t)3P1 # 3(1 " t)2tP2 # 3(1 " t)t2P3 # t3P4

and this form was applied separately to the x and y coordinates of each
point in the x-y plane. The generated curve leaves P1 headed toward
P2, and ends at P4 coming from the direction of P3. Three such curves
connected with shared anchor points then defined a lung boundary.
Anatomically, the anchor points required for a good fit corresponded with
the anterior and posterior diaphragmatic insertion points and the lung
apex (the resulting lung outlines are shown in Fig. 1A).

The lung outline was thus described by 18 parameters, correspond-
ing to the (x, y) coordinates of the three anchor points and the six
control points of the Bezier curves. The basic image feature used for
finding the lung boundary was that the signal was significantly lower
within the lung field compared with outside the lung. For a candidate
set of parameters defining the lung boundary, a figure of merit was
defined in terms of the difference in mean signal just inside and just

Fig. 1. Data processing path to generate a time series of maps
of blood flow fluctuation. A: Images are acquired approximately
every 5 s, alternating between blood-bright and blood-dark
images. The outline of the lung is defined automatically by
fitting with three joined cubic Bezier curves (in red). The lung
region is extracted from each image and registered with a
deformable registration algorithm to the first image in the time
series. A subtraction of flow-insensitive images from the fol-
lowing flow-sensitive images generates a time series of fully
independent, raw ASL images with 10-s spacing. B: A mask of
large-conduit vessels is constructed by taking all voxels with
intensity above 35% of the maximum. After masking, each
ASL image is smoothed to an isotropic spatial resolution of "1
cm3, treating the masked out-vessels as missing data. Dividing
by the mean voxel signal then normalizes each image, so that in
the normalized units the mean flow to an image voxel is equal
to 1. C: ASL images 10–20 are averaged together to construct
the temporal mean image, and then this temporal mean is
subtracted from each subsequent ASL image to produce a time
series of maps of the flow fluctuations at each time point
(FDglobal) (note that because of signal normalization, the mean
of each fluctuation image is zero). These fluctuation maps
encompass changes due both to temporal variability and any
steady-state shifts in flow patterns induced by alterations of FIO2.
Alternatively, flow fluctuation maps that reflect the purely
temporal variability component may be constructed by gener-
ating a temporal mean image for each of the baseline and
challenge blocks, and subtracting from each ASL image the
appropriate mean flow over that block (FDlocal).
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outside the boundary (calculated over a distance of seven voxels on
either side). The parameters were then iteratively adjusted to maxi-
mize this difference. An initial guess for the locations of the anchor
points was required for the first image, and the remainder of the fitting
was automated using starting points determined from the first image
fit. This process was repeated to determine individual best-fit lung
outlines for each image.

For image registration, the first image typically was chosen as the
reference image (in principle, any image could be used), and the
remaining images were then registered to it. The displacement of each
boundary from the boundary in the reference image was used to
estimate the displacement of the interior points relative to the refer-
ence image by assuming that points generated by particular values of
t along each arc correspond spatially in the distorted and reference
images. For each point (x, y) corresponding to the center of a voxel in
the reference image, a cross-hair was automatically defined to identify
the horizontal and vertical intersections with the lung boundary. Each
of these intersection points corresponded to a particular value of t
along the arc that the cross-hairs intersected. This value of t was then
used with the corresponding arc of the image to be registered to
identify the displacement of each intersection point. The displacement
of the point (x, y) in the distorted image was then estimated as though
it was simply connected to each of the intersection points by elastic
bands. This gave a vector displacement field for each of the center
points of the original voxels in the reference image. Given the
displacement of a voxel, subvoxel interpolation was then applied to
the distorted image to estimate the signal at the new location of the
tissue element corresponding to the original voxel.

ASL subtraction images. The lung outlining and registration pro-
cess produced a time series of masked lung images, alternating
between tag and control images. A corresponding set of ASL images
was constructed from subtraction of adjacent control and tag images.
For each control, the tag immediately preceding it was subtracted to
form the ASL image. In fact, either the preceding or the following tag
image could be used; the choice was arbitrary and did not affect the
results. This adjacent subtraction produced a time series of ASL
images at half the data acquisition rate, !10 s temporal resolution. A
missing image (tag or control) resulted in a missing ASL image, and
was treated as missing data in the time series.

Removing signal from large conduit vessels. Local blood flow is the
volume of arterial blood delivered to the capillaries within a small
volume of tissue in a defined time interval, and so is quantified in units
of milliliter of blood per milliliter of tissue per minute. To accurately
measure blood flow in the ASL experiment, the delivered blood does
not need to actually reach the capillary bed as long as it is destined for
a capillary bed within the voxel where it is measured (i.e., labeled
blood that is still in the small arterioles will eventually reach capil-
laries within the same voxel). However, for large-conduit vessels this
criterion fails; the labeled blood in a large vessel is destined for
capillary beds much farther downstream and likely outside the image
plane. For this reason we need to remove signal corresponding to
large-conduit vessels from the ASL images. We have analyzed the
effects of conduit vessel signal in a previous study (19) and found that
the effects can be minimized by applying a signal threshold, masking
out all voxels with signal above a given fraction of the maximum
signal. Recently, using a detailed simulation with a flow network
computer model derived from high-resolution human lung images, we
found that a cutoff of !35% is optimal (8), and thus the remaining
signal is largely reflective of capillary blood flow. It should be noted
that this approach removes signal from small fragments of conduit
vessel in the image plane, which coupled with the rather peripheral
location of our image plane, makes for a series of “holes” in the image
that do not resemble a tree network (see Fig. 1B).

In individual ASL images, the use of the highest voxel signal value
for determining the intensity cutoff could be highly variable due to the
intrinsic noise in the measurements. For that reason all of the 240
registered ASL images for a study were averaged to determine a mean

ASL image. A mask was then constructed that eliminated all voxels
with signal above 35% of the voxel with the highest signal (see Fig.
1B), an approach that significantly reduced noise fluctuations of the
maximum value making for a more reliable intensity cutoff threshold.

Spatial smoothing. The masked ASL images were then spatially
smoothed to produce an approximately isotropic volume element of
!1 cm3. This occurred in part to smooth out the highly asymmetric
resolution of the original acquisition, and also to improve the signal-
to-noise ratio of the images. The acquired spatial resolution was 1.5 "
3 " 10 mm. This corresponds to a rectangular 256 " 128 matrix, but
the image is reconstructed to a matrix size of 256 " 256, so that one
voxel of the displayed image corresponds to 1.5 " 1.5 " 10 mm. Each
image was smoothed with a Gaussian kernel, resulting in a full width
at half maximum of seven voxels. In doing this smoothing, the
masked-out voxels were treated as missing data and not included in
the smoothing. In the primary ASL image all voxels outside the lung
boundary and all voxels identified as corresponding to conduit vessels
were set to zero by multiplying by a mask with appropriate values of
0 and 1. To do the smoothing, the image was first smoothed in the
conventional way by convolution with the chosen Gaussian kernel.
This distorted the averages near the edges by including a value of zero
in the average for voxels that should have been excluded. To correct
for this, the same convolution smoothing was applied to the mask
itself, and the smoothed image was then divided by the smoothed
mask. This is mathematically equivalent to smoothing point-by-point
with a Gaussian kernel but leaving out the masked-out points and
recalculating the Gaussian weights for the other points.

Normalizing each ASL image. Each masked and smoothed ASL
image is proportional to local blood flow, and it is possible to calculate
the appropriate scaling constant to convert ASL signal units to
physiological blood flow units by making appropriate assumptions
about magnetic relaxation rates of blood (19). However, in the context
of exploring the role of oxygenation on flow variability, such assump-
tions cannot easily be made. Oxygen saturation affects the transverse
relaxation times T2 and T2*, an effect that forms a basis for BOLD
imaging widely employed in neural functional MRI (fMRI) (17).
Hemoglobin oxygen saturation also affects the longitudinal relaxation
time, with T1 ranging from 1.37 s to 1.7 s within the realm of
physiologic SpO2 at 4.7T (42). Both of these influences would lead to
significant errors in the estimation of absolute blood flow. Further,
oxygen itself is paramagnetic, altering longitudinal relaxation inde-
pendently of the effect of hemoglobin saturation and allowing it to be
used as a contrast agent in proton magnetic resonance–based venti-
lation imaging (10, 41).

Because our goal in this study was to investigate the fluctuations in
blood flow, absolute quantification was not necessary, and normaliz-
ing each image provided a means by which to directly remove the
confounding effects of oxygenation on flow signal contrast. To this
end, each ASL image was individually normalized to its mean voxel
signal. Therefore, in these normalized images a voxel signal of 1
corresponds to the mean voxel signal across the region of interest of
the lung, excluding the masked-out conduit vessel voxels. This is
similar to an approach used in prior studies of temporal variability in
myocardial perfusion (26), however, it carries with it the important
difference that in this particular case, normalization uses flow infor-
mation from the imaged slice, and not from the entire organ. In the
event of a change in blood flow in only one region of the image plane
that alters the image mean, but where true mean flow to the organ is
preserved, changes in normalized signal in the other areas of the
image that were actually unaltered has the potential to artificially
increase measures of flow fluctuation.

Blood flow fluctuation images. For each study, the first several
images were discarded to ensure establishment of a stable breathing
pattern. Masked, smoothed, and normalized ASL data acquired during
breaths 10–20 (while breathing air) were used to construct an average
ASL reference image. We chose 10 breaths as a compromise; long
enough to establish a baseline and yet sufficiently short to be a small
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fraction of the overall air-breathing period. This permitted observation
of temporal changes in pulmonary blood flow, should they occur
during this period.

The temporally averaged reference image was then subtracted from
the complete time series of blood flow images to produce maps of
blood flow fluctuation (Fig. 1C). Following this subtraction, voxel
signal intensity in these fluctuation maps represents the blood flow
fluctuation from the mean value for that voxel determined during the
reference period. The units of the fluctuations are the same normalized
units (mean flow to a voxel averaged across the image), so a value of
0.1 for a voxel corresponds to a fluctuation of 10% of the mean voxel
flow averaged across all voxels (but not necessarily 10% of the mean
flow to that particular voxel). The end result of these preprocessing
steps is a time series of blood flow fluctuation maps, each with a
spatial mean of zero, a spatial resolution of !1 cm3, and a temporal
resolution of !10 s.

Data Metrics

We used four metrics to characterize the spatial-temporal dynamics
of the blood flow signal. To focus on the behavior of the pulmonary
vasculature under the differing experimental challenges, we averaged
these metrics over 70-breath epochs (breaths 30–100 in the baseline
phase and breaths 130–200 in the challenge phase) excluding periods
in which alveolar PO2 was changing rapidly following a switch in FIO2.

Spatial relative dispersion. In many previous studies measuring
pulmonary blood flow with ASL, (4, 19, 20, 27) the spatial hetero-
geneity of blood flow at a single time point was calculated as the ratio
of the spatial standard deviation of blood flow across the entire image
divided by the mean blood flow in the image (relative dispersion, RD).
This classic approach can be applied to the dynamic ASL time series
by calculating spatial RD for each image and looking for variations
across time. Note that because the ASL images are normalized so that
the spatial mean is equal to 1, spatial RD is simply the standard
deviation across the image.

Global fluctuation dispersion. Although spatial RD has proven to
be a useful way to characterize blood flow patterns in individual
images, the fact that our dynamic acquisition and processing yields a
time series of registered images provides another, potentially more
sensitive, approach for assessing temporal fluctuations of the spatial
distribution of blood flow. The 10-breath reference provides a mea-
sure of the static spatial heterogeneity of pulmonary blood flow, and
subtraction of this reference from the ASL images removes this spatial
variance. The spatial variance that remains in the resulting time series
of flow fluctuation images is purely a reflection of temporal variability
over the course of the data set. This variability can arise both as a
function of flow “twinkling,” and quasistatic flow redistribution as a
result of the applied physiologic stimuli. The term “global” reflects
inclusion of these quasistatic changes. Analogous to the definition of
spatial RD, we define global fluctuation dispersion (FDglobal) as the
spatial standard deviation of each flow fluctuation image, with the entire
data set referenced to the same period. For each time point the FDglobal of
the corresponding fluctuation image provides a measure of how different
that blood flow pattern is from the initial 10-breath reference.

The difference between Spatial RD and FDglobal can perhaps best
be explained using a simple example. Suppose a change in FIO2

resulted in high-flow regions of the lung transitioning to a low-flow
state. The fact that overall pulmonary blood flow is preserved, given
constant cardiac output, means that other low-flow regions of the lung
must compensate by transitioning to high flow. Although regional
changes in pulmonary blood flow would have occurred, the overall
shape of the flow distribution would remain relatively unchanged, thus
having a negligible effect on spatial RD (which is the standard
deviation of the flow distribution divided by the mean). However,
because FDglobal is calculated as the standard deviation of the mean
normalized fluctuation distribution, both deviations (the increase in
one region and the corresponding decrease in the other) serve to

increase FDglobal. Further, based on the nature of the calculations we
would expect FDglobal to be more sensitive than spatial RD to subtle
changes in pulmonary blood flow (PBF) distribution. In the time series
of flow fluctuation images the spatial variance due to the temporal
mean pattern of flow has been removed, so that any spatial variance
that remains is a reflection of the fluctuations in pulmonary blood flow
over time. In contrast, spatial RD still contains the static spatial
variance component, potentially diluting any change in overall spatial
variance that might be present.

Local fluctuation dispersion. Because the calculation of FDglobal is
based on deviations from the average spatial distribution in the
baseline condition, it is not an ideal marker for local stability.
Consider a hypothetical challenge that shifts the flow to a new pattern,
which then remains stable during the challenge period; FDglobal would
then increase substantially following the transition, indicating the
sudden fluctuation, yet stay elevated, despite no further fluctuations
around the new pattern. Therefore to directly assess changes in
temporal behavior as a result of intervention (i.e., changes in FIO2) we
calculated a local fluctuation dispersion (FDlocal), which is computed
as described above, but instead of using the initial 10-breath baseline
average, the average flow distribution over the entire 70-breath period
of the baseline is used as a local reference and subtracted from the
baseline data set. Similarly, the average flow distribution over the
entire 70-breath challenge period is used as a second local reference
and is subtracted from the challenge data set. This approach explicitly
excludes any effect of a generalized change in the pattern of blood
flow distribution that persists across the entire challenge.

Temporal relative dispersion. As an alternative measure to FDlocal

to quantify changes in temporal variability itself, we calculated
temporal RD for each block (i.e., baseline and challenge) as the square
root of the noise-corrected temporal variance for a voxel, divided by
its mean, and then averaged over the lung slice. To correct for intrinsic
noise in the time series, which would serve to artificially inflate
temporal RD, the temporal variance of the noise was determined from
a region of interest wholly within the phantom (see Fig. 1A), and this
was subtracted from the raw temporal variance. Both temporal RD
and FDlocal would be expected to be sensitive to temporal fluctuations
of flow, yet they are different measures. A potentially important
difference is that temporal RD addresses fractional flow fluctuations
(for each voxel the temporal standard deviation is normalized to that
voxel’s mean flow), whereas FDlocal addresses absolute fluctuations.
That is, in calculating FDlocal, the fluctuations are normalized to a
common value for all voxels, the mean flow per voxel, and so
effectively represents absolute fluctuations. For this reason, temporal
RD is potentially more sensitive to large fluctuations in voxels with
very low flows. This implies that some voxels will be noise-
dominated, with a mean near zero, and with a variance that is
entirely due to image noise. Subtracting the estimated noise vari-
ance will reduce that variance, but statistical variability would be
expected to yield some spuriously high values of temporal RD in
some voxels. Our expectation was that FDlocal would be more
stable against this problem because each voxel signal is normalized
to the mean voxel signal of the lung as a whole rather than each
individual voxel’s mean.

Statistical Analysis

The reliability of FD and RD was calculated by computing a
test-retest Pearson correlation coefficient between two adjacent 20-
breath averages, measured in all subjects and conditions. For each
70-breath epoch (breaths 30–100 in the baseline phase and breaths
130–200 in the challenge phase) the average values of RD and FD
were calculated and an ANOVA for repeated measures was used to
statistically compare changes in these dependent variables. Main
effects tested were the inspired oxygen concentration used as stimulus
during challenge, (FIO2; three levels: 0.125 hypoxia, 0.21 normoxia,
1.0 hyperoxia) and the phase of the experiment during which the
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epoch occurred (two levels: baseline and challenge). An interaction
between the main effects indicated differences between the three
levels of FIO2 in the degree to which dependent variables changed
upon application of the challenge. If a significant omnibus F was
found, post hoc testing was performed using the Fisher’s protected
least significant difference test. Significant differences were accepted
at P ! 0.05, 2-tailed.

RESULTS

The measures of RD and FD were highly reliable: the
test-retest correlation for adjacent pairs was R " 0.93 for
Spatial RD, R " 0.92 for FDglobal, R " 0.93 for FDlocal, and
R " 0.89 for temporal RD.

Physiological data on ventilation, heart rate, and arterial
oxygen saturation across the different conditions appear in
Table 1. As expected, hypoxia resulted in a significant increase
in heart rate (P ! 0.001) and a decrease in arterial oxygen
saturation, SpO2 (P ! 0.0001) compared with baseline. There
were no significant differences in these variables in the nor-
moxia challenge or the hyperoxia challenge. Ventilation sig-
nificantly increased during the challenge conditions by 7.5%
over baseline (P " 0.005) but this was not different between
the three FIO2

conditions (P " 0.35).
There was a significant (P ! 0.05) increase in spatial RD

comparing challenge to baseline conditions (Table 1); how-
ever, these changes were small and not statistically different
across the three FIO2

conditions (FIO2
# phase interaction P "

0.304). There was a significant (P ! 0.0001) increase in
FDglobal comparing challenge with baseline conditions (Table
1), and the magnitude of the change differed across the three
FIO2

conditions (FIO2
# phase interaction P ! 0.004). FDglobal

increased 96% over baseline in hypoxia, which was signifi-
cantly greater than the change in normoxia (20% increase, P !
0.0001) or the change in hyperoxia(47% increase, P " 0.004).
However, the differential change in FDglobal from baseline to
challenge for hyperoxia and normoxia failed to reach signifi-

cance (P " 0.064). When the magnitude of the change from
baseline was expressed as a percent of the baseline, FDglobal

showed a significantly greater response to challenge than did
RD (P ! 0.0001).

Table 1 also shows the corresponding values for FDlocal, the
variable that explicitly excludes any overall change in the
average spatial flow distribution and focuses on temporal
variability. FDlocal was not different between any of the base-
line periods studied, and was unaltered by either air or hyper-
oxic challenge. However, FDlocal was elevated by the hypoxic
challenge, rising by 47% (P " 0.0084).

For purposes of comparison with prior studies (15, 16) we
also calculated both temporal RD (see Methods) and the ratio
of temporal RD to spatial RD; these are provided in Table 1.
Although temporal RD followed a similar trend to that ob-
served in FDlocal, the changes did not reach the level of
statistical significance (P " 0.275 for differences in
$Temporal RD resulting from changes in FIO2

). The ratio of
temporal RD to spatial RD was largely unchanged (Table 1).

Figure 2 shows the FDglobal of each fluctuation image as a
function of time for each challenge, both for a single subject’s
data (Fig. 2, A–C) and for the average across all six subjects
(Fig. 2D). The increase over baseline in FDglobal for both the
hypoxic and hyperoxic challenges was statistically significant
(Table 1). For the normoxic challenge, FDglobal failed to reach
the threshold for significance, although there was a suggestion
that it rose over the course of the measurement period. As can
be appreciated in Fig. 2, the individual responses to changes in
FIO2

(Fig. 2, A–C), are largely similar to those of the group as
a whole (Fig. 2D). Figure 2 similarly displays the group time
course for FDlocal (Fig. 2E). Note here that FDlocal was com-
puted only over the 70-breath epochs used to define the
baseline and challenge blocks, and hence the time course
appears discontinuous. Only elevations in FDlocal resulting
from hypoxic challenge were found to be significant.

Fig. 2. Blood flow fluctuation dispersion (FD) as a function of time for three challenges. Fluctuation dispersion (FD) is plotted as a function of image number
(each image is %5 s apart) in each panel. FDglobal data for a single subject are shown for hypoxia, air, and hyperoxia challenges in A, B, and C, respectively.
The mean response in all six subjects is shown in D for FDglobal, and in E for FDlocal. The raised portion of the thin solid line indicates the interval when subjects
breathed the challenge gas. The thicker line through the data points is a temporal smoothing intended to show the basic trend of each curve. Hypoxia and
hyperoxia both produce an increase of FDglobal, whereas an increase in FDlocal is observed only in hypoxia. For FDglobal, the temporal mean ASL image was
calculated from images 10–20, during the baseline condition of breathing air, so the fluctuations leading to elevated FDglobal are flow fluctuations from this
defined mean flow pattern, and hence include any persistent change in that pattern produced by altering FIO2. For FDlocal, however, the temporal mean removed
from an image is calculated from the entire 70-breath epoch in which that image resides. Hence FDlocal solely reflects changes in temporal variability. FDlocal

is increased during the entire hypoxic challenge relative to baseline, indicating a nontransient change in temporal variability that is not observed in either
normoxic or hyperoxic challenges.

Table 1. Physiological and pulmonary blood flow responses to challenge

FIO2 Hypoxia Normoxia Hyperoxia P values

Phase Baseline Challenge Baseline Challenge Baseline Challenge P FIO2 P Phase P FIO2 by phase

Heart rate (BPM) & SD 69 & 12 83 & 13* 68 & 13 69 & 11 67 & 12 65 & 13 !0.0001 0.008 0.0002
SpO2 (%) & SD 98.2 & 0.4 83.2 & 1.2* 97.5 & 1.4 96.8 & 1.0 98 & 1.1 99.2 & 0.4 !0.0001 !0.0001 !0.0001
Ventilation (l/min BTPS) & SD 7.5 & 2.1 8.6 & 1.8 7.1 & 1.1 7.5 & 1.3 8 & 1.9 8.2 & 1.8 0.46 0.005 0.35
Spatial RD (%) & SD 43.8 & 4.7 47.4 & 4.8 42.0 & 5.1 42.5 & 6.7 41.9 & 4.5 43.6 & 3.8 0.342 0.038 0.304‡
Temporal RD (%) & SD 11.6 & 2.1 16.3 & 1.4 11.4 & 2.0 12.8 & 2.9 11.6 & 1.2 13.1 & 7.2 0.274 0.114 0.275
Spatial-temporal RD ratio & SD 3.26 & 0.36 2.64 & 0.45 3.23 & 0.29 3.00 & 0.43 3.08 & 0.62 3.46 & 1.74 0.585 0.578 0.273
FDglobal (%) & SD 15.7 & 2.1 30.7 & 4.8*† 16.2 & 3.5 19.4 & 4.8 16.1 & 2.0 23.6 & 1.7* 0.003 !0.0001 0.004
FDlocal (%) & SD 12.3 & 1.4 17.9 & 2.4*† 11.9 & 2.0 12.5 & 2.2 12.8 & 2.2 13.5 & 4.2 0.062 0.014 0.022

FIO2, Fraction of inspired oxygen. *Significantly different than baseline P ! 0.05 (post hoc testing); †significantly different than normoxia; ‡comparison
between baseline and challenge for different FIO2, not statistically tested because of nonsignificant interaction P value.
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For a quantitative comparison of the change from the baseline
state to the challenge state, the mean values of spatial RD,
FDglobal, and FDlocal for the baseline state (mean images 30–100,
thus excluding the period used to define the mean ASL image),

and the challenge state (images 130–200) are plotted in Fig. 3.
Images 101–129 were treated as transitional, because this period
covers the wash-in period when alveolar PO2 is changing due to
the wash-in of the new inspired gas mixture. During regular tidal
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breathing, excluding 30 breaths ensures that the transient effects
of the wash-in will have been reduced to less than 5% of the
maximum PO2 change present at the beginning of the washout
(29). Figure 3 compares the spatial RD, FDglobal, and FDlocal

values between the baseline and challenge states for each subject
(Fig. 2, A–C, D–F, and G–I, respectively). Note that because
FDglobal is calculated from the standard deviation across the
fluctuation image, an increased FDglobal means the flow pattern or
the temporal variability changed (or both changed), although not
necessarily in the same way between different challenges. Be-
cause fluctuations in FDlocal are calculated as differences from the
mean flow image for the corresponding baseline or challenge
period, elevations in FDlocal directly represent increases in the
temporal variability component itself, separate from steady
changes in the pattern of flow.

DISCUSSION

In this study we applied a new, dynamic, single-slice MRI
approach to investigate the spatial-temporal heterogeneity of

pulmonary blood flow in the normal, healthy human lung using
both standard and novel metrics of flow variability. The key
result is that fluctuation dispersion (FD), a metric that isolates
fluctuations in the flow distribution from a defined baseline
pattern within the slice, is increased in hypoxia compared with
that of breathing air or hyperoxic gas. Increased FD was found
for both the global change from normoxia (FDglobal) and
within-state fluctuations (FDlocal), indicating that the change in
the fluctuations from normoxia to hypoxia is both an overall
shift in the spatial distribution of blood flow within the slice
plus an increased magnitude of breath-to-breath fluctuations. In
contrast, the relative dispersion (RD), the metric that has been
used in prior studies to examine spatial heterogeneity of blood
flow, did not show a significant change with altered FIO2

. This
is consistent with our previous studies that suggested virtually
no effect of altered FIO2

on the basis of an unaltered spatial RD
in response to challenges similar to those used here (4, 20). The
results from the current study suggest that fluctuation disper-
sion, by isolating the pattern of fluctuations from the mean

Fig. 3. Relative sensitivity of different measures for detecting shifted patterns of blood flow. The mean value of spatial relative dispersion (spatial RD) averaged
across the baseline period (images 30–100) and the challenge period (images 130–200) for each subject (n ! 6) are plotted against each other for the hypoxia,
air, and hyperoxia challenges in A, B, and C, respectively. The mean values of global fluctuation dispersion (FDglobal) for each subject in the baseline and
challenge periods are plotted in D, E, and F. Similarly, mean values for FDlocal are shown in G, H, and I. In each plot the dashed line is the line of identity. Note
that FDglobal is more sensitive than spatial RD in detecting shifted flow patterns in the challenge state, because the spatial variation of the temporal mean flow
that contributes to spatial RD is removed before the calculation of FDglobal. Additionally, FDlocal is significantly shifted off the line of identity in hypoxia (G)
vs. normoxia or hyperoxia, indicating an increase in the temporal variability of flow.
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blood flow pattern, is a more sensitive metric than relative
dispersion for detecting these changes.

Shown in Fig. 3 are the values of spatial RD during baseline
and during challenge (Fig. 3, A–C). It should be noted that the
numerical value for spatial RD is less than has been previously
reported by our group, but this is expected on the basis of
spatial resolution of our spatially smoothed data, with less
heterogeneity expected with larger piece sizes. Our previous
study reported data from voxels of 1.5 ! 1.5 ! 15 mm and
thus the voxel size was approximately "0.04 cm3, whereas in
the current study the voxel size after smoothing was "1 cm3.
However, in contrast to FDglobal, the magnitude of the change
in spatial RD was not different between the different FIO2

conditions, and was on average less than 10% of the baseline.
The magnitude of the change in hypoxia and hyperoxia was not
significantly different from the normoxic challenge, consistent
with our prior study (4). In that study there was no significant
change in RD in response to either a hypoxic stimulus (FIO2

0.125, as in this study) or a hyperoxic stimulus (FIO2
0.30

compared with 1.0 in this study), measured as the average of
three measurements made at "2 min intervals.

In contrast to the spatial RD data, the magnitude of the
changes in FDglobal with challenge were much larger, and
averaged a 96% increase in hypoxia, a 20% increase in nor-
moxia, and a 47% increase in hyperoxia (Fig. 3, D–F). Note
that because FDglobal is calculated as the standard deviation of
the fluctuation image, any alteration in PBF within the slice
that serves to make it different from that present during the
baseline calculation results in an increase in FDglobal irrespec-
tive of whether the actual local change is positive or negative.
This change in FDglobal with hypoxia is interesting because our
previous work (4, 20) showed that only subjects who had
previously suffered from HAPE showed an increase in spatial
RD with hypoxic challenge. In those subjects it is suggested
that the spatial distribution of hypoxic pulmonary vasoconstric-
tion is uneven (4, 20) and this is a potential mechanism of the
disease, and that these spatial differences in the pulmonary
vascular response to hypoxia lead to the observed increase in
spatial RD in subjects who are susceptible to HAPE. However,
the changes in FDglobal in our healthy normal subjects (none
with a previous history of HAPE) suggest that hypoxia does
result in an effect on the distribution of pulmonary blood flow
that is not observed when considering spatial RD alone.

The time course of FDglobal changes was rapid in hypoxia
(Fig. 2D) with a clear increase beginning virtually immediately
following the switch in FIO2

. During hypoxia FDglobal contin-
ued to increase during the period in which alveolar PO2 would
reasonably be expected to be stable. This suggests that the
alteration in the blood flow pattern within the slice is ongoing
beyond the initial rapid response following a switch in FIO2

.
This is consistent with the studies by Talbot et al. (45) who
suggested that on the basis of changes in pulmonary vascular
resistance (PVR), the hypoxic vasconstrictive response has at
least two components. They showed a rapid response with a
time constant of only 2.4 min, which is consistent with the
immediate increase in FDglobal observed in Fig. 2D, and a
delayed aspect that may be consistent with the slow increase
that occurs between breaths 30 and 100 following the switch to
the hypoxic gas mixture. However, that study showed a delay
preceding the slow-phase component of 43 min, which is much
longer than the length of the FIO2

challenges in this study. It

may be that our technique is capable of detecting a change in
the pulmonary vascular response in advance of a significant
increase in PVR, although that is unclear at this time.

The large increase in FDglobal ("96%) in response to hyp-
oxia comes from two sources: an increase in temporal variabil-
ity, and a change in the underlying (but stable) spatial pattern
of blood flow. This is evidenced by the smaller change in
FDlocal ("46%). This latter variable explicitly excludes any
component arising from a shift in the pattern of PBF that
persists across the challenge period. Figure 3, G–I, displays the
changes observed in FDlocal between baseline and challenge
period. FDlocal elevation in hypoxia (Fig. 3G) concurrent with
increases in FDglobal indicates both effects were operative. A
shift in the pattern of blood flow distribution might reasonably
be expected in response to hypoxia, but the change in the
temporal variability (an increase) is novel. Figure 2E displays
the time course for FDlocal during baseline and challenge
blocks, averaged over the group. It is evident that for the
hypoxic challenge, the increase in FDlocal persists for the
duration of the block, suggesting that the increase in temporal
variability is not transient as the system settles to a new steady
state, but rather temporal variability remains elevated.

It is well established that hypoxia has profound effects on
the normal pulmonary vasculature (e.g., Refs. 1, 44). In addi-
tion, though, we found that FDglobal changed significantly from
baseline in response to the hyperoxic challenge, although to a
smaller degree than for hypoxia. The physiological signifi-
cance of this finding is unclear, but suggests that the pulmonary
vasculature does indeed respond to increased alveolar PO2,
which could be due to the presence of a degree of control that
is active during normoxia and relaxed during hyperoxia.

In interpreting any putative change resulting from hyper-
oxia, it is important to point out that there was also a signifi-
cant, albeit smaller response in FDglobal associated with the
change from breathing ambient air to medical air, FIO2

0.21, a
“challenge” that was included as a control condition (see Fig.
2D and Fig. 3E). Figure 2D shows a suggestion that there was
a steady but very slow increase in FDglobal as a function of time
throughout both the baseline period and the challenge period.
When this is compared over the last 70 breaths of each period,
as in Fig. 3E, the result was a small but statistically significant
increase in FDglobal in the challenge period. The cause of this
is unknown at present; however, on the basis of a lack of any
change in FDlocal (Table 1), it appears that this results from a
slow change in the underlying spatial pattern of blood flow
within the slice rather than a growth in the magnitude of the
breath-to breath fluctuations of flow. It may be a response to an
enforced period of controlled breathing, which may itself lead
to an alteration in CO2 due to changes in ventilation, which is
also known to affect the pulmonary vasculature (11). In keep-
ing with this idea, we saw a small but statistically significant
increase in ventilation across all three FIO2

conditions (Table
1). Alternatively, some other artifact associated with a pro-
longed period of mouth-breathing, lowered humidity of gas in
the bag, or perhaps some slow physiological change in pulmo-
nary blood flow distribution associated with the period spent
supine may be contributory factors. However, the effect is
numerically small compared with the effect of either the
hypoxic or hyperoxic challenges (see Fig. 2D and compare Fig.
3, E with D and F).
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Comparing Spatial and Temporal RD

Spatial variability (as evidenced by spatial RD) in this study
was largely consistent with that observed in prior studies. The
absolute values we report are lower than in prior publications
(e.g., Refs. 4, 27) as a consequence of our data processing to
remove the effects from conduit vessels (19) and smoothing,
both of which serve to reduce the numerical value of RD. As
was the case in the prior study (4), altered FIO2

resulted in
essentially no change in spatial RD (Table 1). In contrast,
temporal RD showed a trend to increase in hypoxia, albeit not
significantly. The lack of significance likely results from a
lower sensitivity of the measurement compared with FDlocal,
which did increase, and also because of a notable increase in
between-subject variability in the hyperoxic challenge.
Whether or not this variability is indicative of hyperoxia
inducing a reduction in vascular control in some subjects is
unclear at this point.

The overall ratio of spatial RD to temporal RD in these data
was 3.11 ! 0.4 (95% CI), a value in agreement with the mean
value of 3.42 calculated from data published by Glenny et al. in
dogs (16). This ratio was not altered by any challenge (Table 1).

Ensuring Nonrandomness of the Data

A concern in analyses such as these is whether or not the
observed fluctuations are the result of a physiological effect, or
simply a manifestation of random noise in the measurements
themselves. In microsphere studies this question can be ad-
dressed to some extent by simultaneous injection of differently
labeled microspheres with subsequent separate analysis (16),
but a similar approach is not available in these studies. As a
surrogate we assessed the intrinsic noise of our measurement
by examination of the average voxel temporal variance within
a region of interest wholly contained within the phantom (see
Fig. 1A) in the ASL series. The noise temporal variance was then
compared with the flow temporal variance within each data set,
providing an overall measure akin to an SNR of 11.3 ! 3.6 (95%
CI), which suggests robustness of the data.

To further assess whether the observed noise dominates our
calculations, we employed a runs test on a per-block basis to
determine whether a random process could explain the mea-
sured blood flow fluctuations. The number of runs for a voxel
was calculated by counting fluctuations that caused signal in
that voxel to cross its temporal mean value in either direction.
Thus if a signal in a voxel moved from above to below its
mean, or from below to above its mean, then that voxel’s run
number was incremented by 1. Run counts for each voxel were
then summed across the lung field to yield an overall total. The
statistic for this parameter was created via a bootstrapping
process. A simulated data set was constructed by random
reordering of the blood flow image series in a particular block
(baseline or challenge) and recomputing the run count. This
approach preserves the underlying distribution of the data set
while providing a new estimate for the number of runs.

The process is repeated many times (1,000 in this case) and
the resulting mean and standard deviation of the randomized
run count is then statistically compared with the actual run
count. To easily compare subjects who may differ in lung size,
or to account for differences in the number of time points
available for calculation due to bad breath-holds (which would
lead to differences in the respective underlying distributions)

the actual run count for each case was converted to a Z-score.
The average Z-score across all conditions was "3.94 compared
with the randomized comparison sets (i.e., approximately "4
standard deviations away from the mean), and was never less
then "3 in any condition studied, showing that measured flow
fluctuations were not the result of random noise in the data.

Limitations

Registration. To assess registration quality we calculated the
average root mean square (RMS) displacement (in units of
voxels) of registration that was required within each data set. In
doing so we reasoned that a high amount of registration
“motion” required to register a data set was cause for concern
in calculations of FD, which implicitly assumes a registered
data set. The average RMS registration displacement across all
baseline periods was 0.73 ! 0.21 (mean ! SD) voxels and was
highest during hypoxic challenge (1.23 ! 0.71). There were no
statistically significant differences in RMS registration between
states or as a result of challenge. Further, and most importantly,
the amount of registration required was considerably smaller than
the smoothed voxel size [a full-width half-max (FWHM) of seven
voxels] providing a high degree of confidence in the data sets, and
suggesting that artifacts resulting from registration are small. The
registration algorithm employed makes the implicit assumption
that displacements of lung boundaries provide for an effective and
predictable means of tracking parenchymal displacement, and that
these boundaries are reproducibly identifiable. If either of these
statements proves untrue, measurement of variability may be
affected to a small extent.

Normalization. Normalization of each image to its own
mean signal is a necessary step to allow comparison between
data collected at different levels of FIO2

due to the effect of
oxygenation on the magnetic relaxation rates of blood. While
required for the analysis, this normalization approach intro-
duces the risk of inflating true variability if the slice mean used
for normalization does not accurately reflect the mean perfu-
sion for the organ as a whole. A change in blood flow in only
one region of the image plane while mean flow to the organ
remains constant has the potential to artificially increase mea-
sures of flow fluctuation. This is an inherent limitation of the
study due to the current lack of whole lung data, and for the
same reason, it is difficult to predict the degree to which this
may manifest itself in our data.

Pulsatile blood flow. Magnetic resonance imaging using
ASL techniques has been widely used to determine regional
blood flow in other organ systems such as brain (9). The
technique has been validated in tube-flow models (3), heart
(36), brain (47), and skeletal muscle (38). In the lung, where
blood flow is more pulsatile, validation studies are limited,
although measurements in one phantom study showed good
accuracy (23). However, in the context of these studies it
should be noted that none of the calculations depend on
absolute quantification, largely eliminating this concern. Fur-
ther, the reproducibility of RD has been shown to be high both
within and between days (23, 27).

Acquisition rate. The acquisition rate we use is limited both
by our need to image at FRC while maintaining a physiolog-
ically reasonable breathing rate, and by T1 relaxation of the
MR signal, which limits us to one image every #4 s. This
combined with the fact that the ASL implementation we use (6)
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is limited to a single slice means that these data represent the
highest temporal resolution available to us.

Choice of baseline. The calculation of global fluctuation dis-
persion (FDglobal) depends on the generation of fluctuation images
that compare PBF at a specific time point with the mean PBF
image determined during a portion of the baseline period. In this
study we chose to calculate the mean PBF image as the average
of data collected over breaths 10–20. This choice was arbitrary
and chosen for simplicity, yet it provided a baseline period that
was long enough to average out any breath-to-breath fluctuations.
Sample calculations in which we chose a different 10-breath
epoch during the initial 100-breath air-breathing period as the
baseline period, or in which we averaged over a longer 30-breath
period made only inconsequential changes in calculated FD.
Therefore, we are confident that our choice does not serve to bias
the results in any systematic manner.

Effect of smoothing. Another potential data processing effect
is that of smoothing. We chose to smooth to an FWHM of
seven voxels leading to an effective voxel volume of !1 cm3.
We chose this value somewhat arbitrarily on the basis of
conceptual attractiveness of an isotropic voxel of volume !1
cm3, and on the basis of the desire to produce data on a spatial
scale comparable to that available from microsphere studies
(16, 40). Smoothing both less and more aggressively (FWHM
of five or nine voxels, making for voxel volumes of !0.6 cm3

or !1.8 cm3, respectively) resulted in only inconsequential
changes in the results. Given the overall small changes asso-
ciated with changes in smoothing, we are again confident of a
limited effect of our arbitrary choice. The fact that increased
smoothing (a larger voxel size) did not substantially alter the
results implies that the level of physiological control respon-
sible for these temporal changes is larger than the largest
(smoothed) voxel size of !1.8 cm3.

Removal of the signal from conduit vessels. This might be
thought to remove significant effects. Reanalyzing the data
without the removal of any conduit vessel voxels also resulted
in inconsequential changes in FD, suggesting that this compo-
nent is not important in the context of these changes. Because
it could be expected that conduit vessels possess relatively
large flows, fluctuations in these vessels may in fact not be
easily observable given the imaging protocol employed. Imag-
ing high-flow vessels results in the magnetic tag for the control
image completely washing out some time before image acqui-
sition occurs, leaving a signal representative not of flow, but of
volume. Because vessel volume remains relatively unchanged,
fluctuation dispersion would be expected to be shielded from
the presence of these vessels.

Potential absorption atelectasis. Our choice of an FIO2
of 1.0

for the hyperoxic challenge carries with it a potential concern
of the development of absorption atelectasis as the challenge
continues. It is possible that local changes in blood flow
resulting from collapsing alveolar units may affect our calcu-
lation of flow variability, although this particular risk is re-
stricted to the hyperoxic challenge. These concerns are partly
ameliorated by the relatively short challenge period (8–9 min),
during which time it would not be expected that significant
portions of the imaged slice would be affected. Further, atel-
ectasis on any large scale would be expected to result in an
increase in the need for registration as it developed. However,
the RMS registration displacement measure during hyperoxia
was only 0.88 " 0.07 voxels (mean " SD) corresponding to

roughly 1.4 mm. This value was approximately the same as
that during the preceding baseline phase (0.91 " 0.1 voxels),
suggesting that atelectasis did not develop to a degree that
affected the slice volume.

This does not, however, preclude the development of local
atelectatic foci whose number, size, or both, are insufficient to
result in gross anatomic changes in lung shape within the
image slice. However, given that the measures of flow vari-
ability employed in this study are averaged across the lung
slice, FD and RD measurements would be expected to be
relatively insensitive to such small focal defects.

Alterations in PCO2. An important physiological limitation of
this study design is the poikilocapnic nature of the hypoxic
challenge. We did not monitor arterial CO2 during our studies,
which might be expected to have a confounding effect because
hypercapnia has a vasoconstrictive stimulus on the pulmonary
circulation. However, within the physiologically appropriate
range (30–40 mmHg) the decrease in pulmonary blood flow due
to hypercapnia is less than 5% (5). Thus the contribution of carbon
dioxide tension to HPV is a very minor effect compared with that
of alveolar hypoxia. In addition, unpublished data from a study in
which subjects lay quietly supine breathing the same gas mixtures
as the present study, PACO2

showed minimal changes (FIO2
#

0.125, PACO2
# 36.4 " 1.7 mmHg, FIO2

# 0.21, PACO2
# 38.7 "

1.5 mmHg; FIO2
# 0.3, PACO2

# 38.4 " 2.9 mmHg).

Conclusions

These studies have shown that it is necessary to consider not
only spatial heterogeneity of pulmonary blood flow but also the
temporal aspects of heterogeneity to fully examine the re-
sponse of the pulmonary vascular system to altered FIO2

. Prior
studies using MRI techniques have failed to demonstrate a
convincing effect of hypoxic or hyperoxic challenges on PBF
distribution (4) except in HAPE-susceptible subjects (20), and
yet there is ample evidence that hypoxia has profound effects
on pulmonary arterial smooth muscle (1, 44) and pulmonary
vascular pressures (45). This study, in which we examined
spatial-temporal heterogeneity with a novel imaging approach
shows that the normal pulmonary circulation does indeed
respond to hypoxic challenge, with changes in both the spatial
pattern of blood flow distribution and the temporal nature of
pulmonary blood flow, and that this is not just a characteristic
of HAPE-susceptible subjects.
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in the healthy human lung, suggesting active hypoxic pulmonary vaso-
constriction in normoxia. J Appl Physiol 118: 331–343, 2015. First
published November 26, 2014; doi:10.1152/japplphysiol.01354.2013.—
Hypoxic pulmonary vasoconstriction (HPV) is thought to actively
regulate ventilation-perfusion (V̇A/Q̇) matching, reducing perfusion in
regions of alveolar hypoxia. We assessed the extent of HPV in the
healthy human lung using inhaled nitric oxide (iNO) under inspired
oxygen fractions (FIO2) of 0.125, 0.21, and 0.30 (a hyperoxic stimulus
designed to abolish HPV without the development of atelectasis).
Dynamic measures of blood flow were made in a single sagittal slice
of the right lung of five healthy male subjects using an arterial spin
labeling (ASL) MRI sequence, following a block stimulus pattern (3 !
60 breaths) with 40 ppm iNO administered in the central block. The
overall spatial heterogeneity, spatiotemporal variability, and regional
pattern of pulmonary blood flow was quantified as a function of
condition (FIO2 ! iNO state). While spatial heterogeneity did not
change significantly with iNO administration or FIO2, there were
statistically significant increases in Global Fluctuation Dispersion, (a
marker of spatiotemporal flow variability) when iNO was adminis-
tered during hypoxia (5.4 percentage point increase, P " 0.003). iNO
had an effect on regional blood flow that was FIO2 dependent (P "
0.02), with regional changes in the pattern of blood flow occurring in
hypoxia (P " 0.007) and normoxia (P " 0.008) tending to increase
flow to dependent lung at the expense of nondependent lung. These
findings indicate that inhaled nitric oxide significantly alters the
distribution of blood flow in both hypoxic and normoxic healthy
subjects, and suggests that some baseline HPV may indeed be present
in the normoxic lung.

arterial spin labeling; hypoxic pulmonary vasoconstriction; MRI;
nitric oxide; pulmonary blood flow

ALTHOUGH THE FIRST documented evidence of hypoxic pulmo-
nary vasoconstriction (HPV) in humans dates back to the work
of Motley et al. (33) in 1947, some 65 years later there remains
considerable disagreement as to its role in healthy lung func-
tion. While it has been postulated that pulmonary vascular
smooth muscle responsiveness to alveolar PO2 (PAO2

) serves to
mitigate ventilation-perfusion mismatch throughout life (33, 35),
it has also been suggested that HPV in the adult is a vestigial
reflex response left over from intrauterine development, when
high pulmonary vascular resistance was required (47).

If HPV in the adult is a vestigial response, one would expect
it to be governed by a fairly simple regulatory scheme that is
chiefly operative only when the lung is exposed to frank

hypoxia. However, while there is sufficient evidence to suggest
that alveolar oxygen tension directly triggers a redox sensor in
pulmonary vascular smooth muscle cells as part of the HPV
response (34, 45), endothelial production of nitric oxide (NO),
a potent vasodilator, is believed to play a significant role in
modulating the strength of the hypoxic response (4, 28). It is
therefore also plausible that this complex balance of vasocon-
strictive and vasodilatory forces supports a mechanism by
which gas exchange efficiency can be regulated in healthy
adults through local matching of ventilation (V̇A) to perfusion
(Q̇), quantified as the V̇A/Q̇ ratio. If it were the case that HPV
subserves active V̇A/Q̇ regulation, however, then it would be
expected to be active under normoxic conditions to be effec-
tive.

We have previously reasoned that changes in vascular tone
as a result of changing FIO2

might manifest as alterations in
pulmonary blood flow heterogeneity. When assessed in a
strictly spatial sense (as measured by relative dispersion, RD,
of images of pulmonary blood flow), only very modest changes
with exposure to hypoxia were detectable, with no discernable
difference between normoxic and hyperoxic conditions (2).
More recently, however, we showed that the inclusion of
temporal information in the assessment of blood flow hetero-
geneity revealed marked differences not previously seen. The
key finding of that work was that while spatial heterogeneity
was unchanged (2), changes in FIO2

led to shifts in the under-
lying spatial flow pattern, and in the case of hypoxia, increased
temporal flow variability as well (5).

As a key endogenous regulator of HPV, administration of
nitric oxide via inhalation (iNO) is another method that has
been employed in the assessment of vascular tone in healthy
subjects. As opposed to other vasodilatory agents, iNO shows
selectivity for the pulmonary vasculature due to its rapid
inactivation by hemoglobin binding and thus avoids potential
confounding influences on the systemic circulation (32, 37).
Studies to date have demonstrated that iNO reduces pulmonary
vascular pressures under conditions of hypoxia, but not nor-
moxia (14, 37), supporting the view that HPV is normally
inactive in healthy lungs under normoxic conditions. However,
pulmonary vascular pressure is expected to respond to net
changes in pulmonary vascular resistance, and may be insuf-
ficient to detect subtle changes in blood flow distribution. The
remarkable ability of the lungs to maintain low vascular pres-
sures despite five-fold increases in cardiac output during exer-
cise (22, 29) speaks to a large “silent” zone whereby flow
changes, undetectable from pulmonary arterial pressure alone,
may occur.

In this study, we hypothesized that if iNO mediated relax-
ation of vascular tone were occurring under normoxic condi-
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tions at a regional level, then changes in spatiotemporal flow
distribution should coincide with the addition of iNO. Further,
any changes should be enhanced under hypoxic conditions in
which HPV is most strongly engaged, and lessened or absent
under hyperoxic conditions, when HPV should be least active. To
address this question we measured the spatial-temporal distribu-
tion of pulmonary blood flow under conditions of hypoxia, nor-
moxia, and hyperoxia (separate studies), including a challenge
period in each study in which 40 ppm inhaled nitric oxide was
added to the inspired gas mixture.

METHODS

Overview

An MRI technique called arterial spin labeling (ASL) was used to
make repeated measurements of pulmonary blood flow in a single
sagittal slice of the right lung under conditions of hypoxia, normoxia,
or hyperoxia, either with or without the addition of inhaled nitric
oxide. The approach used was similar to that previously performed by
us in Ref. 5, with a synopsis and specific differences presented below.

Subjects

We studied a population of six healthy young men between 23 and
36 yr of age, with normal lung function and no history of cardiovas-
cular or pulmonary disease. Subjects were screened for health history,
pulmonary function, and potential contraindications for MRI prior to
testing. The University of California San Diego Human Research
Protection Program approved the study, and subjects provided written,
informed consent prior to participation. Technical difficulties ulti-
mately resulted in exclusion of one subject from the set (discussed in
Potential for cardiac and respiratory gating failure under Limitations
and Technical Considerations). Descriptive data for the remaining
five subjects are given in Table 1.

Physiological Challenge and Monitoring

Setup and monitoring. Subjects were fitted with a full-face mask
(7400 series Oro-Nasal Mask, Hans Rudolph) and equipped with a
nonrebreathing T-valve (Hans Rudolph). The inspiratory port was
connected to a gas-tight bag, fillable from a gas cylinder in the control
room, while the outlet was connected to a 6-m low-resistance expi-
ratory line that permitted measurement of expired tidal volume with a
ParvoMedics Metabolic Measurement System (Sandy, UT). Sub-
jects then laid supine on the posterior elements of an eight-channel
MR cardiac coil, with the anterior elements placed directly on the
anterior chest wall before advancing into the MRI scanner. An
electrocardiogram (lead II) was used for gating the MRI scanner
and a fingertip pulse oximeter (7500FO, Nonin, MN) was used to
monitor oxygen saturation (SpO2) and heart rate (HR), which was
recorded every 2 min.

Respiratory and cardiac gating. Subjects were instructed to vol-
untarily gate their respiration using audible cues, so that all images
were acquired during the normal respiratory pauses following tidal
breathing. Images were acquired with the glottis open while subjects
were at functional residual capacity (FRC). The repetition time for
each successive image was set to match the measured breathing rate
of the subject with a value of !5 s being typical. Although subjects
were asked to return to FRC before the next image acquisition, they
were fully allowed to vary their tidal volume as they required. Thus
subjects could sigh or take deep breaths as necessary. Image acqui-
sition and preceding tagging pulses were cardiac gated to occur during
diastole using an MRI patient monitoring system (Magnitude 3150M,
Invivo, Orlando, FL).

Stimulus protocol. Subjects underwent three consecutive trials on
the same day, each at a different fixed level of FIO2, with images for
a given trial acquired during short apneas after each of 180 consec-
utive breaths (spaced !5 s apart, !15 min total). Subjects remained
in the scanner for the duration of the study or as long as was possible
to minimize repositioning, helping to ensure correct identification of
the same lung slice from one trial to the next. Conditions tested were:
1) normoxia (FIO2 " 0.21, PIO2 " 150 mmHg); 2) hypoxia (FIO2 "
0.125, PIO2 " 90 mmHg, 12,500 ft altitude equivalent); and 3)
hyperoxia sufficient to completely abolish HPV, but preclude the
development of absorption atelectasis (FIO2 " 0.30, PIO2 " 214
mmHg). A computer simulation by Joyce et al. (27) predicts that the
time required to develop atelectasis at an FIO2 of 0.30 is on the order
of 200 min, an order of magnitude larger than the trial length. The
order of gas presentation was balanced between subjects so that any
potential influence of presentation order on the experimental results
would be minimized (e.g., some were presented with hypoxia first,
others normoxia first, and a third group hyperoxia first). Also note that
all three gases were delivered from gas cylinders containing an
oxygen/balance nitrogen mixture, and thus lacked humidity.

A trial was divided into three equal length parts; an initial “base-
line” block, a middle “challenge” block during which NO was added
to the breathing gas at 40 ppm, and a final “recovery” block after
cessation of iNO delivery. NO was added to the inspired line by
flowing a carrier gas through a clinical iNO delivery system
(INOMAX DSIR, Ikaria, Hampton, NJ), and directing the output into
a port mounted on the face mask. The carrier gas was switched
between runs to match that used to fill the breathing bag (e.g., hypoxic
carrier gas during the hypoxic run). To ensure that subjects received
the full 40 ppm NO concentration, carrier gas was added to excess
during the challenge block such that the flow rate through the NO
delivery system was well above the measured minute ventilation of
the subject during the baseline period. This configuration allowed for
rapid (1–2 breaths) activation and deactivation of inspired NO, but
precluded accurate measurement of expired minute ventilation during
NO administration due to the flow of NO containing gas into the
expiratory limb of the breathing circuit.

The delivery system included safety monitors (for gas sampled at
the mouth) to ensure accurate NO delivery and detect the generation
of NO2. With the high carrier gas flow rates used, measured NO only
reflected the inspired gas concentration. As any excess NO was
released into the scanner console room after passing down the expi-
ratory line, the delivery system monitor was also used to periodically
check ambient NO and NO2 accumulation.

Image Acquisition

The ASL method has been successfully and extensively used by us
(2, 5, 20, 21, 23, 24, 38) in prior studies, and we employed the same
technique here. Briefly, we capture two images of the same lung slice,
in which the magnetization of protons outside the slice are differen-
tially modulated while magnetization of protons within the slice are
treated identically. Subtraction of these two image types, one which
reflects both static tissue signal recovery and signal enhancement from

Table 1. Subject information

Subject
Height,

cm
Weight,

kg
Age,

yr FEV1

FVC, %
predicted

FEV1/
FVC

A 178 77.3 26 87% 89% 98%
B 180 84.1 36 89% 94% 95%
C 170 61.4 31 112% 110% 103%
D 188 93.0 24 109% 115% 94%
F 175 64.7 23 94% 105% 89%
Mean 178.2 76.1 28 98% 103% 96%
SD 6.65 13.20 5.43 11.6% 10.9% 5.2%

FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity. All
spirometric data are given in terms of percent predicted value.
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inflowing blood (a “blood-bright” or “control” image), and the other
which reflects primarily static tissue recovery (a “blood-dark” or “tag”
image), generates a single difference (or ASL) image with signal
proportional to blood flow. As in prior studies, we used the FAIRER
(flow-sensitive alternating inversion recovery with an extra radiofre-
quency pulse) variation of ASL (7).

All images were acquired in a single sagittal slice of the right lung
positioned approximately where the apical-basal dimension of the
lung was maximal. We referenced the location of the slice to the spine
on the localizer images to ensure comparable scan locations after any
subject repositioning. Parameters for each image were as described in
Ref. 5 and resulted in images at a resolution of 256 ! 128 on a 40 cm
field of view, with a 10 mm slice thickness. Thus a single voxel before
processing (see below) was "45 mm3 in volume. The temporal
acquisition protocol was based on one used in our prior study (5)
updated to achieve an effective sample rate of "1 image per breath
(compared with the prior sample rate of 1 image every 2 breaths),
achieved by increasing the ratio of blood-bright to blood-dark images
from 1:1 to 9:1. Experiments using previously collected data showed
that variation in blood-dark images collected during the same state
(e.g., hypoxia) is within the level of measurement noise, making a 9:1
collection ratio more efficient while maintaining sufficient redun-
dancy in case of a mistimed image acquisition.

Data Processing Path

Our data processing path was previously described in detail in Ref.
5 using custom algorithms written in Matlab (The Mathworks, Natick,
MA). For ease of reference, an overview is provided below. The end
result of these preprocessing steps is a time series of blood flow maps,
each normalized such that the mean map intensity equals 1, with a
spatial resolution of "1 cm3 and a temporal resolution of "5 s.

Image quality control. A quality control process was implemented
to remove images in which considerable deviation from FRC or
evidence of cardiac gating failure was observed. The criteria for
exclusion were qualitative and included the appearance of significant
MR artifact related to motion, features that are easily visually distin-
guishable. For example, motion often leads to image phase shifts that
displace the subclavian and hepatic vessels from their normal ana-
tomical location, or substantially smear focal areas of previously high
signal intensity. Those responsible for image quality control were not
blinded to subject or condition, as it was not practical to do so. Images
that did not pass inspection were removed from the time series, and
not included in any subsequent calculations.

Image registration and subtraction. An image registration algo-
rithm was then applied to the data to bring image voxels into
alignment over the course of a particular FIO2 run (3 per subject). After
passing initial inspection, remaining images for each run were regis-
tered to a reference lung volume using the boundaries of the lung in
each image. The reference volume was trial specific (i.e., was not the
same between subjects) and was constructed by temporally averaging
the baseline (pre-NO) portion of an experimental run. Areas contained
within the lung field were then moved as if they lay on a linearly
deformable isotropic rubber-sheet that had been stretched between the
lung boundaries. After registration, ASL image series were con-
structed by taking each blood-bright image and subtracting a repre-
sentative blood-dark image from within the same test condition (in
this case FIO2 and NO level). This representative blood-dark image
was computed by temporally averaging all blood-dark images ac-
quired during the respective test block that had passed visual inspec-
tion (those acquired at approximately FRC).

Removing signal from large conduit vessels. The ASL image
contains contributions from both blood that is or will be delivered to
the capillary bed within the image plane, and from larger “conduit”
vessels that traverse the image plane, but which contain blood des-
tined for other regions of the lung. As blood in these conduit vessels
is not reflective of slice perfusion, we employed the technique de-

scribed in Burrowes et al. (8) to reduce their contribution to measures
of PBF. In short, very high flow voxels in the lung field, defined as
those with signal exceeding 35% of the maximum signal measured,
were masked out. The maximum signal in the slice corresponds to
those voxels completely filled with tagged blood from outside the
image plane, and whose signal cannot be assumed to represent actual
flow. To ensure consistent masking within a FIO2 condition, all of the
registered ASL images for that trial were averaged to determine a
mean ASL image, from which the mask was then constructed and
applied to the entire series.

Spatial smoothing. A smoothing procedure was implemented to
help mitigate any uncorrected small misregistration between images.
After large vessel masking, the ASL images were smoothed using the
same algorithm as in our previous study (5) and a Gaussian kernel
with a full-width half-maximum of 7 voxels. A correction was then
applied to remove the effect of smoothing across mask boundaries.
The effective spatial resolution after processing was "1 cm3, or on the
order of a few acini.

Normalizing each ASL image. In generating measures of fluctuation
heterogeneity (see Data Metrics below) all masked and smoothed
ASL images were normalized so that the average value of each image
was 1. This normalization is given by Eq. 1, where S represents the
signal in the image, the sum is conducted over voxels in the lung field,
and n is the number of lung voxels. The rationale for this normaliza-
tion was discussed at length in (5). In essence, this normalization
procedure has a twofold beneficial effect. First, any global change in
blood delivery (e.g., from a change in cardiac stroke volume) over
time is essentially eliminated, leaving measures of spatiotemporal
heterogeneity that reflect regional vascular activity. Note that iNO is
not expected to cause large changes in cardiac output or HR (19, 40),
and this normalization may help to reduce any remaining stroke to
stroke variation between images. Second, any changes in the gross
MRI signal that would arise from T1 or T2 effects as FIO2 changes, or
from electronic drift in the scanner itself, are removed, making value
comparisons between different physiologic states possible.

NS!x, y, t" !
S!x, y, t" " n

#x,y S!x, y, t"
(1)

Data Metrics

For purposes of comparison, we have chosen to focus on the
principal metrics used in our prior publication (5). A synopsis of each
is presented below. It should be noted that unless otherwise specified
these metrics represent a time course over each experimental run. In
such instances, the value assigned to a particular block was the
temporal average over the last 2/3 of that period, with the first third
used to reach an approximate steady state.

Spatial relative dispersion. Relative dispersion was calculated for
each ASL image. As ASL images were normalized to a mean of 1.0,
the spatial RD at any time point is then simply the standard deviation
across the lung field, and is given by Eq. 2 where NS is the normalized
ASL signal at time t located within the mask at coordinates (x,y), the
sum is over voxels in the lung field, and n is the number of lung
voxels.

RDspatial!t" !$#x,y %NS!x, y, t" # 1&2

n # 1
(2)

Fluctuation dispersion (FD). We previously demonstrated that
while hypoxia does not have a discernable effect on overall spatial
blood flow heterogeneity (spatial RD) for healthy subjects, it does
induce changes in the heterogeneity of blood flow fluctuations (5).
Fluctuation heterogeneity was determined by removing a baseline (or
reference) flow pattern from the normalized ASL series, and comput-
ing the relative dispersion on these fluctuations. Note that due to the
normalization, the relative dispersion is again simply the spatial
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standard deviation of fluctuations (and the fluctuation images have a
mean of zero).

FD!t" !#$x,y %NS!x, y, t" " NSref!x, y, t"&2

n " 1
(3)

Two different protocols were employed to select the reference pattern
(NSref in Eq. 3) and generate fluctuation time series, leading to two
different values of FD at every time point. For the first protocol,
identified by the subscript Global, the initial or baseline flow in the
slice was removed from the rest of the time series, leaving maps that
characterized how much flow changed from the start of a trial. The
initial flow was calculated for each trial by averaging together images
11–20, the period in which subjects typically begin to reach a steady
state end-tidal volume. Using this initial flow pattern, FDGlobal was
then calculated image by image for the entire time series, before
finally producing three block averages (one each for baseline, chal-
lenge, and recovery periods) utilizing the last 40 breaths of each block
(a quasi steady-state) to compute the respective averages. In the
second protocol, identified by the subscript Local, the mean flow of
each block was removed from that block’s own time series, leaving
maps of fluctuations about the steady states achieved under each of the
baseline, challenge, and recovery periods. The values of NSref for
FDGlobal and FDLocal are given by Eqs. 4 and 5, respectively, where
time t is measured in terms of the image number in the series
(approximately one image every 5 s).

FDGlobal NSref!x, y, t" !
$t!11

t!20 NS!x, y, t"
10

, 1 # t # 180 (4)

FDLocal NSref!x, y, t" !'
$t!21

t!60 NS!x, y, t"
40

, 1 # t # 60

$t!81
t!120 NS!x, y, t"

40
, 61 # t # 120

$t!141
t!180 NS!x, y, t"

40
, 121 # t # 180

(5)

Long-range trends in FDGlobal time series were analyzed as a function
of FIO2. For each trial (3 per subject), the challenge block was masked
out and a straight line was fit through the remaining data points, with
the fit slope taken as a measurement of the linear trend present.

Effects on Regional Pulmonary Blood Flow Patterns

Changes in the underlying pulmonary blood flow pattern were
analyzed on a group level by segmenting the lung, and comparing block

average flow signal (using the normalized series) for the same segment
across subjects. Two different methods of segmentation were used,
referred to as “gravitational” and “lobar” segmentation. In the first case,
the lung was divided into 9 regions by indexing the maximum anterior-
posterior and cranial-caudal dimensions by thirds, effectively super-
imposing a 3 ! 3 grid onto the lung field. In the second case, the lung
was anatomically divided into lobes by segmenting along the hori-
zontal and oblique fissures visible in the unprocessed images. For
visualization purposes, group change maps for each condition were
constructed by taking the mean change value for the same segment
across subjects, and plotting that value back into a single representa-
tive lung slice.

Statistical Analysis

For each data condition the average values of RD and FD and
regional relative pulmonary blood flow were calculated. After testing
for normality across subjects using the Shapiro-Wilks procedure
(implemented in R), an ANOVA for repeated measures was used
(Statview) to statistically compare changes in these dependent vari-
ables. As the Shapiro-Wilks procedure requires the use of multiple
comparisons, the family-wise error rate for deviations from normality
was set to P " 0.05 on a per metric level (FDGlobal, FDLocal, Spatial
RD and regional flow), and was controlled using the Bonferonni-
Holm method. Main effects tested were the inspired oxygen concen-
tration used in each run (FIO2; three levels: 0.125 hypoxia, 0.21
normoxia, 0.3 hyperoxia) and the phase of the experiment during
which the condition occurred (two levels: #NO and $NO). For the
pulmonary blood flow pattern maps, an additional main effect corre-
sponding to lung region was added to the analysis (9 regions arranged
in a 3 ! 3 grid, or 3 lobes: upper, middle, and lower). Interactions
between the main effects indicated differences in the degree to which
dependent variables changed with NO between the three levels of
FIO2. If a significant omnibus F was found, post hoc testing was
performed using the Fisher’s protected least significant difference test
unless otherwise specified. Significant differences were accepted at
P % 0.05, two-tailed.

RESULTS

Physiological responses and the responses of pulmonary
blood flow are shown in Table 2. The Shapiro-Wilks normality
test did not reveal any significant deviations from the normal
distribution for subject mean data. The 95% confidence inter-
val for lung volume variation was within &6% of a subject’s
average lung volume and was the same across the conditions

Table 2. Physiological and PBF responses to iNO

Hypoxia Normoxia Hyperoxia P Values

FIO2 Phase: #NO $NO #NO $NO #NO $NO FIO2 NO FIO2 by NO

Heart rate, beats/min 65 65 54 53 54 54 0.007* 0.894 0.653
&SD 5 6 2 3 5 5
SpO2, % 87 85 99 98 99 100 %0.0001* 0.475 0.690
&SD 3 5 1 1 1 1
Ventilation, l/min BTPS 8.2 NA 7.4 NA 8.1 NA 0.445 NA NA
&SD 1.3 2.2 2.3
Spatial RD 46.3% 46.4% 48.7% 51.2% 49.1% 50.0% 0.572 0.391 0.502
&SD 8.9% 7.3% 16.8% 17.0% 12.6% 14.4%
FDGlobal #0.71% 4.73%'() #0.19% #0.39% #0.22% #0.07% 0.005* 0.001* %0.0001*
&SD 0.49% 1.86% 0.45% 1.60% 0.58% 1.23%
FDLocal 12.6% 12.7% 12.4% 12.7% 12.8% 13.0% 0.933 0.840 0.986
&SD 1.4% 3.9% 4.5% 4.6% 4.0% 3.7%

FIO2, inspired oxygen fraction; SpO2, arterial oxygen saturation; FD, fluctuation dispersion; RD, relative dispersion. *Significant main effect or interaction (P %
0.05). 'Change from baseline tested significantly different from the change seen in normoxia (post hoc, P % 0.05). (Change from baseline tested significantly
different from the change seen in hyperoxia (post hoc, P % 0.05). )Significantly different from baseline in post hoc testing (P % 0.05).
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tested. HR and SpO2 were unaffected by the addition of iNO,
and the time courses of both remained stable over the length of
each trial (P ! 0.65 and P ! 0.69). Overall, changes in spatial
RD and FDLocal were nonsignificant, whereas FDGlobal varied
as a function of FIO2

and iNO, signifying a change in the spatial
pattern of blood flow relative to baseline (P ! 0.0001).
Regional analysis indicated that iNO increased flow to the
dependent lung and decreased flow to the nondependent lung
while subjects were either hypoxic (P ! 0.007) or normoxic
(P ! 0.008), but not while hyperoxic (P ! 0.64). Statistically
significant deviations from normality were not detected in any
of the tested metrics. Detailed findings are given below.

FDGlobal demonstrated an upward drift over time of 0.73%
per minute during the non-iNO portions of the experiment. As
this effect was not dependent upon FIO2

(P ! 0.98), a linear
trend fit was removed from the data prior to further analysis,
facilitating baseline vs. challenge and baseline vs. recovery
comparisons. Analysis of variance revealed significant effects
of FIO2

(P ! 0.005), experimental phase (i.e., baseline, chal-
lenge, recovery, P ! 0.001), and FIO2

" phase interactions
(P ! 0.0001), the latter suggesting a differential effect of FIO2

on
response to iNO. FDGlobal values for baseline and recovery blocks
did not differ from one another (P ! 0.86), but there were
significant differences between the baseline and challenge blocks
(P ! 0.0009), owing to a 5.4 percentage point increase in FDGlobal

over baseline when iNO was administered during hypoxia (P !
0.003). This difference over baseline in hypoxia was significantly
different from the differences over baseline observed in either
normoxia (P ! 0.0006) or hyperoxia (P ! 0.0008).

iNO administration during normoxic and hyperoxic stimuli
did not elicit a measurable response in FDGlobal (P ! 0.76 and
P ! 0.84, respectively). Figure 1, A–C, shows individual
subject responses of FDGlobal (using block averages) at each
oxygen level and serves to highlight the effect of iNO during
hypoxia. Subjects exhibited a similar response in FDGlobal to
that represented by the group average, and subject responses
were comparable to one another. The group average time
course of FDGlobal is displayed in Fig. 2, at each of the three
levels of FIO2

.
In contrast to FDGlobal, FDLocal (Fig. 1, D–F) showed no

effect from the addition of iNO under any of the FIO2
condi-

tions studied. Further, the individual responses varied widely,
with some subjects displaying an increase in temporal variabil-
ity in response to iNO, whereas others showed a decrease. As
a consequence, no statistically significant effect on temporal
variability (via FDLocal) was detected (P ! 0.99 for FIO2

"
phase interaction). Similarly, changes in spatial RD as a result
of iNO administration were small, varied among subjects, and
were not statistically significant (P ! 0.50).

The maps displayed in Fig. 3 (for gravitational segmen-
tation) and Fig. 4 (for lobar segmentation) show the spatial
changes in temporal mean slice blood flow between the iNO
and baseline blocks at each of the three FIO2

values. When
segmented gravitationally, three-factor repeated measures
ANOVA was significant for between-regions main effect (P #
0.0001), a significant phase by region interaction (P ! 0.004),
and there was a significant FIO2

by phase by region interaction
(P ! 0.02). These significant three-factor interactions indicate

Fig. 1. Individual responses and group means of FDGlobal (A–C) and FDLocal (D–F) to the addition of inhaled nitric oxide (iNO) under conditions of hypoxia (left),
normoxia (middle), and hyperoxia (right). FD, fluctuation dispersion. *Group mean significantly different from baseline (P # 0.05, post hoc)
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regional differences in the response to iNO that varied as a
function of FIO2

.
Post hoc analysis was performed by considering each FIO2

level separately to determine significance of redistribution
from baseline, and in pairs to determine whether the degree of
redistribution differed as a function of FIO2

. Whereas both
hypoxia (P ! 0.007) and normoxia (P ! 0.008) showed
regional differences in the PBF response to iNO, no such
differences were seen in hyperoxia (P ! 0.64). Regional

redistribution with iNO in settings of hypoxia and normoxia
were not significantly different from one another (P ! 0.26);
however, both showed significant differences from the pattern
of redistribution in hyperoxia (hypoxia vs. hyperoxia P ! 0.02;
normoxia vs. hyperoxia P ! 0.02). Further, after cessation of
iNO the pattern of blood flow returned to its baseline state,
with no significant differences in regional flow between the
recovery and baseline periods (P ! 0.98, Fig. 3B). Analysis of
the same data using a lobar segmentation approach (Fig. 4) did
not show any statistically significant dependence of lobar flow
on iNO or FIO2

status (FIO2
by lobe P ! 0.28, phase by lobe

P ! 0.31, and FIO2
by phase by lobe P ! 0.15).

DISCUSSION

The principal findings of this study are that iNO adminis-
tration affects the pattern of pulmonary blood flow while
breathing 12.5% and 21% O2. This is most clearly evident in
the hypoxic setting, where spatiotemporal variability (mea-
sured by FDGlobal) was markedly and rapidly elevated after the
start of the challenge block. As a reminder, the difference
between FDGlobal and the more familiar relative dispersion
(RD, alternately coefficient of variation) is that FDGlobal fo-
cuses on changes in regional flow relative to a baseline pattern
(or initial time), and therefore removes the static heterogeneity
that may otherwise obscure small changes. Although the
change in normoxia does not appear statistically different from
that in hyperoxia, as both follow a similar trend over time,
further regional analysis supports the assertion that both hyp-
oxia and normoxia show a pattern of spatial redistribution in
response to iNO that is different than that observed in hyper-
oxia (no apparent change), where the potential for hypoxic
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Fig. 2. Average time course (over all subjects) of FDGlobal plotted as a function
of breath number under conditions of hypoxia (blue), normoxia (black), and
hyperoxia (red). The shaded region shows the period in which 40 ppm iNO was
added to the inspired mixture. There was an abrupt increase in FDGlobal when
iNO was added under conditions of hypoxia, followed by a return to baseline
over 2–3 min after the cessation of iNO administration.
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Fig. 3. Change in the spatial pattern of blood flow compared with baseline resulting from iNO administration (A) and recovery (B) as seen in hypoxia (FIO2 !
0.125, left), normoxia (FIO2 ! 0.21, middle), and hyperoxia (FIO2 ! 0.30, right). Changes are expressed as a percentage of the overall slice mean flow, i.e., a
region value of "5% corresponds to an extra 5% of mean flow delivered to that region. It should be noted that as the data are previously normalized, changes
in overall flow (cardiac output) are specifically excluded. Inhaled NO-mediated flow redistribution was greatest in hypoxia where vasoconstriction is presumably
enhanced at baseline, but still present in normoxia. In contrast, the changes resulting from administration of iNO under conditions of hyperoxia were very small
and not statistically meaningful. Regional blood flow during the recovery period was not statistically different from baseline, regardless of FIO2. The pattern of
redistribution implies that even in normoxia, there may be active HPV in dependent lung that reduces gravitationally induced ventilation/perfusion (V̇A/Q̇)
heterogeneity. Hence, vasodilation with iNO caused flow to redistribute to these previously constricted, dependent areas, reducing flow in nondependent areas
as a result. *Significant effect of iNO on regional pulmonary blood flow (P # 0.05, post hoc). $: Change in region flow different from baseline (P # 0.05). %:
Change in region flow different from baseline (P # 0.10)
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pulmonary vasoconstriction would be expected to be mini-
mized.

Neither within-block temporal variability (measured with
FDLocal) nor overall spatial heterogeneity (measured with rel-
ative dispersion) was significantly altered by the administration
of iNO or by differences in FIO2

. That overall spatial hetero-
geneity was unaffected by vasodilation with iNO is not at all
surprising given the similar lack of effect with onset of HPV in
our previous study (5). Yet, that no effect on temporal vari-
ability was observed with iNO was unexpected, given that we
had previously observed an increase in temporal variability
with onset of HPV (5). This could suggest that a third as yet
uncontrolled factor may be responsible for controlling tempo-
ral changes, for example local PCO2. Increased ventilation as a
result of the switch from air to hypoxia in the previous study
would be expected to reduce end-tidal PCO2 by !6 mmHg. Due
to the method of iNO delivery we were unable to determine
how ventilation may have been affected by iNO, if at all,
although meaningful ventilatory changes were not expected. If
the pulmonary circulation were to rely on local PCO2 to fine-
tune alveolar V̇A/Q̇, then one could imagine that changing PCO2

might manifest as the increased temporal variability previously
observed, and explain why temporal differences would not be
seen in this experiment. While this theory is clearly speculative
at this time, the role of CO2 in regulating vascular spatiotem-
poral dynamics would be an interesting area for future study.

The constellation of findings in this study are consistent with
an overall shift in the pattern of blood flow as a consequence
of iNO administration in hypoxic and normoxic conditions. In
hypoxia and normoxia, administration of iNO appears to in-
crease blood flow to the dependent lung at the expense of
nondependent lung, with these changes in flow occurring at
a regional (sublobar) level. As was the case in our prior
studies, simply relying on overall spatial metrics of pulmo-
nary blood flow distribution such as relative dispersion was
not adequate to capture changes in flow resulting from iNO,
as overall heterogeneity (RD) was maintained despite sub-
stantial underlying differences in the way blood flow was
distributed throughout the lung slice. Rather, it appears a
more subtle approach is required.

FDGlobal elevation without concomitant increases in FDLocal

suggests that iNO elicits a change in spatiotemporal variability

that does not result from a temporal process. Thus spatiotem-
poral dissimilarity detected by FDGlobal must result from a
spatial redistribution of blood flow within the imaged lung
slice, with iNO altering the steady-state flow pattern during
administration. The inclusion of temporal information allows
one to specifically remove static components of heterogeneity
that may otherwise mask changes in flow distribution, and
perhaps ultimately in the future better characterize the time
constants of that response. Indeed there is the suggestion from
Fig. 2 that the response to iNO on average occurred rapidly,
over just a few seconds, whereas the recovery after iNO
cessation required approximately 2–3 min for subjects to return
to baseline, and presumably HPV to reassert itself after having
been disengaged. However, data loss in this study precluded
making any more detailed measurements of the rise/decay time
of the response on a per-subject basis.

That FD is capable of distinguishing changes to which RD is
insensitive certainly appears promising, but it should be noted
that as of yet these parameters do not themselves give direct
insight into the mechanisms underlying blood flow control, nor
can they clearly distinguish in what manner the distribution of
flow itself changes, instead only signifying that a change
occurred. Until such time as more advanced statistical models
can be developed to supplant FD and offer additional insight
and sensitivity, we must instead turn to other analytic tech-
niques to further identify the way in which the flow pattern is
altered by iNO.

Figure 3 highlights the pattern of flow changes we observed
with iNO administration as a function of FIO2

, averaged across
subjects, and plotted back into a representative lung slice for
demonstration purposes. Segmentation into predefined regions
was necessary to account for normal anatomic variation in lung
shape between subjects. In this case, a 3 " 3 grid was
superimposed by using the largest cranial-caudal extent of the
lung slice as the long axis, and the largest antero-posterior
dimension as the short axis, dividing by thirds along each.
When analyzed in this fashion, the differential effect of FIO2

on
the ability of iNO to redistribute flow is striking. Flow is
clearly redistributed in hypoxia, whereas in the hyperoxic case
almost no redistribution occurs. In addition, moderate and
statistically significant (P # 0.008) redistribution also appears
to occur in normoxia, which may be indicative that there is in
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Fig. 4. Change in lobar blood flow resulting from iNO administration in hypoxia (FIO2 # 0.125, left), normoxia (FIO2 # 0.21, middle), and hyperoxia (FIO2 #
0.30, right). Changes are expressed similarly to Fig. 3, and a similar trend results. However, when calculated on a lobar basis, results do not reach the level of
significance (P # 0.15) for a meaningful effect of iNO on lobar flow. Taken together with the regional analysis shown previously, this may indicate that the
pattern of redistribution has less to do with branching vascular structure than the expected regional distribution of PO2 or changes in pulmonary arterial pressure.
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fact some normoxic vascular tone governing blood flow in the
lung. Further, that the regional redistribution in normoxia and
hypoxia does not appear different from one another (P ! 0.26),
but both are quite different from hyperoxia (hypoxia vs. hy-
peroxia P ! 0.02; normoxia vs. hyperoxia P ! 0.02) suggests
more similarity in vascular tone between the normoxic and
hypoxic lung than between either of these and the fully relaxed,
hyperoxic lung.

These findings are consistent with the premise that spatio-
temporal changes observed in this study stem from the pres-
ence or absence of HPV-induced vasomotor tone at baseline
(the pre-NO period). Although the specific range of PAO2

over
which HPV is active in humans is still an area of active
discussion, it is generally accepted that local PAO2

values below
60 mmHg are sufficient to trigger demonstrable hemodynamic
changes consistent with HPV (17). Using a similar 12.5%
inspired oxygen challenge in human subjects, Mélot et al. (31)
showed a significant increase in mean PA pressures from 13.3
mmHg breathing air to 18.6 mmHg during hypoxia. Similar
changes were noted by Frostell et al. (14) using 12% O2, who
additionally showed that the administration of iNO at 40 ppm
was sufficient to return PA pressures to their normoxic levels.

By implementing a compartmental pulmonary gas exchange
computer model described by West and Wagner (48) we can
calculate the expected range of PAO2

for a hypothetical healthy
lung at each FIO2

employed in this study. We used as input to
the model typical normal values for physiological parameters
(V̇O2 ! 300 ml/min, V̇CO2 ! 250 ml/min, Hct ! 40, Hb ! 15
g/dl, etc.) and defined healthy V̇A/Q̇ dispersion in the supine
lung (logSDV̇A and logSDQ̇) to have a value of 0.35, approx-
imately equal to supine V̇A/Q̇ heterogeneity measured by
Henderson et al. (21). All of these parameters were held
constant across each of the three simulations, with only the FIO2

varied between them. The mixed venous point however was
not an independent variable, but was calculated based upon the
input V̇O2 and V̇CO2, the resulting respiratory gas exchange for
each condition tested, and conservation of mass. Figure 5
shows the model output in each condition, plotted as a cumu-
lative distribution function on the basis of pulmonary blood
flow, and it is clear that in the hypoxic lung, nearly all of
pulmonary blood flow goes to compartments with PAO2

values
less than 60 mmHg, in the agreed upon realm of active HPV.

The data strongly suggest that iNO has the potential to alter
pulmonary blood flow in hypoxia owing to underlying HPV
activity. This is not entirely surprising given iNO’s established
role as a pulmonary vasodilator (1, 3, 42). What is of consid-
erably more interest, however, is that iNO appeared to have a
reduced (compared with hypoxia) but still statistically signifi-
cant effect on the spatial distribution of blood flow in the
normoxic lung despite the conventional thinking that, in
healthy individuals, HPV should not be active (14, 16, 36).
Such a finding does, in fact, have some basis in HPV literature.
Rahn and Bahnson (39) demonstrated that unilateral right lung
hyperoxia in dogs (with 30% O2) caused a decrease in flow
through the left lung from "40% to "30% of total cardiac
output, suggestive of a baseline level of normoxic vascular
tone. They then went on to measure the HPV stimulus-re-
sponse curve by altering the FIO2

of one lung, and in contrast to
defining a particular threshold oxygen tension for HPV, found
the greatest changes in blood flow occurred between PAO2

60
and 120 mmHg, the normal physiological range (39).

Barer et al. (6) later did a similar stimulus-response study in
both dogs and cats, finding sharp decreases in blood flow in
both species below 100 mmHg at a rate of 15.7% per 20 mmHg
in cats and 11.8% per 20 mmHg in dogs. Utilizing the tech-
niques of control theory, Grant et al. (18) calculated that HPV
in the coatimundi (a raccoon-like mammal from south Amer-
ica) was most effective at controlling V̇A/Q̇ mismatch within
the range of 65–85 mmHg, and Mélot et al. (31) calculated that
in humans HPV provided feedback effects on V̇A/Q̇ control
between V̇A/Q̇ ratios of 0.1 to 1 (corresponding to PAO2

values
of "40–100 mmHg breathing air) with a maximum gain at
V̇A/Q̇ ! 0.4 (PAO2

of "60 mmHg). If we take from these
studies a conservative PAO2

figure of 85 mmHg as the realm in
which constriction begins in response to lowered oxygen ten-
sion, we find from Fig. 5 that even in normoxia, 20% of
pulmonary perfusion may be directed at lung regions experi-
encing active HPV. In contrast, the use of 30% O2 raises PAO2

above "140 mmHg in "95% of the lung, well outside the
range of HPV sensitivity.

That flow redistribution appears to occur in not just hypoxia,
but normoxia as well, suggests that vasomotor tone present in
healthy normoxic adults could be contributing to V̇A/Q̇ match-
ing on a routine basis. It has been well established that there
exists gravitational heterogeneity in V̇A/Q̇ ratio (46), and that
V̇A/Q̇ ratio ultimately determines PAO2

(48). Utilizing MR
based measures of ventilation and perfusion in the lung, Hen-
derson et al. (21) showed that such gravitationally induced
V̇A/Q̇ heterogeneity remains present in supine posture, with the
lowest V̇A/Q̇ ratios found toward the dependent, with the
correspondingly lowest PAO2

values. If present, HPV would be
expected to be most active in areas of low PO2 and adminis-
tration of iNO would then lead to flow increases in dependent
lung at the expense of nondependent lung. Therefore, it does
seem plausible that active V̇A/Q̇ matching, mediated by HPV,

Fig. 5. Cumulative distribution of blood flow to lung compartments as a
function of PAO2 for hypoxic (blue), normoxic (black), and hyperoxic challenge
(red), generated by a computer program described by West and Wagner (48).
A logSDV̇A and logSDQ̇ of 0.35 was chosen to represent normal V̇A/Q̇
dispersion in the supine lung. While the entire hypoxic lung is decidedly in the
realm where HPV is most strongly engaged (darkly shaded region), and the
hyperoxic lung appears well above the range at which HPV is thought to be
active (white region), the normoxic lung lies somewhere in between, with "
20% of blood flow to alveolar units with alveolar PO2 (PAO2) less than 85
mmHg (medium shaded region). The lightly shaded region may delineate the
realm in which (weak) HPV activity begins, as suggested by the literature.
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could be occurring. The net result appears that vasomotor tone
driven by HPV corrects some of the gravitationally induced
V̇A/Q̇ heterogeneity in normal subjects.

The assertion that HPV-mediated vascular tone is driving
iNO-mediated flow redistribution is bolstered by the compara-
bly greater effect in hypoxia, and apparent absence of this
effect while breathing 30% O2. This suggests that hyperoxia
led to the least amount of vascular tone during the pre-NO
period, such that vessels were already near fully dilated before
iNO administration, and that vascular tone is not completely
abolished in normoxic subjects at baseline. This observation
also appears consistent with our previous study (5). In that
study, switching subjects from breathing room air to 100%
oxygen induced a change in the pattern of blood flow (mea-
sured with FDGlobal), which one would expect if the normoxic
lung still possessed some vascular tone no longer present in
hyperoxia. When taken together, these data point to the similar
action of oxygen and a known chemical vasodilator (NO) on
air breathing subjects, bringing HPV activity in normoxia to
the forefront as the common mechanism linking these obser-
vations.

An argument could be made that the flow redistribution
observed might have more to do with the anatomy of the
vascular tree than with gravitational effects on V̇A/Q̇ ratio. As
a second and parallel analysis approach we utilized visible
lobar boundaries corresponding to the horizontal and oblique
fissures, easily seen in unsmoothed blood flow images, to
segment the lung into three lobar regions and analyze flow
pattern changes across subjects. The results of this approach
are demonstrated in Fig. 4. When segmented anatomically,
neither FIO2

nor NO were found to have any significant influ-
ence on pulmonary blood flow. We posit that this indicates
flow redistribution with iNO occurs on a smaller functional
scale than is captured by gross lobar measurements, and
hence large-scale anatomy alone cannot fully explain the
changes observed. This is consistent with the generally
accepted view that HPV occurs at the level of the small
precapillary arterioles (13).

Limitations and Technical Considerations

Normality of the underlying data. Analysis of variance relies
on the assumption that the data to be tested are normally
distributed. Data generated from ratios may risk violation of
that assumption. Thus we employed the Shapiro-Wilk test in
R as a means of attempting to detect large deviations from
normality in the data that would make the use of an ANOVA
an inappropriate choice. No such deviations from normality
were found in our data, but this may not be entirely surprising
given the limited sample size (N ! 5). Hence, as an additional
cautionary measure we employed a bootstrapping procedure to
generate a statistical test for changes in FDGlobal, an approach
that does not require any assumption about the underlying
distribution.

Bootstrapping provides a nonparametric means to generate
confidence intervals and/or conduct hypothesis tests. The gen-
eral framework is described in detail in Ref. 30. In brief, the
underlying distribution of the test statistic is approximated by
simulating repeated resampling of the data, where each simu-
lated data set (of equal size to the original) is constructed by
randomly drawing from the observed data with replacement.

The statistic of interest is then computed on each simulated
resampling, and the resulting distribution of that statistic from
among all the resamples is used to estimate the true sampling
distribution. The bootstrap distribution is then used to estimate
the probability of observing a deviation from the null hypoth-
esis as large as seen in the original data.

Specifically, each detrended individual subject time course
of FDGlobal was randomly resampled with replacement to
produce 10,000 simulated sets of subject data (at each FIO2

). To
estimate the distribution for the null hypothesis of no differ-
ence in FDGlobal between blocks in the same trial (or no
difference in the change between blocks as a function of FIO2

),
the block structure of the data was not preserved during the
resampling of a given time series. Note that the null hypothesis
of no block differences implies that a particular value of
FDGlobal occurred in a particular block by chance and not as a
result of the experimental conditions associated with that
block. Thus, for example, a valid resample may consist of data
points in the baseline block that were originally measured in
any of the three blocks (baseline, challenge, or recovery). The
subject and trial structure of the original data were both
maintained during resampling (e.g., subject A’s data did not
appear in a simulated data set for subject B, and data acquired
in the hypoxic run did not appear in a simulated normoxic run).

The mean changes over baseline in FDGlobal induced by
iNO, and the mean difference in these changes as a function of
FIO2

, were calculated from each of the 10,000 simulated data
sets, producing an estimate of the probability distribution
corresponding to no change. P values were then assigned based
on the proportion of simulations resulting in an observation
equal to or greater than that found in the original data. The
change in FDGlobal over baseline with iNO during hypoxia was
statistically significant, as was the difference between this
change and those observed in normoxia and hyperoxia (all at
the P " 0.0001 level). As was the case with the parametric
statistical results, changes over baseline in normoxia and hy-
peroxia were not significant (P ! 0.75 and P ! 0.83, respec-
tively).

Effects of altered CO2. In interpreting these data, it is
important to bear in mind that these experiments were per-
formed in a poikilocapnic fashion, with PCO2 allowed to freely
vary. Both PCO2 and PO2 are known to modulate pulmonary
vascular tone (12), and Croft et al. (10) have shown that these
effects are additive, with hypercapnia and hypoxia both pro-
moting vasoconstriction. Therefore, it is possible that some of
the effects noted may be an indirect result of ventilation-
induced changes in PCO2 as a function of FIO2

, or that the full
magnitude of any O2-mediated effects may be blunted, as
hypocapnia would be expected to accompany hypoxia in this
protocol, and vice versa. Although we did not explicitly mea-
sure arterial PCO2 in this study, unpublished data from a prior
study by our group in which subjects lay supine and were given
the same gas mixtures over similar duration suggests that PCO2 is
only minimally altered by our protocol [FIO2

! 0.125, PaCO2
!

36.4 (1.7) mmHg; FIO2
! 0.21, PaCO2

! 38.7 (1.5) mmHg; FIO2

! 0.3, PaCO2
! 38.4 (2.9) mmHg]. Given that the vasomotor

response to CO2 is thought to be considerably less than the
response to O2 (6), and that the expected alterations in CO2 are
small, the potential for these changes to significantly influence
the conclusions from this protocol would be expected to be
minimal.
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Possible effects of iNO on bronchomotor tone. Although it is
true that NO has a bronchodilator effect on constricted airway
smooth muscle, it is unlikely that it had much if any impact on
our results. Subjects for this study were chosen from a popu-
lation of healthy young, athletic adults with no known history
of pulmonary disease, and the literature supports the conclu-
sion that iNO, even at twice the dose used in this study, does
not have a measurable effect on airway conductance in healthy
subjects (25).

Comparison of measurements between different values of
FIO2

. In interpreting these results it should be pointed out that
the experimental design utilized here focuses on detecting
changes from a baseline (pre-iNO) condition. In the case of
FDGlobal in particular it is the change in the parameter, not the
value itself, which is indicative of spatiotemporal variability.
This is a direct result of the calculation method, which uses a
temporal average flow map from the initial period of each run
to remove static spatial heterogeneity, and makes FDGlobal a
function of both the current and initial state. Therefore, it is
difficult to make comparisons of the absolute value of FDGlobal

reported across different oxygenation levels in this study, as we
instead sought to capture the effect of iNO while FIO2

was held
constant. This is in contrast to our prior study, in which
changes in oxygenation were used as the challenge stimulus,
permitting such comparisons between the challenge FIO2

and
the baseline normoxic state.

Potential for cardiac and respiratory gating failure. Data
collection depends on proper timing of preparatory RF pulses
and image acquisition relative to the cardiac cycle. Mistiming
of the sequence generally leads to poor image quality and
substantial artifact effects that hinder flow measurement. The
two major contributors to sequence mistiming in this study
were ECG signal quality and subject heart rate variability.
Reliable ECG collection within an MRI scanner can be diffi-
cult, as even tiny motions of the connecting cables within such
a large magnetic field can induce spurious signals that dwarf
cardiac surface potentials, and may provide false triggers.
Additionally, the activation of the gradient coils along with
scanner activity makes reliable detection of QRS waves in the
ECG trace challenging, as the ECG signal is lost for a brief
period after every image acquisition.

It should be noted that even with a perfectly clean ECG
signal, sequence mistiming could occur. The current image
sequence tries to align the preparatory pulses and image ac-
quisition with the diastolic phase by waiting a fixed delay time
after detection of a QRS wave. This delay time is fixed at the
beginning of the sequence at 80% of the average R-R interval
observed before the start of the run. As a result, changes in
subject heart rate during a run amounting to more than !5–10
beats/min end up placing image acquisition too close to sys-
tole, during which there is substantial cardiac motion and
pulsatile flow.

Motion of this type during image acquisition leads to image
blurring and phase-related artifacts that clearly distinguish
mistimed images from those acquired during diastole. Hence,
such instances are easily recognizable by visual inspection, and
their removal from the image time series is an important aspect
of data quality control. Although those responsible for assess-
ing image quality were not blinded to the experimental condi-
tion being inspected, all data quality assessments were con-
ducted prior to the performance of any analysis. The nature of

the data is such that it is not possible to gauge a priori the effect
of excluding any image with good cardiac gating on our metrics
of interest, and the exclusion of images with poor cardiac gating
will generally result in reducing our measures of variability. Thus
the logical consequence of any potential bias introduced from the
quality control process is to favor the null result and nonsig-
nificance as opposed to the artificial appearance of flow redis-
tribution. For these reasons, we believe that data exclusion
method employed was the cautious approach.

In this study, cardiac gating failure resulted in the loss of a
substantial number of collected images, with one subject’s data
of the original 6 subjects deemed totally unusable, and "17.6%
of the remaining five subjects’ data treated as missing time
points. For the worst affected subject of the remaining five,
"51% of the data was considered lost due to overt cardiac
gating failure. Meanwhile, the other four subjects had an
average image rejection rate of 9.1% ! 11.9% (mean ! SD).
Broken out by FIO2

, data loss was 21.3% in hypoxia, 17.4% in
normoxia, and 13.9% in hyperoxia. The higher propensity for
data loss to occur in hypoxia is likely due to increased vari-
ability in RR interval length, as opposed to a sustained higher
heart rate. Higher heart rates can be accommodated with
shorter trigger delay times (except in extreme circumstances);
however, this delay is fixed after the sequence begins.

Our previous study found increased temporal variability
associated with 12.5% oxygen breathing (5), where in this case
we failed to detect any significant differences in FDLocal as a
result of FIO2

during the pre-NO periods. It is likely that cardiac
gating difficulty in this study had some impact on our measures
of FDLocal, and hence our inability to discern changes in
temporal variability is not altogether surprising. Flow pattern
changes are however considerably larger in magnitude than
changes in temporal variability itself and are hence less sus-
ceptible to noise in the measurement process. In the future it
may be possible to reduce some of the potential for sequence
mistiming by adding the capacity to automatically update the
delay time based on a running average heart rate during the
sequence.

The data collection also depends on the subjects being at or
near FRC for each image acquisition (every "5 s) requiring
active voluntary respiratory gating over a long period of time
("20# min per run). This requires the subjects to focus on the
scanner activity for a long period of time, and attempt to return
to a consistent lung volume throughout the experiment. In
practice, we have found that with a few short training runs,
subjects can achieve this reliably and repeatably, and overtly
bad breath-holds were rare. A deformable image registration
algorithm described in detail (5) was used to reduce any remain-
ing small image misalignments but assumes a linear displace-
ment field with the edges fit by three Bezier curves. The
possibility exists that remaining misalignment could cause
increased variability in our measurements of flow, but because
we chose to focus on large lung regions when considering flow
redistribution, such effects are minimal.

Use of a representative slice, normalization, and smoothing.
As was the case with our prior study of the temporal pattern of
pulmonary blood flow (5), our imaging was limited to a single
slice of the lung (in this case a midclavicular sagittal slice)
comprising "8% of total lung volume. Thus it might be the
case that effects in different lung regions went unnoticed, or
that changes in the slice mean flow were not representative of
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changes in blood flow to the entire lung, both of which have the
potential to impact our measures of heterogeneity. For exam-
ple, in the event of a change in blood flow in only one region
of the image plane that alters the image mean, but where true
mean flow to the organ is preserved, changes in normalized
signal in the other areas of the image that were actually
unaltered will ensue. This does have the potential to artificially
increase measures of flow fluctuation if the imaged slice is no
longer sufficiently representative of the whole organ. However,
our choice of the sagittal scan plane ensures that we sampled
both gravitationally dependent and nondependent regions, over
which larger differences in blood flow, more reflective of total
lung heterogeneity, can be seen as opposed to isogravitational
planes (2). It should also be noted that the degree of smoothing
does influence the magnitude of some measures (FD and RD,
for instance), but testing with multiple kernel sizes did not
affect any of our statistical outcomes in a meaningful way.

A single level of NO exposure. We employed a single,
high-dose level of inhaled NO (40 ppm). This dosage is within
the range of those routinely used in clinical practice to examine
the pulmonary vasoreactivity of patients with suspected pul-
monary arterial hypertension (15, 26, 42), and has been em-
ployed by others (14). The logistics of this particular experi-
ment precluded any investigation of a dose-response curve.

Studying a homogeneous population. We deliberately stud-
ied a homogeneous population of young, healthy males, as we
did not have an a priori sense of the magnitude of response to
iNO nor the number of subjects needed for statistical power.
The observation that pulmonary arterial hypertension affects a
greater preponderance of women than men may suggest sex-
specific differences in the pulmonary circulation (9). Similarly,
it is well known that the systemic circulation becomes less
vasoactive with age (11). Whether this applies to the pulmo-
nary circulation is unknown. Therefore, any generalization of
these results to other populations should be approached with
care.

Use of the fast sampling protocol. The experimental protocol
used in this study was based on our methodology from Ref. 5,
altered to improve the temporal resolution of measurement
from 10 to !5 s. In the previous study, image acquisition
alternated between flow-sensitive (blood bright) images and
flow-insensitive (blood-dark) images. However, further work
by our group not yet published has shown that far fewer
flow-insensitive images are required in the sequence, as the
signal from static protons varies very little over time. In fact,
tests showed that provided the blood dark image used came
from the same test condition (i.e., was collected using the same
FIO2

level), the results were insensitive to the choice of the
image. The dependence of blood-dark image signal on test FIO2

most likely reflects underlying differences in MR relaxation
rates as a function of oxygenation, where additional deoxyhe-
moglobin in hypoxia may increase T2 image weighting (44),
whereas dissolved O2 accumulation in hyperoxia has a known
T1-weighting effect (41).

Given this information, we reconfigured our sequence for
this study to acquire a single blood-dark image in 10, yielding
6 such images per experimental condition (pre-NO or "iNO
blocks). Only one such image per condition is actually needed;
however, the 1 in 10 scheme provided additional replicates in
case one or more failed to pass the quality control step. We
verified that this change in protocol did not significantly affect

the results of our prior study by reanalyzing those data, ex-
cluding from that data set the alternating blood dark images.
There appeared to be no demonstrable trade-off in accuracy of
measurement for the gained temporal resolution.

Contribution of method error to fluctuation dispersion (FD).
The analysis employed did not attempt to correct for the
additional heterogeneity added by the measurement process
itself. While such attempts were made in our previous study
(5), the contribution of measurement noise to overall hetero-
geneity is sufficiently small as to be negligible. Further, unlike
with temporal RD, measurement noise does not make a pro-
portionally larger contribution to the heterogeneity of low flow
voxels when assessing FDLocal. The reason for this apparent
difference is that FDlocal normalizes variance (of changes
during a block) across space to the mean flow of the whole
slice (and not individual voxels).

However, we do believe that the linear trend in FDGlobal over
time seen in every condition does reflect the accumulation of
some small-scale physiological noise. FDGlobal is a measure
of spatiotemporal change constructed as the standard deviation
of the difference between a particular image and a baseline
state (otherwise interpretable as the width of a difference
distribution). For perfectly correlated images, the difference
distribution is of zero width, and the width increases as
images become less correlated and/or flow becomes more
heterogeneous. As time progresses, small scale fluctuations
in image signal intensity leads to accumulation of differ-
ences from baseline flow, and hence a wider difference
distribution, analogous to a temporal random-walk.

To test this theory, FDGlobal was calculated on a random-
walk simulation and a similar drift was present. We also
supposed that if the drift was a result of accumulating small-
scale signal differences, increased spatial smoothing would
be expected to attenuate the upward trend. Reprocessing the
experimental data with a range of spatial smoothing kernel
sizes revealed this to be the case, with larger smoothing kernels
having a greater attenuating effect until reaching !3 cm
voxels.

As the upward trend in FDGlobal was the same across all
conditions tested and present in each of the three blocks
(baseline, challenge, and recovery), we applied a detrending
procedure to prevent the accumulation of small-scale physio-
logical noise alone from causing statistically significant differ-
ences in spatiotemporal heterogeneity between blocks. Note
that even without detrending, the experimental design is such
that differences between blocks in the hyperoxic trial (in which
the upward trend is also present and an iNO effect is not
expected) serve as an effective statistical control for differ-
ences observed in the other trials. With the trend included in
FDGlobal, the change over baseline in hypoxia with iNO tested
significantly different from the same change in hyperoxia with
P # 0.01.

Conclusions

This study demonstrates that in our subject group of young
healthy males, inhaled nitric oxide at 40 ppm significantly
alters the spatial distribution of blood flow, not only under
hypoxic conditions, but in normoxia as well. This suggests that
vasomotor tone is indeed present during normoxic conditions,
consistent with the hypothesis that HPV may play an important
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role in regional V̇A/Q̇ matching. iNO administration appeared
to shift blood flow towards dependent lung, where presumably
PO2 would be lowest due to gravitational effects on V̇A/Q̇ ratio,
an effect that was abolished when breathing hyperoxic gas
(30% O2). Although it has been previously reported that
similar doses of iNO have no effect on PA pressure when
subjects were breathing room air (14) it remains plausible that
subtle changes in the distribution of pulmonary blood flow may
have occurred without a significant change in PA pressure.
Additionally, while we may have expected given our previous
findings that administering a vasodilator during active HPV
would have the effect of decreasing temporal variability this
did not appear to be the case. The lung may rely on a third
factor not yet accounted for to regulate temporal flow variabil-
ity, such as changing levels of CO2. These results show that
measures of spatiotemporal variability and regional blood flow
using pulmonary ASL provides a sensitive means to study
dynamic regulation of blood flow in the lungs.

ACKNOWLEDGMENTS

We thank S. Lombardi and C. Engler for technical assistance.

GRANTS

This work was supported by the National Institutes of Health through
National Heart, Lung, and Blood Institute Grants R01-HL-1104118 and
F30-HL-110755 and by the National Space Biomedical Research Institute
through NASA NCC 9-58.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

Author contributions: A.K.A., R.J.T., R.B.B., and G.K.P. conception and
design of research; A.K.A., R.C.S., N.H.K., R.J.T., S.R.H., and G.K.P. per-
formed experiments; A.K.A. analyzed data; A.K.A., R.C.S., S.R.H., R.B.B.,
and G.K.P. interpreted results of experiments; A.K.A. and G.K.P. prepared
figures; A.K.A. and G.K.P. drafted manuscript; A.K.A., R.C.S., N.H.K.,
R.J.T., S.R.H., R.B.B., and G.K.P. edited and revised manuscript; A.K.A.,
R.C.S., N.H.K., R.J.T., S.R.H., R.B.B., and G.K.P. approved final version of
manuscript.

REFERENCES

1. Adnot S, Raffestin B, Eddahibi S. NO in the lung. Respir Physiol 101:
109–120, 1995.

2. Arai TJ, Henderson AC, Dubowitz DJ, Levin DL, Friedman PJ,
Buxton RB, Prisk GK, Hopkins SR. Hypoxic pulmonary vasoconstric-
tion does not contribute to pulmonary blood flow heterogeneity in nor-
moxia in normal supine humans. J Appl Physiol 106: 1057–1064, 2009.

3. Archer SL, Huang JM, Hampl V, Nelson DP, Shultz PJ, Weir EK.
Nitric oxide and cGMP cause vasorelaxation by activation of a charyb-
dotoxin-sensitive K channel by cGMP-dependent protein kinase. Proc
Natl Acad Sci USA 91: 7583–7587, 1994.

4. Archer SL, Tolins JP, Raij L, Weir EK. Hypoxic pulmonary vasocon-
striction is enhanced by inhibition of the synthesis of an endothelium
derived relaxing factor. Biochem Biophys Res Commun 164: 1198–1205,
1989.

5. Asadi AK, Cronin MV, Sá RC, Theilmann RJ, Holverda S, Hopkins
SR, Buxton RB, Prisk GK. Spatial-temporal dynamics of pulmonary
blood flow in the healthy human lung in response to altered FIO2. J Appl
Physiol 114: 107–118, 2013.

6. Barer GR, Howard P, Shaw JW. Stimulus-response curves for the
pulmonary vascular bed to hypoxia and hypercapnia. J Physiol 211:
139–155, 1970.

7. Bolar DS, Levin DL, Hopkins SR, Frank LF, Liu TT, Wong EC,
Buxton RB. Quantification of regional pulmonary blood flow using
ASL-FAIRER. Magn Reson Med 55: 1308–1317, 2006.

8. Burrowes KS, Buxton RB, Prisk GK. Assessing potential errors of
MRI-based measurements of pulmonary blood flow using a detailed
network flow model. J Appl Physiol 113: 130–141, 2012.

9. Carey MA, Card JW, Voltz JW, Arbes SJ Jr, Germolec DR, Korach
KS, Zeldin DC. It’s all about sex: gender, lung development and lung
disease. Trends Endocrinol Metab 18: 308–313, 2007.

10. Croft QPP, Formenti F, Talbot NP, Lunn D, Robbins PA, Dorrington
KL. Variations in alveolar partial pressure for carbon dioxide and oxygen
have additive not synergistic acute effects on human pulmonary vasocon-
striction. PLos One 8: e67886, 2013.

11. Dohi Y, Kojima M, Sato K, Lüscher T. Age-related changes in vascular
smooth muscle and endothelium. Drugs Aging 7: 278–291, 1995.

12. Euler USV, Liljestrand G. Observations on the pulmonary arterial blood
pressure in the cat. Acta Physiol Scand 12: 301–320, 1946.

13. Fishman AP. Acute hypoxia and pulmonary vasoconstriction in humans:
uncovering the mechanism of the pressor response. Am J Physiol Lung
Cell Mol Physiol 287: L893–L894, 2004.

14. Frostell CG, Blomqvist H, Hedenstierna G, Lundberg J, Zapol WM.
Inhaled nitric oxide selectively reverses human hypoxic pulmonary vaso-
constriction without causing systemic vasodilation. Anesthesiology 78:
427–435, 1993.

15. Galiè N, Seeger W, Naeije R, Simonneau G, Rubin LJ. Comparative
analysis of clinical trials and evidence-based treatment algorithm in
pulmonary arterial hypertension. J Am Coll Cardiol 43: S81–S88, 2004.

16. Glenny RW, Robertson HT, Hlastala MP. Vasomotor tone does not
affect perfusion heterogeneity and gas exchange in normal primate lungs
during normoxia. J Appl Physiol 89: 2263–2267, 2000.

17. Glenny RW, Robertson HT. Spatial Distribution of Ventilation and
Perfusion: Mechanisms and Regulation. In: Comprehensive Physiology.
Hoboken, NJ: Wiley, 2011, p. 16–30.

18. Grant BJ, Davies EE, Jones HA, Hughes JM. Local regulation of
pulmonary blood flow and ventilation-perfusion ratios in the coatimundi.
J Appl Physiol 40: 216–228, 1976.

19. Hayward CS, Kalnins WV, Rogers P, Feneley MP, Macdonald PS,
Kelly RP. Effect of inhaled nitric oxide on normal human left ventricular
function. J Am Coll Cardiol 30: 49–56, 1997.

20. Henderson AC, Prisk GK, Levin DL, Hopkins SR, Buxton RB.
Characterizing pulmonary blood flow distribution measured using arterial
spin labeling. NMR Biomed 22: 1025–1035, 2009.

21. Henderson AC, Sá RC, Theilmann RJ, Buxton RB, Prisk GK, Hop-
kins SR. The gravitational distribution of ventilation-perfusion ratio is
more uniform in prone than supine posture in the normal human lung. J
Appl Physiol 115: 313–324, 2013.

22. Hermansen L, Ekblom B, Saltin B. Cardiac output during submaximal
and maximal treadmill and bicycle exercise. J Appl Physiol 29: 82–86,
1970.

23. Hopkins SR, Arai TJ, Henderson AC, Levin DL, Buxton RB, Prisk
GK. Lung volume does not alter the distribution of pulmonary perfusion
in dependent lung in supine humans. J Physiol 588: 4759–4768, 2010.

24. Hopkins SR, Prisk GK. Lung perfusion measured using magnetic reso-
nance imaging: new tools for physiological insights into the pulmonary
circulation. J Magn Reson Imaging 32: 1287–1301, 2010.

25. Högman M, Frostell CG, Hedenström H, Hedenstierna G. Inhalation
of nitric oxide modulates adult human bronchial tone. Am Rev Respir Dis
148: 1474–1478, 1993.

26. Jolliet P, Bulpa P, Thorens JB, Ritz M, Chevrolet JC. Nitric oxide and
prostacyclin as test agents of vasoreactivity in severe precapillary pulmo-
nary hypertension: predictive ability and consequences on haemodynam-
ics and gas exchange. Thorax 52: 369–372, 1997.

27. Joyce CJ, Baker AB, Kennedy RR. Gas uptake from an unventilated
area of lung: computer model of absorption atelectasis. J Appl Physiol 74:
1107–1116, 1993.

28. Kourembanas S, McQuillan LP, Leung GK, Faller DV. Nitric oxide
regulates the expression of vasoconstrictors and growth factors by vascular
endothelium under both normoxia and hypoxia. J Clin Invest 92: 99–104,
1993.

29. Kovacs G, Berghold A, Scheidl S, Olschewski H. Pulmonary arterial
pressure during rest and exercise in healthy subjects: a systematic review.
Eur Respir J 34: 888–894, 2009.

30. Martin MA. Bootstrap hypothesis testing for some common statistical
problems: a critical evaluation of size and power properties. Comput Stat
Data Analysis 51: 6321–6342, 2007.

iNO Alters Regional Pulmonary Blood Flow • Asadi AK et al.

J Appl Physiol • doi:10.1152/japplphysiol.01354.2013 • www.jappl.org



 

 

101 

 

31. Mélot C, Naeije R, Hallemans R, Lejeune P, Mols P. Hypoxic pulmo-
nary vasoconstriction and pulmonary gas exchange in normal man. Respir
Physiol 68: 11–27, 1987.

32. Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology, patho-
physiology, pharmacology. Pharmacol Rev 43: 109–142, 1991.

33. Motley HL, Cournand A, Werko L, Himmelstein A, Dresdale D. The
influence of short periods of induced acute anoxia upon pulmonary artery
pressures in man. Am J Physiol 150: 315–320, 1947.

34. Moudgil R, Michelakis ED, Archer SL. Hypoxic pulmonary vasocon-
striction. J Appl Physiol 98: 390–403, 2005.

35. Naeije R, Brimioulle S. Physiology in medicine: importance of hypoxic
pulmonary vasoconstriction in maintaining arterial oxygenation during
acute respiratory failure. Crit Care 5: 67–71, 2001.

36. Naeije R, Mols P, Hallemans R, Mélot C. Effects of vasodilators on hypoxic
pulmonary vasoconstriction in normal man. Chest 82: 404–410, 1982.

37. Pison U, Lopez FA, Heidelmeyer CF, Rossaint R, Falke KJ. Inhaled
nitric oxide reverses hypoxic pulmonary vasoconstriction without impair-
ing gas exchange. J Appl Physiol 74: 1287–1292, 1993.

38. Prisk GK, Yamada K, Henderson AC, Arai TJ, Levin DL, Buxton RB,
Hopkins SR. Pulmonary perfusion in the prone and supine postures in the
normal human lung. J Appl Physiol 103: 883–894, 2007.

39. Rahn H, Bahnson HT. Effect of unilateral hypoxia on gas exchange and
calculated pulmonary blood flow in each lung. J Appl Physiol 6: 105–112, 1953.

40. Rich GF, Murphy GDJ, Roos CM, Johns RA. Inhaled nitric oxide:
selective pulmonary vasodilation in cardiac surgical patients. Anesthesi-
ology 78, 1993.

41. Silvennoinen MJ, Kettunen MI, Kauppinen RA. Effects of hematocrit
and oxygen saturation level on blood spin-lattice relaxation. Magn Reson
Med 49: 568–571, 2003.

42. Sitbon O, Brenot F, Denjean A, Bergeron A, Parent F, Azarian R, Herve P,
Raffestin B, Simonneau G. Inhaled nitric oxide as a screening vasodilator agent
in primary pulmonary hypertension. A dose-response study and comparison with
prostacyclin. Am J Respir Crit Care Med 151: 384–389, 1995.

44. Spees WM, Yablonskiy DA, Oswood MC, Ackerman JJH. Water
proton MR properties of human blood at 1.5 Tesla: Magnetic susceptibil-
ity, T1, T2, T*2, and non-Lorentzian signal behavior. Magn Reson Med
45: 533–542, 2001.

45. Sylvester JT, Shimoda LA, Aaronson PI, Ward JP. Hypoxic pulmonary
vasoconstriction. Physiol Rev 92: 367–520, 2012.

46. West JB, Dollery CT. Distribution of blood flow and ventilation-perfu-
sion ratio in the lung, measured with radioactive CO2. J Appl Physiol 15:
405–410, 1960.

47. West JB, Mathieu-Costello O. Vulnerability of pulmonary capillaries in
heart disease. Circulation 92: 622–631, 1995.

48. West JB, Wagner PD. Bioengineering aspects of the lung. In: Lung Biology in
Health and Disease, edited by West JB. New York: Dekker, 1977, vol 3.

iNO Alters Regional Pulmonary Blood Flow • Asadi AK et al.

J Appl Physiol • doi:10.1152/japplphysiol.01354.2013 • www.jappl.org



 

 

102 

Chapter 3, in full, is a reprint of Inhaled nitric oxide alters the distribution of blood 

flow in the healthy human lung, suggesting active hypoxic pulmonary vasoconstriction in 

normoxia., Asadi AK, Sá RC, Kim NH, Theilmann RJ, Hopkins SR, Buxton RB, Prisk GK. 

This article appeared in the Journal of Applied Physiology 2015, volume 118 pages 331-

343. The dissertation author was the primary investigator and author of this paper. 
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Chapter 4. Comparison of hypercapnic and hypoxic 
vascular regulatory effects on the spatio-temporal 
distribution of pulmonary blood flow 
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Abstract 

Pulmonary vascular tone is known to be sensitive to local pO2 and pCO2. 

Although the effects of hypoxia are well studied, relatively less is understood about the 

hypercapnic response. We assessed changes in spatio-temporal behavior of regional 

pulmonary blood flow in humans in response to hypercapnia using MRI. Dynamic 

measures of blood flow were made in a single slice of the right lung of eight healthy 

volunteers following a block-stimulus paradigm (baseline, challenge, recovery), with CO2 

added to inspired gas during the challenge block to affect a 7 Torr increase in end-tidal 

CO2. Effects of hypercapnia on blood flow were quantified in terms of spatial and 

temporal variability (variances), similarities (covariances), and the degree of flow pattern 

redistribution at three levels of spatial scale (0.025 cm3, 1 cm3, 10 cm3). For comparison, 

the same analysis was conducted on data collected from a previous study on the effects 

of 12.5% oxygen breathing.  At 0.025 cm3, hypercapnia increased spatial variability (p = 

0.008) and spatial similarity (akin to the temporal stability of the spatial distribution), 

effects that were significantly different than those observed in hypoxia (p = 0.004 and 

p<0.001 respectively). The effect on the redistribution of flow was 48.2% larger with 

hypercapnia compared to control (p = 0.047), suggesting a significant change in the 

steady-state flow pattern. Unlike hypoxia, changes in regional blood flow patterns with 

hypercapnia did not persist past 1cm3 scale, suggesting CO2-mediated regulation of 

vascular tone is more localized than, and may be complementary to, O2-mediated 

regulation.  
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Introduction 

Evidence suggests that the lung has the intrinsic capacity to actively regulate 

regional blood flow, and therefore optimize gas exchange, during the course of adult life. 

As first demonstrated by Euler and Liljestrand (10), lowered alveolar PO2  and increased 

alveolar PCO2 each individually lead to increased vascular resistance, providing for a 

mechanism by which blood flow can be redirected away from poorly functioning regions 

of lung. The stimulus-response curves to both hypoxia and hypercapnia display activity 

over the physiologic range of alveolar gas tensions (4), leading to demonstrated (in the 

case of hypoxic pulmonary vasoconstriction, HPV) negative feedback control of VA/Q 

matching in humans and other animals(8, 14, 20). To what degree this capacity for self-

regulation represents a vital component necessary for healthy function is to date 

unknown, but has been a subject of considerable interest.  

We previously theorized that if active control of the circulation were important for 

normal gas exchange, then regulatory mechanisms should be active while air breathing. 

Utilizing inhaled nitric oxide (iNO), a potent pulmonary vasodilator, we found that HPV 

actively mitigates V/Q mismatch in normoxic human subjects by redistributing blood flow 

away from the dependent lung, presumably counteracting impairment of regional 

alveolar PO2 due to gravity(2). Although not sufficient to prove the need for active 

regulation of blood flow within the lung, the result obtained is certainly supportive of the 

notion that control of the pulmonary circulation does indeed occur in daily adult life. 

Additionally, there is some evidence to suggest that disrupting mechanisms involved in 

active control does lead to a functional deficit. Impairment of HPV via gene knockout of 

endothelial gap junctions (disrupting coordination between alveolar O2 sensing and 

upstream vascular smooth muscle contraction) led to spontaneous desaturation in 

affected mice even while air breathing(26).  
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Although HPV has been the focus of a great deal of study over many years, it is 

only relatively recently that we’ve had the ability to make the kinds of repeated measures 

of regional response needed to explore dynamic regulation in human subjects. Further, 

while important, HPV may only represent a smaller part of a more complex regulatory 

system involving both oxygen and CO2 sensing. There is a relative paucity of information 

in the literature regarding the role of CO2 in modulating regional blood flow and thus 

VA/Q matching  

In this study we sought to quantify changes in the spatio-temporal behavior of 

regional pulmonary blood flow in humans in response to hypercapnia, and 

compare/contrast the vascular response to hypercapnia in this study with those 

previously observed in hypoxia(1). To accomplish this end, we employed an MRI 

technique called Arterial Spin Labeling (ASL) to make repeated measures of blood flow 

in a single slice of right lung while following a block stimulus paradigm, with a stimulus 

target of a 1% (~7 torr) increase in end-tidal CO2. Changes in blood flow dynamics were 

assessed in terms of effects on spatio-temporal components of variance and similarity, 

which were derived from metrics previously shown to be sensitive to acute changes in 

vascular tone(1, 2).   

Methods 

Subjects 

We assessed the pulmonary vascular response to hypercapnia in a group of 

eight healthy volunteers (5 male, 3 female) between 21 and 55 years of age (mean ± 

SD: 33 ± 10) with normal lung function and no history of cardiovascular or pulmonary 

disease. Volunteers were screened for health history, pulmonary function, and potential 

contraindications to MRI prior to participation, with assessment of pulmonary function 
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conducted via spirometry (mean ± SD % Predicted: FEV1 100 ± 14%, FEV1/FVC 101 ± 

6%). The study was approved by the University of California San Diego Human 

Research Protection Program, and all subjects provided written, informed consent during 

the initial screening process. Comparison data on the effects of hypoxia were derived 

from(1) in which 6 healthy male subjects, ages 22 to 35 years (mean age 29 ± 5) 

participated. 

Physiological Challenge and Monitoring 

Setup and Monitoring 

 

Figure 4-1.  Schematic representation of the CO2 rebreathing circuit. End-tidal CO2 is maintained 
by adjusting the mixture of CO2 delivered through the feeder tube (bottom left). Flow is 
unidirectional in the main circuit due to the non-rebreathing valve attached the to mask, and a 
large reservoir tube remains open to the room to prevent accidentally overbreathing CO2 

 

Subjects were provided hearing protection and instrumented with an EKG 

electrode pad (Quadtrode, Invivo, Orlando, FL) connected to an MRI compatible patient 

monitor (Magnitude 3150M, Invivo, Orlando, FL) for cardiac gating, fitted with a full-face 

mask (7400 series Oro-Nasal Mask, Hans Rudolph, KS, USA) equipped with a non-

rebreathing T-valve (Hans Rudolph, KS, USA), and positioned supine on top of the 

posterior elements of an 8-channel MR torso coil. Silicon phantoms were placed on the 
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anterior chest, at the level of the sternum along the right mid-clavicular line, under the 

anterior portion of the torso coil. These phantoms provide an absolute signal reference in 

the event that absolute quantification of blood flow (in ml/min/g) is needed. A fingertip 

pulse oximeter (7500FO, Nonin, MN, USA) was used to monitor SaO2 and pulse rate.  

The T-valve on the mask was integrated into a unidirectional rebreathing circuit 

(shown in figure 4-1) to allow precise control and monitoring of end tidal CO2 (EtCO2). 

The rebreathing circuit contained an MRI compatible pneumotachometer (Hans 

Rudolph, KS, USA) on the inspiratory arm for ventilation monitoring, as well as a long 

reservoir tube that was open to the room at its endpoint to prevent the possibility of over-

breathing the circuit volume. Inspired CO2 adjustment was accomplished via a gas 

feeder tube connected to the circuit at one end and a flow mixing manifold (Hans 

Rudolph, KS, USA) in the console room, through which medical air (21% O2 balance N2), 

100% Oxygen, and 100% CO2 gas tanks could be blended. A long sampling catheter 

was then affixed to a sampling port at the mask inlet to allow gas monitoring with a mass 

spectrometer located in the console room. Gas concentration, ventilation, and heart rate 

were acquired using LabView (National Instruments, Austin TX) at 100 Hz. 

Respiratory and cardiac gating  

Gating was accomplished in the same manner as in previous studies(1, 2). 

Subjects were trained to voluntarily gate their respiration in time with audible cues during 

the imaging sequence, such that all images were acquired with the subject at functional 

residual capacity (FRC) during 1-2 second pauses while tidally breathing. Subjects adapt 

quickly to this protocol, resulting in a highly reproducible lung volume for repeated scans. 

The repetition time of image acquisition was set to ~5s to allow full MR signal recovery 

and match a normal breathing frequency of  ~12 breaths per minute. While respiratory 

gating, subjects were allowed to vary their tidal volume, sigh, or take deep breaths as 
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necessary. Image acquisition was cardiac gated to minimize motion and pulsatile flow 

artifact. The exact time between images varied slightly from image to image as the 

acquisition was timed to occur during the next available diastole after the repetition time 

had elapsed. 

Stimulus protocol  

Each subject participated in two different imaging trials, both conducted on the 

same day (one immediately following the other). During each trial, subjects voluntarily 

gated their breathing for 300 tidal breaths (30 minutes).  The lateral distance from the 

spinal cord was used as a reference for same-slice identification for cases in which 

subjects needed to be removed from the scanner between runs. We employed a 

repeated measures block-stimulus design, in which each trial was subdivided into three 

100-image blocks (baseline, challenge, and recovery).  Only the challenge block differed 

between the two trials for each subject: 1) A normoxic normocapnic control trial with a 

constant Fio2 of 0.21 and no added CO2, and 2) A normoxic hypercapnic trial with a 

stable 1% (of atmospheric pressure, ~7 torr) increase in end tidal CO2 above the 

average value measured in the immediately preceding baseline block. In practice, we 

found a 1% increase in EtCO2 generally corresponded to ~4% inspired CO2. The order 

of the trials was balanced between subjects. 

Image Acquisition  

Images were collected with a GE 1.5T MRI scanner with acquisition parameters 

similar to our most recent studies on blood flow. Briefly, we used the 2D ASL-FAIRER 

sequence with a half-fourier acquisition single-shot turbo spin-echo (HASTE), a 256x128 

acquisition matrix reconstructed to 256x256, a 40cm field of view, and 10mm slice 

thickness. As in these prior studies, we used the Flow Alternating Inversion Recovery 
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with an Extra Radiofrequency pulse (FAIRER) variant of ASL to make repeated 

measures of blood flow in a single sagittal slice of the right lung, approximately where 

the apical-basal dimension was largest.  

In brief, ASL captures two images of the same lung slice, in which the contrast of 

each image has a different sensitivity to blood flow. This differential sensitivity is 

achieved by manipulating the magnetization of hydrogen protons in water with RF 

pulses. In the first case, the control (or blood-bright) image causes inflowing blood to 

carry relaxed protons capable of generating full signal into an image plane that has been 

previously signal-depleted. The process is then repeated for the tag (or blood dark) 

image, except this time the preparatory RF pulses signal-deplete the entire lung, such 

that protons carried into the slice have the same magnetization (again undergoing 

recovery) as those originating in the slice.  Image acquisition is cardiac gated such that 

preparatory RF pulses occur during diastole, and the image is acquired during the 

subsequent diastole, thereby collecting blood flow in the slice amounting to one systolic 

ejection. Subtracting the tag from the control image leaves a difference (or ASL) image 

in which the remaining signal is proportional to local flow. For dynamic studies of blood 

flow this process is repeated after every breath, alternating between the control and tag 

images in a 9:1 ratio as was done in (2)to achieve an effective temporal resolution on the 

order of ~5s.  

Data Processing Path 

Raw data underwent a series of preprocessing steps prior to any analysis. As an 

overview, these steps included a quality control process, misalignment correction with an 

image registration algorithm, creation of blood flow time series, masking of conduit 

vessels, and normalization to account for any changes in magnetic relaxation rates or 
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cardiac output with intervention.  The normalized data were then analyzed using metrics 

aimed at quantifying changes in spatio-temporal variability.   

Image quality control 

  As in prior studies(1, 2), images in which there was substantial deviation from 

FRC as noted by large diaphragmatic excursion, or in which there was sufficient 

evidence of image artifact due to mistimed gating in the image acquisition, were treated 

as missing data and excluded from further analysis.  

Image registration 

  Despite voluntary respiratory gating, some small breath-to-breath variation in 

volume occurred. Images were treated with a custom deformable image registration 

algorithm implemented in MATLAB, to reduce any variability arising from misalignment 

of the same lung region across multiple images. The algorithm works by applying a 

linear perspective transformation to an outline of the lung drawn by the user on a 

reference image, where the transformation itself is determined by the locations of a set 

of four bounding-box nodes (the corners of the box). To register a given image the user 

moves the nodes as needed, deforming the lung outline until it now matches the lung 

shape in the image being registered. The displacements of the four nodes then define a 

linear deformation field that includes elements of translation, rotation, shear and 

projection. The image being registered is mapped back to its original shape via 

interpolation of the deformation field onto the reference coordinate grid. All images in a 

particular trial were registered to a reference image in that trial, chosen by inspection.  

Construction of ASL (Blood Flow) Image series 

Following registration, tag images from the same block were averaged together 

to yield a representative tag image for each block (3 total, baseline, challenge, recovery). 
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These representative tag images were then subtracted from the series of corresponding 

control images (those acquired in the same block) to yield the ASL image series. This 

resulted in a series of ASL images, one every ~5 seconds, with every 10th image 

missing.  

Removing large conduit vessels 

The ASL images contain contributions from two sources; that from blood that is 

or will be delivered to the capillary bed within the imaged slice, and which therefore 

participates in regional perfusion (the signal of interest), and that from blood traveling 

through “conduit” vessels as they traverse the slice, destined for delivery to distant 

capillary beds outside the slice plane (perfusion to other non-imaged regions, therefore 

confounding signal). In order to reduce the impact of conduit flow on our signal of 

interest, a cutoff was defined at 35% of the maximum signal intensity in the mean ASL 

image, and voxels above that were labeled as conduit signal. A binary mask was created 

to exclude voxels exceeding this threshold, and the mask was then applied to all images 

in the trial. The choice of a 35% cutoff was validated in an in-silico study (7) and has 

been used in (1, 2).  

Normalization. ASL images for each experimental block (baseline, challenge, 

recovery, in each trial) were normalized to the mean signal intensity in that block. As in 

prior studies(1, 2), the normalization procedure was implemented to remove the effects 

of changes in MR relaxation rates T1 and T2, induced by varying inspired gas 

composition and to mitigate changes in cardiac stroke volume that may occur either as a 

result of intervention or normal physiologic drift over time. Without normalization, 

alteration of relaxation rates may otherwise result in changes in signal intensity 

independent of variation in blood flow. After normalization, signal intensity corresponds 
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to the fraction of the slice mean flow (averaged over the block) delivered to that voxel at 

the time the image was acquired. 

Smoothing 

 In order to investigate spatio-temporal blood flow dynamics as a function of 

spatial scale, trials were analyzed at three levels of spatial smoothing. Spatial smoothing 

was performed using a Gaussian convolution kernel and varying the full-width half max 

(FWHM) to achieve a final resolution of either ~0.025cm3 (unsmoothed), ~1cm3 (FWHM 

= 7) or ~10cm3 (FWHM = 21).  Corrections were applied to spatially smoothed data to 

remove any effects of smoothing across lung or conduit vessel boundaries. 

Data metrics 

A brief summary of each of the data metrics employed in this study is given 

below. Note that a detailed discussion is provided in the appendix, along with derivations 

for the relationships between spatial and temporal parameters. 

Mean spatial and temporal variability 

For a given image, the spatial variability describes the width of the distribution of 

voxel values at the moment the image was acquired, as assessed by variance. For a 

series of images the mean spatial variability is the arithmetic average of individual image 

variances, and is given by [4.14]. 

 

!!
σ spatial

2 = 1
nimages

σ imagei

2

i=1

nimages

∑
             [4.14] 
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Analogous to mean spatial variability, the mean temporal variability was calculated by 

[4.15], where the subscript vbf indicates the voxel blood flow time series for voxel k.  

 

!!
σ temporal

2 = 1
nvoxels

σ
vbf t( )k
2

k=1

nvoxels

∑            [4.15] 

 
Since all images were normalized prior to analysis, the computed values for mean 

spatial and mean temporal variability are akin to the squared relative dispersion (RD, 

alternately coefficient of variation, CV) of flow in spatial and temporal domains.  

Spatial and temporal similarity 

We quantified the degree to which changes in temporal variation imparted 

changes in spatial variation as a response to physiologic stimulus. As shown in 

Appendix A.1, this spatio-temporal association was determined from the average 

covariance between images in a block [4.13], which describes how stable the spatial 

pattern of flow remains during that time (Spatial Similarity, ), and the average 

covariance between the blood flow time series at each voxel [4.16], which describes the 

degree of coordination in the temporal fluctuations among voxels (Temporal Similarity,τ

). 

 

!!
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nimages nimages −1( ) Cov imagei ,imagej( )
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nimages
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nimages

∑
  [4.13] 
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∑
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The relationship between spatial variance, temporal variance, spatial similarity, and 

temporal similarity is constrained according to [4.12] . 

 

!!ψ =σ spatial
2 −σ temporal

2 +τ
         [4.12] 

Blood flow redistribution 

The steady-state pattern of blood flow in the lung was determined for each block 

by calculating the mean image, averaged over time. The magnitude of change in the 

steady-state pattern was then assessed using [4.31], where 
!
vbf m t( )  is the sequence of 

steady-state values (the temporal means for each block time period being compared) for 

voxel k.  As shown in Appendix A.3 [4.31] measures the variation of the difference in the 

block temporal mean images, which is mathematically equivalent to the uncoordinated 

temporal variation in voxel mean flow.  
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We calculated the magnitude of redistribution between the baseline and 

challenge block in each trial to determine the effect of intervention, as well as between 

baseline and recovery blocks to assess whether blood flow returned to normal after 

intervention or whether there were lasting changes in the pattern of blood flow as a 

result of transient hypercapnia.  
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Large-scale regional blood flow patterns 
 

The spatial effects of redistribution on steady-state flow patterns were evaluated 

using a regional analysis technique introduced in (2). In essence, for each subject the 

lung was segmented into 9 regions by dividing in thirds (of equal length) along both the 

cranial-caudal and dorso-ventral axes. Regions were labeled 1-9, forming a set of masks 

that were sequentially applied to the steady-state blood flow images described above to 

determine mean blood flow to that region during each of the steady states (blocks). The 

changes in regional flow (challenge – baseline) were then calculated subject by subject 

for each trial (normoxic/normocapnic controls, hypercapnia, and hypoxia), and effects 

were assessed using ANOVA (see statistical analysis below). Blood flow change 

patterns were determined for the group as a whole by averaging data across subjects 

from regions with the same label (e.g. all region 1s), and plotting the group results back 

into the lung shape of a representative subject. Note that for this regional analysis all asl 

images were normalized by their own mean flow prior to computation of steady-state 

blood flow data (as opposed to the block mean) so that results are directly comparable 

to those obtained from previous study (2). 

Statistical Analysis 

Overview 

The first 30 images (approximately 2.5 minutes) of each block were used to 

stabilize EtCO2, with the remaining 70 images representing the block steady-state 

period. Spatial and temporal variances and similarities were computed for each block 

steady-state on a per subject basis. Values were then expressed in terms of change 

from baseline due either to hypercapnic breathing, or the normocapnic control (a 

measure of the effect of laying supine and respiratory gating over the same time period). 
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The effect of intervention was determined as the difference !!ΔCO2 − ΔAir . The same 

process was used to assess the effect of hypoxia from previously acquired data. Since 

the spatio-temporal parameters are group averages of mean normalized variances, 

covariances, and their linear combinations, it cannot safely be assumed that the data 

would be sufficiently described by the normal distribution to rely on standard parametric 

statistical tests. Therefore we employed bootstrap hypothesis testing, a non-parametric 

statistical technique which avoids any assumptions about the shape of the underlying 

distribution.  

Changes in ventilation and heart rate were assessed using 2-factor (block x 

FICO2) repeated measures ANOVA, with post hoc analysis conducted using Fisher’s 

PLSD. Differences in large-scale regional blood flow patterns were also assessed via 

ANOVA methods in the following way. For the CO2 experiment (consisting of both 

normocapnic control and hypercapnic data) subject changes from baseline were 

grouped by region and FICO2 (primary factors), with both factors considered repeated 

measures. A positive F test (p< 0.05) for a region x FICO2 interaction was taken as 

indication that hypercapnia led to changes in large-scale regional flow patterns that were 

significantly different from those observed in the normocapnic control. The same process 

was repeated for the O2 experiment, substituting FIO2 instead of FICO2 as the second 

experimental factor. A 1-factor (region) repeated measures ANOVA was also used to 

estimate whether statistically significant changes in regional flow patterns occurred 

during each control experiment.  

Bootstrap testing 

The statistical bootstrap (9, 19, 28) is a means of generating confidence intervals 

and hypothesis tests when an exact mathematical expression for the underlying 
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population distribution cannot be easily obtained. The basic idea is to perform a large 

number of simulated experiments by resampling the acquired data, and with each 

resampling calculate the statistic of interest. For the purposes of this study, we 

computed 10,000 simulated resamples. Since each resampling shares the properties of 

the population from which it was drawn, the distribution of the statistic resulting from the 

set of simulated experiments (the bootstrap distribution) approximates the true 

distribution of the statistic in the population.  

In order to perform a bootstrap hypothesis test, the resamples were generated in 

a manner that enforced a null hypothesis that effects of hypercapnic stimulus were the 

same as air breathing over an equivalent period. Thus the trials for an individual subject 

were considered essentially interchangeable experiments of the same phenomenon, and 

the associated inspired gas was merely due to random chance. For each resample, new 

hypercapnic and normocapnic trial runs were simulated for each subject by random 

assignment (with replacement) of the subject’s original trial set to new FICO2 categories, 

allowing for the possibility of duplicates (e.g. simulated hypercapnic and normocapnic 

trials could by chance share the same original trial data) which would in effect reduce the 

contribution of individual subjects at random to the group outcome. After repeating for 

each subject, data metrics are computed and then averaged across subjects to produce 

group mean values (average spatial variance, etc.) for that complete replicate. The 

distributions of group mean values of each of 10,000 replicates were then used to 

estimate the probability of observing deviations from the null hypothesis as large as seen 

in the original data and assign p-values, with results deemed significant at the p = 0.05 

level. 
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Results 

On average, we managed to achieve a 1.00 ± 0.05% (± SE) increase in EtCO2 

during the hypercapnic challenge block from 4.95 ± 0.20% to 5.95 ± 0.19%). Heart rate 

was not significantly affected by intervention (FICO2 x Block interaction, p = 0.61), but an 

effect on minute ventilation was detected with ANOVA (p < 0.001) as expected. 

Ventilation increased during hypercapnic challenge by 34% compared to a 3% decrease 

over the same period in the normocapnic control  (p <0.001). Group ventilation, heart 

rate, and EtCO2 responses are shown in table 4-1. 

 
Table 4-1. Physiologic data for hypercapnic and normoxic (control) trials. Ventilation significantly 
increased 34% over baseline in the hypercapnic experiment.  

 

 

 
 

 

 

Table 4-2. Spatial and temporal variability (and similarity) of flow for each condition tested.  

 

 

Normocapnia Hypercapnia %.change.over.baseline.with.challenge %.change.over.baseline.with.recovery
Baseline Challenge Recovery Baseline Challenge Recovery Normocapnia Hypercapnia p Normocapnia Hypercapnia p

Spatial.Variability 1.093 1.066 1.159 1.123 1.224 1.269 E2.45% 8.97% 0.008 6.06% 13.03% 0.123
SE 0.073 0.091 0.123 0.117 0.156 0.152 4.73% 4.46% 10.23% 10.38%

Spatial.Similarity 0.717 0.659 0.742 0.771 0.802 0.869 E8.19% 4.07% 0.008 3.42% 12.73% 0.181
SE 0.054 0.060 0.076 0.109 0.137 0.115 6.17% 5.45% 7.06% 12.93%

Temporal.Variability 0.389 0.421 0.432 0.365 0.436 0.412 8.12% 19.43% 0.314 10.84% 12.84% 0.921
SE 0.051 0.063 0.052 0.029 0.040 0.059 11.80% 8.52% 19.44% 10.63%

Temporal.Similarity 0.014 0.013 0.014 0.013 0.015 0.012 E2.51% 12.01% 0.635 3.82% E10.18% 0.605
SE 0.004 0.003 0.003 0.002 0.003 0.002 29.07% 177.38% 34.59% 24.43%

!! normocapnia! !! hypercapnia!!! !! ANOVA!p! !!
Baseline! Challenge! Recovery! Baseline! Challenge! Recovery! Fico2! Phase! Fico2xPhase!

Ven<la<on!(L/m)! 6.48! 6.24! 6.21! 6.98! 9.36% 7.26! 0.0239! 0.0019! 0.0002!
SE! 0.83! 0.97! 0.86! 1.11! 1.13! 0.18! !! !!
HR!(bpm)! 66.70! 66.49! 66.34! 67.50! 69.41! 68.68! 0.5825! 0.698! 0.6102!
SE! 4.38! 4.48! 4.19! 5.85! 5.67! 0.18! !! !!
EtCO2!(%!atm)! 5.16! 5.16! 5.14! 4.95! 5.95% 4.98! 0.4137! <!0.0001! <!0.0001!
SE! 0.18! 0.17! 0.20! 0.20! 0.19! 0.19!!! !! !!
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Overall, administration of CO2 led to changes in spatial variability, spatial 

similarity, and redistribution that were significantly different than those observed during 

the control run (see table 4-2 and table 4-3).  Expressed as a percentage change over 

baseline, mean spatial variability increased 9.0% during the hypercapnic challenge block 

compared to a 2.5% decrease for control (p = 0.008). Spatial similarity followed a similar 

trend, increasing 4.1% with hypercapnic challenge vs. a decline of 8.2% (p = 0.008) 

when normocapnic. The effect on the redistribution of flow (resulting in an altered spatial 

pattern) was the most pronounced, with a 48.2% larger redistribution as a result of 

hypercapnia (p = 0.047). Effects on other metrics were less conclusive, with temporal 

variability trending higher on average in response to hypercapnia but failing to reach the 

level of significance (p = 0.31). Temporal similarity in all conditions was near zero and 

seemingly unaffected by intervention (p = 0.61). Elevated spatial variability, spatial 

similarity, and redistribution persisted after cessation of CO2 administration but were no 

longer significantly different than control over the same time period (p = 0.123, p = 

0.181, and p = 0.67 respectively).  

 

Challenge Recovery Challenge Recovery p p
Redistribution 0.158 0.231 0.234 0.257 0.047 0.670
SE 0.018 0.033 0.051 0.065

RelativeAHypercapnicAChangeNormocapnia Hypercapnia
challenge
48.23%
31.70%

recovery
11.13%
37.76%

Table 4-3. Effect of hypercapnia on the steady state blood flow pattern. 
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Figure 4-2.   Comparison of hypoxic and hypercapnic effects on Spatio-temporal variability. 
Hypercapnia (red) led to statistically significant increases in spatial flow variation, while 
simultaneously improving the temporal stability of the spatial flow pattern (spatial similarity). 
Hypoxia however tended to impart more temporal variation (as noted by both increased temporal 
variability and declining stability of the spatial pattern) as HPV was engaged. Hypoxic and 
hypercapnic changes are relative to control.   

 
*    Statistically significant change (p<0.05) 
v Effects of hypercapnia and hypoxia are statistically different from one another (p<0.05) 

 
Figure 4-2 compares the effects of hypercapnia on the pulmonary circulation with 

those of (poikilocapnic) hypoxia (FIO2 = 0.125), determined from previously acquired 

data(1). Hypoxia induced a significant redistribution of blood flow that was 66% larger 

than normoxic control (p = 0.013) and similar to that seen in hypercapnia (not statistically 

different, p = 0.31). Hypoxia also led to an increase in temporal variability (p = 0.018), 

which in absolute scale was similar in magnitude and not significantly different than that 
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in hypercapnia (p = 0.95), but due to a lower baseline resulted in a larger relative 

percent change (47.0% increase over baseline vs. 19.4% for hypercapnia). Spatial 

variability showed a slight decline relative to control in hypoxia (not different from zero, p 

= 0.265), a significantly different response (p = 0.004) to that observed in hypercapnia. 

Likewise, hypoxia led to a markedly different response in spatial similarity than 

hypercapnia (p <0.001), declining 10.7% (different from control, p = 0.044).  

 In general the application of spatial smoothing reduced all effect sizes in 

proportion to the full width half max (FWHM) of the Gaussian kernel used. In the case of 

 

Figure 4-3.   Comparison of hypoxic and hypercapnic effects on the large-scale regional 
pattern of blood flow, obtained by dividing individual subject lungs into a 3x3 grid (9 regions 
total) and comparing changes in mean regional ASL signal intensity between baseline and 
challenge blocks. Group average values, with changes expressed as a percentage of the slice 
mean flow, are shown plotted into a representative lung shape. Red indicates that blood flow to 
that region increased by 15% of the slice mean during the challenge block, blue indicates a 
15% decrease, and green represents no change. Regional flow during normoxic normocapnic 
control experiments (at left) show little to no change over the course of the experiment (largely 
green), whereas hypoxia led to decreases in blood flow to the central (cranio-caudal) third of 
the lung as well as the most ventro-cranial region. No significant effects of hypercapnia were 
found at this scale. 

 
*  Changes in flow distribution pattern different than those observed during control [FIO2 (or 

FICO2) x region interaction p<0.05] 
x   significant regional flow change, p<0.05 post hoc 
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hypoxia, redistribution and increased temporal variability remained statistically significant 

outcomes across all smoothing levels, whereas the decrease in spatial similarity was lost 

at both levels of smoothing (7 and 21). Hypercapnic effects appeared more sensitive to 

the level of spatial smoothing, with no significant effects remaining at a FWHM of 21, 

and redistribution present only when no smoothing was applied. Large-scale regional 

blood flow patterns, obtained by dividing the lung into a 3x3 grid, were significantly 

altered by hypoxia as evidenced by FIO2 x region interaction from ANOVA (p = 0.024), 

tending to decrease blood flow to the middle third of the dependent lung as shown in 

figure 4-3. Changes in large-scale regional flow patterns resulting from hypercapnia 

were not statistically significant (p = 0.91) from those during control, and neither control 

experiment showed any significant regional change pattern (p = 0.12 and p = 0.65). 

Discussion 

The overall findings of this study are that hypercapnia leads to detectable 

changes in the spatio-temporal variability of blood flow in the healthy lung that are 

substantially different from those induced by hypoxia, both in terms of the types of 

effects observed and the spatial scale at which they operate. Hypercapnic stimulus 

elicited a redistribution of blood flow that increased both the spatial heterogeneity 

(variance) and spatial similarity of perfusion, but that these effects were lost at 

progressively coarser spatial resolution (higher levels of smoothing, larger lung regions) 

indicating their action is predominantly at small spatial scales, within localized regions on 

the order of 1 cm3 or less.  

In contrast to hypercapnia, hypoxia resulted in changes in blood flow 

(redistribution) and blood flow dynamics (increased temporal variability) that persisted 

throughout all spatial resolutions tested. This does not discount the possibility that 
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hypoxic pulmonary vasoconstriction (HPV) is capable of acting at a local acinar level, but 

does suggest coordination of response at a larger regional scale than that seen with 

hypercapnia. That redistribution occurred with hypoxia in a manner that did not affect 

spatial heterogeneity of perfusion, and that hypercapnia and hypoxia exerted opposite 

influences on spatial similarity point to a difference in form and function of the regulatory 

mechanisms involved.   

Since its discovery, it has been suggested that HPV in the adult lung functions to 

mitigate ventilation-perfusion (V/Q) mismatch and thereby promote efficient gas 

exchange, particularly in conditions of physiologic or pathologic stress (10, 18, 21). As 

early as the first studies on HPV a similar role was postulated for the pulmonary vascular 

response to hypercapnia, a paradoxical vasoconstriction (in comparison to the systemic 

circulation) when exposed to elevated alveolar PCO2, as such a response would also 

serve to redirect blood away flow from poorly ventilated lung regions (10). However, 

despite the growing body of knowledge regarding the mechanisms underpinning HPV 

and the effect of hypoxia on the lung, comparatively less is known about the effects of 

CO2 on the lung, or the relative roles of hypoxia and hypercapnia in regulating V/Q 

matching.  

These findings indicate that vascular sensitivities to hypoxia and hypercapnia act 

as two distinct control mechanisms by which the lung attempts to optimize gas exchange 

efficiency, operating at different spatial scales and with differing effects on spatio-

temporal flow distribution. The observation that HPV and hypercapnic vasoconstriction 

have different and possibly complementary roles has some support in the literature. 

Using the Multiple Inert Gas Elimination Technique (MIGET), Swenson et al assessed 

the affects of hypoxia and hypercapnia (2-4% inspired) on V/Q mismatch, finding that 

both led to improved V/Q matching as evidenced by reductions in MIGET indices 
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logSDV and/or logSDQ. logSDV  and logSDQ, which describe the width of the 

distribution of ventilation and perfusion respectively across compartments of V/Q ratio, 

were both reduced with hypoxia (compared to a hyperoxic baseline) whereas 

hypercapnia affected logSDV alone, suggesting differences in response (25).  Likewise, 

Barer et al found that the stimulus-response profile of the pulmonary vasculature to 

hypoxia and hypercapnia were different in shape, with the hypercapnic curve showing 

more initial sensitivity of blood flow (steeper negative slope) followed by a secondary 

plateau phase, and the hypoxic curve demonstrating greater sensitivity at higher stimuli 

(4). Further, using techniques of control theory, Dorrington et al.(8) found that vascular 

feedback regulation of VA/Q in humans is maintained at approximately 60% efficiency 

over a wide VA/Q range through the combined responses to O2 and CO2, with the CO2 

response dominant at VA/Q > 0.65 (and the O2 response dominant below). Given these 

prior observations, it seems fairly plausible that each of the respiratory gases may have 

a complementary role in mitigating the development of gas exchange defects, an 

assertion which seems borne out by the difference in the way each gas impacts spatio-

temporal heterogeneity. 

Understanding Spatio-temporal effects 

The spatial and temporal domains represent two axes along which vascular 

control mechanisms may operate in maintaining gas exchange, potentially even 

optimizing one at the expense of the other. As such, there has been a considerable 

effort to try and characterize changes in vasomotor tone in terms of spatial and temporal 

outcomes. Using labeled microspheres Glenny et al showed that regions of dog lung 

with similar temporal flow patterns were more likely to be spatially collocated than would 

be expected by chance alone(13). The same group later showed (again with 
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microsphere injection) that the pattern of pulmonary blood flow remained highly 

correlated over several days (r = 0.93) (12). However, limited temporal information 

available from microsphere injection and other techniques has until recently hampered 

detailed study of dynamic blood flow regulation. With the rapidly growing amount of 

temporal information now available with MR based measurement, it becomes even more 

important to establish a general methodology for interpreting spatio-temporal change.  

We have previously shown that fluctuation dispersion, a lumped marker of spatio-

temporal change, is effective in detecting differences in blood flow distribution as a result 

of both hypoxic vasoconstrictive and pharmacologic vasodilatory stimuli(2). Here, we’ve 

drawn upon a mathematical framework proposed for the study of ecological systems(15) 

to separate the contributing spatial and temporal components of variation in that lumped 

parameter, and applied it to the study of hypercapnia on pulmonary vascular control. 

These components include spatial variance, temporal variance, spatial similarity, 

temporal similarity and flow redistribution, which are discussed below.  

Spatial Similarity 

Spatial similarity is the natural extension of Glenny et al.’s microsphere flow 

pattern stability experiment(12) to repeated temporal observation over a prolonged 

period. Specifically, spatial similarity measures the average covariance between all 

observed spatial patterns during some pre-defined observational period (e.g. here each 

experimental block), thereby providing a lumped estimate of pattern same-ness over 

time. In a sense, one can think of spatial similarity as a metric that captures the 

fuzziness of a long-exposure photo of blood flow, the more variation occurring during the 

exposure time the blurrier the photo, and the lower the spatial similarity. This blurriness 

may yield important information about how underlying control mechanisms impact the 

dynamic stability of pulmonary perfusion.  
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Dynamic stability can be thought of as the restoring force that acts upon a 

dynamical system to return it to its equilibrium configuration after perturbation. These 

disturbances may be imposed, as in the case of direct intervention, or may occur 

naturally during system operation. In the lung, fluctuations in metabolic demand, cardiac 

output, respiratory rate, and tidal volume may all lead to transient changes in regional 

oxygen and carbon dioxide tension, and consequently vasomotor response and blood 

flow. As a general characteristic, dynamically stable systems have large restoring forces 

that drive rapid recovery from disturbance, thereby preventing the system from drifting 

too far from its stable state. External factors may, however, trigger shifts in the system’s 

equilibrium configuration, resulting in weakening dynamic stability about the current 

operational point and a delayed disturbance recovery rate. Referred to as a “temporal 

slowing down”, this feature has been noted in many systems as a hallmark of impending 

critical transition, a rapid movement towards a new stable configuration(23). Examples of 

such transitions are wide ranging and include financial market “crashes”, sudden 

expansions or decreases of species population, onset of epileptic seizures, and acute 

asthmatic exacerbations(23).  

Since natural systems, like perfusion in the lung, are constantly subject to minor 

disturbances and fluctuations, measures of variance and correlation capture information 

about the speed at which the system is able to recover, and thus convey useful 

information about dynamic stability. Slowed recovery rate both allows disturbances to 

superimpose moving the system further from equilibrium than before, as well as allow 

the system to dwell longer at non-equilibrium positions, leading toward increased 

temporal variance and temporal lagged autocorrelation (23). It stands to reason by the 

same logic that for a process that attempts to match the spatial pattern of perfusion with 
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that of ventilation over time, delayed recovery would cause increased temporal variation 

in the spatial pattern of flow as a result of natural fluctuations, decreasing average 

pattern covariance and thus spatial similarity.  

 

Spatial similarity may therefore be indicative of the intrinsic dynamic stability of the lung 

(on the vascular side) as O2 and CO2 mediated control systems are engaged. The 

increase in spatial similarity seen as a result of hypercapnia suggests increased dynamic 

stability, particularly at small spatial scales, whereby local fluctuations in flow are more 

rapidly and actively managed to maintain local perfusion and thus (assuming steady 

ventilation) ventilation-perfusion matching over time. The decreased spatial similarity 

seen with hypoxia suggests just the opposite, reduced dynamic stability and as a result, 

the potential accumulation of transient temporal VA-Q mismatch at small spatial scale.  

 

Temporal similarity, and the relationship between spatial and temporal variance 

If in fact HPV leads to deterioration in the temporal responsiveness of blood flow 

regulation, this finding may represent the optimization cost of improving V-Q matching 

through other means, a sort of ‘uncertainty principle’ for blood flow regulation. There 

exists a plausible basis for this kind of optimization trade-off. Hammond and Kolasa 

recently demonstrated using variance partitioning techniques that in ecological 

processes (which are spatio-temporal in nature) there exists a quantitative link between 

spatial patterns and system temporal dynamics(15). Using the same method, we show in 

Appendix A.1 that spatial variance and temporal variance are not independent 

measurements of system heterogeneity, but are linked by spatial similarity (ψ ) and its 

temporal equivalent (temporal similarity,τ ) in the following manner: 
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 !!σ

2
spatial =σ 2

temporal −τ !+ !ψ   [4.12] 
 

 
Temporal similarity describes the average degree to which temporal fluctuations 

in flow are coordinated from one spatial region to another, and provides the remaining 

piece of the puzzle in terms of the relationship between effects in spatial and temporal 

domains. One could reason that a regulatory scheme which attempts to rapidly correct 

small fluctuations on the level of small acinar groups may in so doing interfere with 

coordination in flow across larger lung regions, a case in which the benefit of local 

matching may need to be counterbalanced by an opposing force to prevent an overall 

deleterious outcome. [4.12] highlights the necessity of this cost-benefit trade-off. 

Increases in spatial similarity, if not offset by declining temporal variability, must come at 

the price of promoting increased spatial variance and/or decreased regional coordination 

in flow (and vice versa). This can be seen in 4-2, where the constellation of effects 

resulting from hypercapnic and hypoxic challenges are consistent with the notion that O2 

and CO2 mediated vascular regulatory mechanisms may target alternative (and possibly 

complementary) optimization schemes. Hypercapnia appears to drive increased 

dynamic stability of perfusion (as evidenced by spatial similarity) at small spatial scales 

at the expense of increased spatial variance. Hypoxia, however, appeared to maintain 

spatial variability despite increased temporal variability, in large part by paying the price 

of reduced dynamic stability (evidenced by decreased spatial similarity).  
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Blood flow redistribution 

Physiologic intervention could independently lead to changes in the set point or 

steady-state level of regional flow (either increasing or decreasing) through 

redistribution, without affecting either spatial or temporal variation (or similarities). As an 

example, a static checkerboard with equal number of black and white tiles may suddenly 

have the tiles re-arranged in any order without affecting the total color variation. So long 

as the new pattern remains as quiescent as the old after intervention, temporal variation 

would similarly be unaffected. Calculated as shown in [4.31], redistribution describes the 

differences in regional flow between experimental blocks brought about by engaging 

hypoxic or hypercapnic vasomotor responses (a state transition) as opposed to 

conditions within a block itself (what spatial and temporal variances and similarities 

address).  

Both hypoxic and hypercapnic interventions induced changes in the steady state 

pattern of blood flow. Redistribution with hypercapnia was only found at the highest 

image resolution suggesting that blood flow redistributed within highly localized spatial 

neighborhoods, whereas hypoxia triggered shifts in blood flow distribution between 

larger spatial regions as large as 10cm3. Despite the shift seen during the hypercapnic 

intervention, the pattern of blood flow appeared to return towards its baseline state after 

cessation of hypercapnic breathing, with redistribution (from baseline) dropping from 

48% to 11% (no longer significantly different during recovery, p = 0.67). Recovery data 

for a challenge vs. post-challenge comparison were not available for the hypoxic 

experiment.  

Large-scale spatial changes in the pattern of blood flow were also assessed by 

superimposing a 3x3 grid onto each subject’s lung (dividing in thirds along cranio-caudal 

and dorso-ventral axes), resulting in a standardized set of 9 regions over which changes 
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in average signal intensity could be compared. The same technique was employed in 

(2), in which it was shown that administration of inhaled nitric oxide (iNO, a potent 

pulmonary vasodilator) during 12.5% and 21% O2 breathing resulted in redistribution of 

blood flow towards the dependent lung. Dependent lung is known to have lower VA/Q 

ratio and thus consequently lower alveolar PO2 (27) than non-dependent regions, 

providing a stronger stimulus for baseline HPV in dependent lung which was presumably 

released by iNO (thus explaining the increase in dependent flow).  In this study 

hypercapnia failed to elicit a statistically significant change in large-scale regional flow 

patterns compared to control (p = 0.91) whereas these patterns were substantially 

altered by engaging HPV with hypoxia (p = 0.024), consistent with the aforementioned 

effects on the redistribution parameter.  As shown in figure 4-3, hypoxia was observed to 

decrease flow up to ~10% of the slice mean, predominantly in the central cranio-caudal 

third of the lung, with a trend toward stronger decrease in the dependent direction (in 

that third). The region in the upper right (most ventro-cranial) also appeared to show a 

strong decrease in flow that was statistically significant on post hoc testing, but changes 

in other regions varied widely between subjects.   

The Spatial scale of blood flow regulation 

One of the most interesting implications of this study is that there are differences 

in the spatial scale at which CO2 and O2 mediated blood flow regulation occurs, with CO2 

driving changes in blood flow predominantly in local ‘neighborhoods’ of acini (pieces 

under 1cm3) and O2 effects persisting in larger regions up to 10 cm3  (the maximum size 

tested). To date, there has been some evidence to suggest the possibility of regulation 

at multiple levels of organization. Glenny et al has previously shown in microsphere 

studies of perfusion that flow patterns exhibit a greater degree of spatial clustering than 
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would be expected by chance, and that these patterns seemed to be driven by 

regulation at both the level of small arterioles and larger lobar arteries(13).  Additionally, 

differences have been noted in terms of the location and type of response elicited by 

CO2 and O2 along the pulmonary vascular tree. Bergofsky reported that a greater 

percentage of the elements of the vascular tree sensitive to hypoxia were small arteries 

(<200 micron dia.) in the immediate vicinity of the air space, while CO2 sensitivity was 

found to extend upstream to larger arteries (5).  

Bergofsky’s finding, although supporting the notion that O2 and CO2 may regulate 

blood flow at different spatial scale lengths, would seem to imply the opposite 

relationship to that found in this study. A number of other groups have also observed 

that hypoxic pulmonary vasoconstriction acts predominantly at the level of small 

precapillary arterioles, a conclusion in part based on selectivity of response to alveolar 

and not arterial oxygen tension(11, 16). Differences in the location of sensor activity, 

however, may not tell the complete story, as a recent study shows upstream signal 

transduction plays an important role in the mechanism of HPV. Wang et al. postulated 

that connexin 40 (Cx40), a gap junction expressed in pulmonary endothelium, served to 

transmit depolarization waves from the alveolar-capillary region to upstream resistance 

arterioles. The same group went on to show substantial attenuation of HPV response, 

measured as changes in PA pressure and vascular smooth muscle depolarization, in 

double Cx40 knockout mice compared to wild-type(26). Electrical signal transduction 

could in theory facilitate coordination of the regional response to alveolar hypoxia. 

Where there is a plausible basis that local alveolar oxygen sensing may still lead 

to a consistent regulatory response distributed over a larger spatial region, that more of 

the pulmonary vascular tree is responsive to CO2 may not in itself preclude regulatory 

effects with high granularity. Hyman and Kadowitz demonstrated opposing responses of 
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the pulmonary vasculature in lambs to CO2 depending on whether the left lower lobe 

was subject to ventilatory or perfusion hypercapnia, resulting in vasoconstriction or 

vasodilation respectively(16). This finding not only suggests that CO2 sensing at the level 

of the alveolus is important in determining resultant vasomotor activity, but allows for the 

interesting possibility of cross-talk between well functioning and poorly functioning areas 

of the lung. Poorly ventilated alveoli would lead to localized vasoconstriction by 

activating alveolar PCO2 sensors, where elevated arterial PCO2 resulting from remaining 

V/Q mismatch would drive vasodilation, further promoting increased flow to better-

ventilated lung units than localized vasoconstriction alone. Such an effect might plausibly 

manifest as the increased spatial flow heterogeneity seen in this study, as already low 

flow areas that have even lower ventilation (and thus low V/Q ratio) would have flow 

reduced, and higher flow areas with better matched V/Q would see increases in flow.  

Considerations 

Choice of hypercapnic stimulus level 

It is unclear whether the differential effects of hypercapnia (in comparison with 

hypoxia) may in part be explained by differences in the magnitude of the 

vasoconstrictive stimulus resulting from each gas mixture. A 7 Torr increase in EtCO2 

roughly corresponded with the addition of 4% CO2 to inspired air, and this target was 

chosen primarily for two reasons. First, this stimulus is in a comparable range to that 

used by other investigators for studies on gas exchange (6, 24) and effects on 

pulmonary vascular tone (3, 8, 17). Using Doppler echocardiography, Kiely et al.(17) 

reported that in normal human subjects, an increase in EtCO2 from 5 to 7 kPa (a change 

about twice that in this study) resulted in increased pulmonary vascular resistance (PVR) 

from 129 to 171 dyne�s�cm-5, This change in PVR from hypercapnia is similar in 
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absolute magnitude to that found by Naeije et al.(22) for the switch from 21% to 12.5% 

O2 breathing, although the relative change for hypoxia was larger due to a much lower 

baseline resistance. Melot et al.(20) has reported 12.5% O2 breathing to result in a 

somewhat larger increase in PVR of 89 dyne�s�cm-5. Taken together, these data would 

suggest that the strength of the hypercapnic stimulus in this study is in the range of 25-

50% of the hypoxic stimulus.  

Ideally it would have been desirable to employ sufficient hypercapnia as to make 

the degree of stimulus more comparable to the previous hypoxic experiment(1). 

However, the second and more pragmatic reason for choosing a stimulus target near 4% 

inspired CO2 is that it amounted to the highest degree of hypercapnia compatible with 

the need for respiratory gating during image acquisition. During scanning, respiratory 

frequency is essentially fixed, and subjects can increase ventilation only by changing 

their tidal volume. While this is sufficient at lower to moderate levels of hypercapnia, 

strong ventilatory drive at high levels of inspired CO2 makes maintaining a fixed 

respiratory rate (with required pauses) infeasible for most subjects. In practice, subjects 

tolerated 3-5% inspired CO2 fairly well at fixed respiratory rate, but addition of more than 

5% CO2 to the inspired line led to substantial gating issues. The choice of stimulus in this 

study was thus a compromise between imposing a sufficiently strong intervention to 

effect a measurable change and the need for steady gating to make experimental 

measurements. 

Effects of ventilation 

It is difficult in this study to separate the effects of hypercapnia on the pulmonary 

circulation from those of increased minute ventilation (34% on average) due to 

hypercapnic ventilatory drive. While it is possible that increased ventilation during the 

hypercapnic challenge may have played some part in the changes observed, it would be 
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expected that increased lung motion would result primarily in increased temporal 

variability and decreased spatial similarity (image covariance). There was a trend toward 

increased temporal variability with hypercapnia, but the effect was variable between 

subjects and thus failed to reach the level of significance. Further, whereas increased 

ventilation would be expected to drive more dissimilarity between images (due to 

worsening registration), images during the hypercapnic run actually became more similar 

to one another, implying that increased respiratory motion was not the primary 

determinant of the changes observed.  

It should also be noted that the FIO2 study from which the hypoxia data were 

drawn was performed in a poikilocapnic fashion, simulating hypoxia at altitude (3800m 

equivalent). Thus, it is also possible that mild hypocapnia associated with increased 

ventilation due to hypoxia could mitigate the full effect of hypoxic pulmonary 

vasoconstriction acting alone. However, this potential limitation was addressed in the 

original study on the effects of altered FIO2, and no significant change in ventilation was 

found to result from hypoxia(1).  

Single-slice measurements of blood flow 

As it currently stands, it is not possible to collect whole-lung blood flow 

measurements in with high temporal resolution. Whole-lung blood flow measurements 

with ASL are made by stepping through successive slices until the entire volume is 

covered, a process that takes several minutes to complete. Thus, in order to obtain 

sufficient temporal resolution we chose to limit our study to a representative single slice 

of lung in the sagittal plane, so as to encompass gravitational effects on spatial variation. 

While it may be the case that in a patient population with heterogeneous disease, such 

as emphysema, single-slice techniques may fail to capture important sources of and 
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changes in the distribution of blood flow, we believe that single-slice measurement 

serves as a good approximation of whole-organ flow in healthy subjects. 

Conclusion 

We’ve shown in this study that ventilatory hypoxia and hypercapnia differ not only 

in terms of the spatio-temporal changes they impart on the distribution of pulmonary 

blood flow, but also in the spatial scales over which these changes manifest. 

Hypercapnia associated with a ~7 Torr rise in end-tidal PCO2 induced a local (small-

scale) redistribution of blood flow, increasing spatial variability but having a stabilizing 

effect on the pattern of blood flow over time. In contrast, simulated altitude hypoxia 

(3800m equivalent, FIO2 = 0.125) resulted in blood flow redistribution over larger spatial 

regions, increasing temporal flow variability but leaving spatial variability unchanged. 

Methods for quantifying spatio-temporal interactions appear highly valuable in 

understanding blood flow dynamics and control. These findings suggest that O2 and CO2 

sensing play different, possibly complementary roles in the regulation of blood flow 

within the lungs.  
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Appendix A 
A.1 The relationship between temporal and spatial sources of 
variance and covariance  
 

When quantifying variance in a process that varies over both time and space, as 

in regional blood flow dynamics, there are two possible perspectives. One could 

approach the problem first from a spatial standpoint, i.e. to consider the distribution of 

blood flow across the physical landscape of the lung, and observe how this distribution 

evolves over time. However an equally viable alternative exists, and that is to first 

consider blood flow to a particular region as a temporal process, and then track how that 

temporal distribution differs from one spatial region to another. It has been shown that 

these two perspectives are not independent of one another and are in fact linked 

observations, as they both attempt to fully describe the same underlying process(15). By 

applying the variance-partitioning techniques described by Hammond and Kolasa(15), 

we intend to show how spatial and temporal blood flow heterogeneity in the lung is 

related to one another, and how temporal coordination in regional flow leads to a stable 

spatial distribution (and thus V/Q matching) over time. Additionally, we will reframe the 

FDGlobal and FDLocal metrics (1, 2) in terms of these more concrete variance components.  

We wish to analyze sources of variation in a data set which has the form of 

spatial regions (voxels) x time. We can express the total sum of squares in typical 

ANOVA fashion as:  

 

    [4.1] 

 

!SStot = SSwithin +SSbetween
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where we’ve split the total sum of squares into a component that describes the variability 

within data subgroups and a component that describes the variability between these 

subgroups. We’ll let our perspective determine the manner in which we segment the 

data into subgroups, and for the “space-first” perspective, we will define each subgroup 

as each of the individual images in the set (an image forms our spatial grouping). The 

between groups sum of squares then describes the additional variation caused by 

changes in the spatial mean blood flow over time, (denoted to indicate that the 

spatial mean blood flow is a time-dependent function).  

 

    [4.2] 

    [4.3] 

 
For [4.2] and [4.3], n denotes either the number of spatial groupings (images) or 

the number of individual elements in each group (voxels), as indicated by the subscript. 

That the time series of (spatial) mean blood flow is  an average over all the individual 

voxel time courses opens up a further possibility. It is well known that the variance 

resulting from the addition of two normal distributions a1 and a2 is:  

 

     [4.4] 

 

with  representing the covariance between the two distributions, and the 

individual variances of each. It is also widely recognized that multiplying a distribution 

with standard deviation by a scaling factor  results in a new distribution with 
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2
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standard deviation , and thus variance . Therefore, the variance of the (spatial) 

mean blood flow time series can be expressed in terms of the individual voxel blood flow 

time courses  as follows. 
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nvoxels
2 σ

vbf t( )i
2

i=1

nvoxels
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∑
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  [4.5] 

 

If it is helpful, one can think of [4.5] in terms of the covariance matrix for the voxel 

time courses. Given a number of voxels equal to , the covariance matrix of voxel 

time courses is of size  where the diagonal elements of the matrix with 

element indices  are of value  and the off diagonal elements (those where 

) are the covariances between the time courses of voxel i and voxel j. Equation [4.5] 

then, which is an expression for the temporal variance resulting from the average time 

course, is in fact  the average value of an element in the  temporal covariance matrix of 

the component voxels (which has  number of elements). 

We know that the relationship between a calculated variance and the 

corresponding sum of squares is given by:  

   

   !!SS = n−1( )σ 2      [4.6] 

 

!Xσ !! Xσ( )2

!
vbf t( )

!nvoxels
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σ
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2

!i ≠ j

!!nvoxels
2
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where n is the number of elements in the distribution. Therefore, using [4.6], we can 

substitute [4.5] into [4.1] and [4.3] to yield the space-first formulation of total sum of 

squares: 
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     [4.7] 

 

We now repeat this process for the time-first perspective, changing our definition 

of the within groups variability to reflect the temporal variability of the voxels, [4.8], and 

the between groups variability to the additional variation added by changes in the 

temporal mean value of each voxel from one spatial region to another, [4.9].  

    

  
!!
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i=1

nvoxels

∑                 [4.8] 

                

!!SSbetween = nimagesSSmbf (space)     [4.9] 

 

As before, we then further define the changes in the temporal mean of each voxel time 

series over space (the temporal average image) in terms of the component images and 

express the resultant variance of this average as: 
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           [4.10] 
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Making the similar substitutions as before, we arrive at [4.11] for the time-first 

formulation of the total sum of squares: 
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       [4.11] 

 

However, since both the space-first and time-first formulations each capture the total 

sum of squares in the data, they must be equal to one another. After setting [4.7] equal 

to [4.11] and grouping like terms we obtain the following expression: 

 

 !!ψ =σ spatial
2 −σ temporal

2 +τ   [4.12] 

 

where the individual components are given by:  
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Although the equations may appear daunting, the components in [4.12] reflect an 

average variance or covariance over the relevant number of degrees of freedom.  For 

example, in the case where there are 10 images in the series, there are 10 possible 

measures of image variance and 45 possible image pairs (without repetition or self 

comparison) on which to find a covariance.  !!σ spatial
2  is the average spatial variance of the 

images, and !!σ temporal
2  is likewise the average temporal variance of the voxels. The 

covariances then describe the degree to which images are spatially similar to one 

another on average (ψ , henceforth spatial similarity), and the average degree to which 

voxel time series are temporally similar to one another ( τ , henceforth temporal 

similarity).  

At the outset we asserted the notion that spatial variation and covariation must 

somehow be linked to temporal variation and covariation, as both perspectives describe 

the same underlying spatio-temporal process. With [4.12] we have not only verified that 

as true, but we can now see exactly how these sources of variation relate to one 

another. Spatial similarity between the images results from a balance of spatial variation 

!!
σ spatial

2( )  
which tends to increase similarity between images, and asynchronous temporal 

variation 
!!
σ temporal

2 −τ( ) , which tends to reduce it.  Asynchronous temporal variation is itself 

the portion of average temporal variance 
!!
σ temporal

2( )  not explained by fluctuations in blood 

flow that are coordinated between voxels τ( ) .  

In order to better visualize this relationship let us use a simple analogy. Imagine 

we are interested in the variation of height across a sandy 1-dimensional desert 

landscape with several sand dunes, and how that variation changes over the next week. 

Although the dunes may shift slightly or change size a bit, on average some quasi-static 

variation in height will exist in our landscape, which we measure as spatial variation. The 

wind does, however, cause some differences in the desert to develop over time (source 
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of temporal variation). For example, some of the peaks may shrink while the sand is 

blown around. However, if the wind is fairly calm we can expect the desert to have a 

very similar height profile from one day to the next. Even if the wind decides to pick up, if 

the sand that gets redistributed is relatively small compared to the dunes themselves, 

not much will change either. In order for the desert to appear different from one day to 

the next there are two requirements. First, the displacement of sand by the wind must be 

large in comparison to the average variation across the desert, and second the effect 

must be redistributive, tending to affect some spatial regions differently than others at 

any given time.  

The necessity of the second requirement may not be immediately apparent but 

has a fairly logical explanation. We are using covariance as a measure of spatial 

similarity, and covariance is unaffected by uniform shifts in the underlying distributions 

(as standard deviation is also shift-invariant). This insensitivity to uniform changes arises 

because individual elements in a distribution are affected to the same extent the mean of 

the distribution is affected, and thus the deviations !xi − x , and subsequently products 

!
xi − x( ) yi − y( )  are preserved. Spatially synchronous temporal variation, which promotes 

similar changes across all spatial locations at any given time, is therefore not sufficient to 

induce changes in spatial similarity.  Redistributive power occurs only with asynchronous 

temporal variation. 

 

A.2 Expressing FDLocal in terms of variance and covariance 
components 

 

We had previously developed two variants of a metric termed Fluctuation 

Dispersion (FD for short) in an attempt to capture the dynamics of complex spatio-

temporal processes in the pulmonary circulation. In short, we sought to make 
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measurements of spatial heterogeneity over time more sensitive by characterizing the 

spatial distribution of blood flow fluctuations from some baseline or reference value (as 

opposed to blood flow itself). The net result was to strip out the large static gradients in 

blood flow that otherwise masked the effects of vasomotor activity, and additionally add 

regional sensitivity by ensuring that redistribution of flow from one area to another would 

still be detectable even if the overall heterogeneity of blood flow was unchanged [see 

(1)for further details].  The two FD variants, FDGlobal and FDLocal were calculated in much 

the same way but differed in the choice of reference pattern, and as we then asserted, 

this manifested as differential sensitivity toward either changes in temporal variability 

only (FDLocal), or changes in both temporal variability and steady state flow patterns 

between interventions (FDGlobal). Here we seek to build on appendix A.1 to break the FD 

metrics into their component variances and covariances and show these relationships 

mathematically. We shall focus first on FDLocal in this section, before tackling the more 

difficult FDGlobal in A.3.  

Calculating FDLocal 

Calculating FDLocal proceeds as follows. We begin with a time series of 2-

dimensional images that typically represents blood flow within a slice of lung during a 

particular physiological state (while breathing low oxygen, for instance), but could in 

practice represent snapshots of any spatio-temporal process over some assumed 

steady state period. We then define a reference distribution that represents the steady-

state by calculating the temporal-mean snapshot, and subtract this from every snapshot 

to yield a series of maps that characterize the spatial distribution of fluctuations about 

steady state at every time point. The set of FDLocal observations are then the standard 

deviation of each of the fluctuation maps as in [4.17], where 
!
X t( )

i
 is the value of the 
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observed process at location i and time t, and !Xi is the estimated steady state value of X 

at the same location.   Note that the expectation value for the difference 
!
X t( )

i
− Xi  is 

typically zero, as each snapshot is generally mean normalized in preprocessing, and that 

the value of FDLocal used to make comparisons between interventions is the mean FDLocal 

during each intervention [for further details see(1)]. 

  

 
!!
FDLocal t( ) =

X t( )
i
− Xi( )2

i=1

nvoxels

∑
nvoxels −1

  [4.17] 

 

!!σ c
2 =σ a

2 +σ b
2 −2Cov(a,b)           [4.18] 

 
However, we also know that the variance resulting from the subtraction of two 

distributions (a and b) is given by [4.18], which suggests that any given observation of 

FDLocal is dependent upon the spatial variances of the individual snapshots, and the 

degree to which they covary. This raises the interesting possibility of re-expressing 

FDLocal directly in terms of the components of spatio-temporal variance discussed in A.1, 

but it will require two simplifying modifications to the manner in which FDLocal is 

calculated. First, we will move from using standard deviation to variance as the metric of 

interest, which obviates the need to take the square roots of sums. Second, instead of 

making the comparison between each image with the average image as we have been, 

we will instead proceed by making all possible comparisons between pairs of images 

(without repeats). Whether we compare each image to the mean or individually compare 

the images to each other (the component images that make up the mean) is of no 

meaningful difference in interpretation, but the latter construct lends itself more clearly to 
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re-expression as follows.  The mean-square FDLocal is rewritten as [4.19], where the 

scaling factor is again reflective of the number of comparisons between image pairs.  
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We can further simplify the double summation over image variances by noting that  
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which we can substitute back in to [4.19] to yield [4.21] below.  
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!!
FDLocal

2 =2 σ temporal
2 −τ( )   [4.22] 

 

Using [4.21] and [4.12] we obtain [4.22] which shows that the mean-square FDLocal , 

despite being derived from a spatial measure of heterogeneity, is equal to twice the 

asynchronous temporal variation.  
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A.3 Expressing FDGlobal in terms of variance and covariance 
components 
 

The temporal variability and temporal similarity of a spatio-temporal process are 

two of several parameters that may be impacted by an external intervention. For 

example, the impact of a change in inspired oxygen content may be to induce blood flow 

to become more temporally variable, more spatially heterogeneous, or to move from one 

steady state spatial pattern of distribution to another (while maintaining overall spatial 

heterogeneity). In fact, a response to intervention may consist of many or all of these 

elements. While changes in spatial variability are rather straight forward to assess, and 

FDLocal captures asynchronous temporal variation, the FDGlobal variant was devised as a 

means of additionally accounting for alteration in the spatial pattern of flow as a result of 

a state change. Although computed in much the same fashion as FDLocal with [4.17], the 

primary difference is that the pattern of comparison !X  reflects not the current steady 

state, but an initial reference period prior to the start of the intervention. For example in a 

design in which 300 images are acquired following a block-stimulus approach with the 

intervention occurring during the acquisition of the central 100 image block, the FDGlobal 

reference for all images in the series would be chosen as either the average of the first 

10 images (to detect all changes since the start of the experiment) or the average of the 

first 100 image block (to focus on changes from the pre-intervention mean pattern). Here 

we will attempt to clearly relate the FDGlobal metric to its component variances, and show 

how FDGlobal encompasses both FDLocal as well as spatial pattern shifts.  

As we did with FDLocal, we will begin by making the same simplifying 

modifications to the manner in which FDGlobal is computed. We will move from using 

standard deviation to variance, and we will make the entire set of pairwise comparisons 

between all images during the challenge (intervention) and baseline (pre-intervention) 
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periods instead of using the mean baseline image. Again this change is one of altering 

convention for clarity, and makes no material impact to the interpretation of FDGlobal . The 

mean-square FDGlobal resulting from intervention is thus given by  

 

 
!!
FDGlobal

2 = 1
nimages ,bnimages ,c

σ imageb ,i

2 +σ imagec , j

2 −2Cov imageb ,i ,imagec , j( )
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nimages ,c
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where b and c denote the baseline and challenge periods respectively. It is desirable to 

use [4.12] to express the covariance portion of [4.23] solely in terms of the variance (and 

covariance) components of the baseline and challenge blocks, but herein we have a 

small problem. [4.23] is expressed in terms of a “cross-covariance” of sorts between 

images during the baseline block and images during the challenge block, but in order to 

use [4.12] the “auto-covariances” (covariance of the baseline images with themselves, 

and the covariance of the challenge images with themselves) are needed. For this, it is 

useful to examine the variance-covariance matrix for the entire data set. Assuming B is 

the matrix of all baseline 1-D images with dimensions !!nvoxels ×nimages ,b , C is the matrix of all 

challenge 1-D images !!nvoxels ×nimages ,c , and A is the matrix of all images, then the full 

spatial variance-covariance matrix is: 
 

 
!
AT A= BTB BTC

CTB CTC

⎛

⎝⎜
⎞

⎠⎟
  [4.24] 

 

Since !AT A  is symmetric, we can re-express the spatial covariance between 

baseline and challenge images through the following scheme:  
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 !!2 BTC∑∑ = ATA∑∑ − BTB∑∑ − CTC∑∑   [4.25] 

  

Note that the spatial variances of the individual images are both added and subtracted 

from the right side of [4.25], so they cancel out. The last little difficulty is to express the 

spatial covariances between all the images in the series (matrix A) in terms of the 

components in [4.12], and then partitioning those components among the baseline and 

challenge blocks. For the spatial variances this is quite straight forward, as the total sum 

of image variances is the sum of the baseline image variances and challenge image 

variances as shown in [4.26].  
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2
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The procedure for partitioning the temporal variances is a bit more nuanced, 

however, as we would like to segment each full-length time series (and it’s variance) into 

two shorter time series of possibly uneven length. We will use [4.1], the equation for 

total sum of squares that we employed before, where this time each group is the set of 

time series within one of the image blocks, and the between groups variation is the 

added temporal variance caused by a change in the mean blood flow of each voxel in 

response to intervention (henceforth redistribution, ϕ ). With that in mind, the total 

temporal sum of squares is given by [4.27], and following a similar procedure, we also 

arrive at an expression for the relationship between the complete and partial time series 

covariances in [4.28]. The scaling factor appearing before the redistribution term 

provides the needed correction to the between groups variance to arrive at the correct 
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sum of squares. In the event that the baseline and challenge blocks are the same length, 

this scaling factor is the number of images in a block.  
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  [4.28] 

 

With that in place, we can use [4.26], [4.27], [4.28] and [4.12] to solve for the left hand 

side of [4.25], leading to the following rather unwieldy expression for the sum of spatial 

covariances between images pre and post intervention:   
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[4.29]
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While [4.29] itself may seem complicated, substituting it back into [4.23], our 

original equation for FDGlobal, yields a simple result in [4.30], where ϕ  represents the 

added variation due to the change in steady-state pattern of flow given by [4.31]. 
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      [4.31] 

 

Our initial assertion was that FDGlobal was made sensitive to both the temporal 

variability of a spatio-temporal process (represented by FDlocal values for each measured 

condition) as well as to any induced shifts in the stead-state spatial pattern of that 

process as a result of intervention (ϕ ). Indeed, with [4.30] we have now proved this to 

be the case. Differences in FDGlobal value when comparing two or more interventions with 

the same baseline must then reflect differing ability to affect redistribution and/or altered 

asynchronous temporal variation during a particular intervention. Further, using [4.30] we 

have gained the ability to determine the degree to which each of those effects 

contributes to total spatio-temporal heterogeneity.  
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It is well appreciated that non-uniformity of local ventilation-perfusion matching in 

the lung impairs gas exchange efficiency, and thus arterial oxygenation (6, 14, 21). 

Thus, developing an understanding of factors affecting the regional distributions of 

ventilation and perfusion (and their correspondence) has been of significant importance 

in furthering knowledge of pulmonary function in health and disease. Recognition of this 

need has led to the discovery of several previously unrecognized physiologic features, 

including the considerable influences of gravity (7, 19, 20) and minor anatomical 

variation in airway/vascular branching (3, 8, 9) on regional distributions of flow, which 

have provided a foundation for interpreting gas exchange abnormalities in clinical 

pathology. Yet, there is reason to believe that foundation incomplete. 

Although it is known that the pulmonary circulation has the intrinsic capacity to 

regulate gas exchange efficiency through moment-to-moment changes in regional 

vascular tone (4, 5, 13), most work to date on the distribution of blood flow has thus far 

implicitly assumed steady-state conditions due to a lack of suitable tools for temporal 

investigation. However, measurements of temporal behavior in other physiologic 

systems have been shown useful for understanding regulatory health (16, 18). Whether 

the same is true for pulmonary function has been unknown, and yet it is generally 

asserted that active VA-Q matching plays relatively little role in normal adult life (10) . 

The studies presented in the preceding chapters have employed recent advances in 

functional MRI to the temporal study of regional blood flow in humans, and thus 

represent a first foray into novel territory. In broad terms, the overarching goals of these 

studies have been to better understand the manner and degree to which active vascular 

control influences spatio-temporal flow patterns in the healthy human lung, and how that 

control contributes to gas exchange optimization.  
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Active vascular responses were provoked by the imposition of several 

physiologic challenges. These included alteration of the fraction of inspired O2 and CO2, 

as well as administration of inhaled nitric oxide (a potent pulmonary vasodilator). When 

inspired oxygen concentrations were lowered from 21% to 12.5%, engaging hypoxic 

pulmonary vasoconstriction (HPV), two effects occurred. First, blood flow appeared to 

redistribute, leading to a persistent shift in spatial pattern that did not alter overall spatial 

heterogeneity (the latter measured by the relative dispersion, RD). The lack of effect in 

spatial RD is not altogether surprising, as it has been suggested as a distinguishing 

feature between healthy normal subjects and those with previous history of high altitude 

pulmonary edema (HAPE) (11). Second, the temporal variability of perfusion increased 

(46% change over baseline in FDlocal), a finding which has never before been observed. 

Temporal variability was assessed using FDlocal, a metric that accounts for temporal 

fluctuations in the spatial distribution. 

It has been suggested that increases in temporal variation may indicate an 

approaching rapid transition between two different equilibrium configurations (16), for 

example fully dilated or maximally constricted. In that line of reasoning, the increased 

temporal fluctuation seen with hypoxia may suggest weakening intrinsic stability of 

vascular feedback. If true, this would inherently imply that HPV does actively mitigate 

temporal disturbances in blood flow in the normoxic lung, stabilizing alveolar and arterial 

gas tensions.  The observation of increased temporal variability in blood flow associated 

with 12.5% O2 breathing also meshes well with previous work by Melot and colleagues 

(12), who reported that hypoxia decreased the strength of HPV-associated vascular 

feedback. Using analytic techniques from control theory and considering only the steady 

state, they found an approximately 40% reduction in maximal feedback gain when 

subjects breathed 12.5% O2 compared to air (21% O2). Decreased strength of feedback 
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would logically lead to higher transmission of temporal disturbance, and thus observed 

temporal variability would rise.  

Responses to hyperoxic and vasodilatory stimuli further support the assertion 

that HPV contributes to the distribution of blood flow in the normoxic lung. The switch 

from 21% to 100% oxygen resulted in a steady state shift in the pattern of perfusion, 

redistributing blood flow towards the dependent lung at the expense of non-dependent 

lung (the latter not originally reported). This same pattern was observed when subjects 

breathing air were administered inhaled nitric oxide (iNO). Redistribution towards 

dependent lung is consistent with findings by West and Dollery (19) that VA/Q (and thus 

PAO2) is lowest in that region, and as such local pulmonary vessels would be expected 

to have the highest resting tone (which would be abolished at high oxygenation). 

Inhibition of endogenous NO synthase has been reported to have the opposite effect, 

redistributing blood to non-dependent regions when supine(15). NO has a well-known 

regulatory role in modulating HPV(1), and thus if HPV were present in dependent lung, 

inhibition of endogenous NO production would promote further vasoconstriction in 

response to low PAO2. Calculating the range of expected alveolar oxygen tensions for 

the normal supine lung revealed 20% of blood flow to be directed at lung regions with 

PAO2 below 85mmHg, in the range of active HPV.  The net result is that vasomotor tone 

driven by HPV appears to correct some of the gravitationally induced VA Q 

heterogeneity in normal subjects.  

In comparison to HPV, relatively less is known about the effects of hypercapnic 

vasoconstriction (HCPV). It has been suggested that HCPV follows similar stimulus-

response characteristics to HPV over the physiologic range (2), and that alveolar CO2 

sensing may be the dominant method of vascular control in lung regions with higher 

VA/Q (≥ 0.65)(4). One of the key findings of the studies presented herein is that 
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ventilatory hypoxia and hypercapnia differ not only in terms of the spatio-temporal 

changes they impart on the distribution of pulmonary blood flow, but also in the spatial 

scales over which these mechanisms appear to operate. Hypercapnic stimuli were 

presented by varying the concentration of inspired CO2 such that end-tidal levels 

increased 7 torr over values obtained while breathing normal air, generally 

corresponding to ~4% inspired. Whereas the effects of hypoxia just discussed were 

found to persist over large spatial regions (up to ~10cm3), hypercapnia induced changes 

in distribution that were spatially localized to much smaller volumes (≤1 cm3), increasing 

spatial variability but having a stabilizing effect on the local pattern of flow over time. 

These findings support the notion that O2 and CO2 sensing independently play 

complementary roles, not just in terms of local Va/Q ratio as suggested by Dorrington(4), 

but also in the short/long-range interactions that determine the overall spatio-temporal 

flow distribution and gas exchange efficiency.  

In conclusion, the experiments performed as part of this dissertation support the 

notion of gas exchange as an active as opposed to passive process, with 

complementary roles for O2 and CO2 regulation in ensuring the efficiency of uptake and 

elimination of gases. Looking forward, there are a number of possible avenues for 

further exploration. For instance, although temporal variability was found to increase in 

hypoxia, presumably due to decreased feedback strength of HPV, it is quite intriguing 

that the same was not observed when vascular tone was relaxed with either hyperoxia 

or nitric oxide. This would imply that, despite relaxation, regulatory capacity is 

maintained. One could imagine any (or all) of the following: 1) when hyperoxic, CO2 

regulation becomes dominant (similar to a normoxic high VA/Q situation), 2) smaller 

changes in local vascular resistance are required to buffer temporal disturbances when 

overall pulmonary vascular resistance is low, 3) in-vivo vascular tone is not constant but 
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phasic (characterized by transitions between fully constricted and fully dilated), thus 

hyperoxia would stabilize the normal (open) configuration (as opposed to hypoxia, in 

which both states may be unstable due to high pulmonary pressures and the strong 

vasoconstrictive stimulus). The first and second points would be amenable to 

computational modeling of feedback in hyperoxia, similar to what Melot et al.(12) did for 

hypoxia. The third could be investigated by using analysis often employed in non-linear 

prediction of chaotic time series (16, 17), which supplies information about the strength 

of and transitions between attractors in a dynamic system. Methods for quantifying 

spatio-temporal interactions appear highly valuable in understanding blood flow 

dynamics and control. In the future this may permit advance-warning risk assessment for 

acute pulmonary events (asthma, HAPE, ARDS), more accurate phenotypic disease 

classification, and a novel approach to evaluating therapeutic effectiveness. 
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