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DISSERTATION ABSTRACT
Steven S. Laurie
Doctor of Philosophy
Department of Human Physiology
September 2012
Title: The Regulation and Significance of Intrapulmonary Arteriovenous Anastomoses in
Healthy Humans

Intrapulmonary arteriovenous anastomoses (IPAVA) have been known to exist as
part of the normal pulmonary vasculature for over 50 years but have been
underappreciated by physiologists and clinicians. Using a technique called saline contrast
echocardiography we and others have demonstrated that during exercise or when
breathing low oxygen gas mixtures IPAVA open, but breathing 100% oxygen during
exercise prevents them from opening. However, the mechanism(s) for this dynamic
regulation and the role IPAVA play in affecting pulmonary gas exchange efficiency
remain unknown.

In Chapter IV the infusion of epinephrine and dopamine into resting subjects
opened IPAVA. While it is possible this opening was due to the direct vasoactive action
of these catecholamines, the opening may simply be due to increases in cardiac output
and pulmonary artery systolic pressure secondary to the cardiac effects of these drugs.

In Chapter V I used Technetium-99m labeled macroaggregated albumin (**™Tc-
MAA) to quantify blood flow through IPAVA in exercising healthy humans. Initial
attempts to correct for attenuation of the emitted signal were unsuccessful due to the time

necessary for data acquisition and the resulting accumulation of free-"*™Tc. However, I
ry q g
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used a blood sample to calculate freely circulating **™Tc which could be subtracted from
the shunt fraction. Using this procedure I demonstrated for the first time using filtered
solid particles that breathing 100% oxygen reduces blood flow through IPAVA during
exercise.

Finally, in Chapter VI I tackled the elephant in the room surrounding IPAVA in
healthy humans: do these vessels play a role in pulmonary gas exchange efficiency? Our
data suggest that the efficiency of pulmonary gas exchange is dependent on the driving
pressure gradient for oxygen and the distance to blood flowing through the core of
IPAVA. As such, with increases in exercise intensity the diffusion distance and transit
time of blood at the core of IPAVA prevent complete gas exchange, thus blood flow
through IPAVA acts as a shunt.

This dissertation includes previously unpublished co-authored material.
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CHAPTER 1
INTRODUCTION

With every heart beat blood is pumped from the right ventricle into the pulmonary
circulation before it returns to the left side of the heart, while blood in the left ventricle is
pumped into the systemic circulation before it returns to the right side of the heart. This
design puts these two circulations in series with each other and allows the pulmonary
circulation to achieve two critically important tasks. First, the exchange of gases between
pulmonary blood and alveolar gas allows oxygen to diffuse into the blood and carbon
dioxide to diffuse out before this blood is pumped into the systemic circulation. Second,
the pulmonary microvasculature acts as a sieve to filter the blood and prevent potential
emboli from entering the systemic circulation where they could become lodged in
systemic organs such as the heart or brain.

Large diameter intrapulmonary arteriovenous anastomoses (IPAVA), however,
provide an additional pathway for blood flow, and this bypasses the alveolar-capillary
interface, which is classically considered to be the gas exchange unit. If blood flows
through this alternative pathway it may potentially impair pulmonary gas exchange
efficiency as well as bypass the filtering ability of the pulmonary microcirculation.
Recently, controversy has arisen surrounding the existence, regulation, and significance
of large diameter IPAVA. Accordingly, the overall purpose of this dissertation is to
determine the role of and significance for IPAVA in healthy humans. The first objective
in this dissertation was to identify a potential mechanism regulating the opening of
IPAVA in healthy humans. The second objective was to use an anatomical approach to

quantify changes in blood flow through IPAVA during normoxic versus hyperoxic



exercise, and the third objective was to determine if the blood flowing through open
IPAVA during exercise impairs pulmonary gas exchange efficiency.
HISTORICAL PERSPECTIVE

The historical paths of respiratory physiology have been at best tumultuous, and
at worst a propagation of immense inaccuracy. I would like to begin this dissertation with
a few stories as recounted by Dr. John West (192) that are part of the inaccurate history
of respiratory physiology and relate these lessons to our current understanding of
pulmonary vascular regulation.

The first story involves the development of our understanding of the pulmonary
circulation. Claudius Galen (129-199AD) was one of the first scientists to apply clinical
observations to explain and understand physiological processes. He described that the
liver produced blood, which would only flow through the pulmonary artery to nourish the
lung, while the remainder would cross invisible interventricular ‘pores’ to reach the left
side of the heart. ‘Pneuma’ would be brought from the lung to the left side of the heart
through the pulmonary vein and combine with the blood that had traversed through the
‘pores’ and subsequently flow to the remainder of the body. Galen’s ideas were
enthusiastically embraced and proliferated unchallenged for centuries, due in part to
Arabic scholars such as Avicenna (circa 980-1037) who created a virtual medical
encyclopedia of the time. Galen’s ‘pores’ continued unchallenged until the Arab scholar
Ibn Al Nafis (1210-1288) wrote his treatise Commentary on the Anatomy of the Canon of
Avicenna and more than suggested that all of the blood traveled through the lung where it

could be permeated with air (193).



Unaware of Ibn Al Nafis’ writings, Michael Servetus (1509-1553) also challenged
Galen’s interventricular ‘pores’ and described how the blood changed colors as it flowed
through the pulmonary circulation, though the explanation for this was still two centuries
away. While this point in history could have represented a true step forward in
overcoming the crucial inaccuracy put forth by Galen, Servetus and his book were
deemed heretical by the Catholic Church and were burned at the stake in 1553. It wasn’t
until 1616 that William Harvey (1578-1657) first presented his ideas that blood circulated
continuously throughout the lung and the body and in 1628 described both the lesser
(pulmonary) and greater (systemic) circulations. Despite puzzling anatomists for
centuries who could find no such pores, Galen’s scheme had been allowed to flourish for
over 1400 years and represented the propagation of a gross inaccuracy in our
understanding of blood flow through the lung.

The next story occurred during the late nineteenth and early twentieth century as
our understanding of oxygen was developing. Not surprising, a few inaccuracies
developed and scientific controversy ensued. In 1870, Christian Bohr and his colleagues
suggested that oxygen was actively secreted in the lung and this idea soon gained support
from the eminent respiratory physiologist John Scott Haldane. Haldane claimed to prove
this hypothesis by finding the average arterial PO, to be 200 mmHg, much higher than
that of air. However, August Krogh, a pupil of Bohr’s, continued to refine techniques to
measure arterial PO, and always showed it to be less than alveolar PO,, and thus less than
that of air as well. Meanwhile, Krogh’s wife Marie was investigating the diffusing
capacity of the lung for carbon monoxide and demonstrated that oxygen could

sufficiently enter the pulmonary blood through diffusion alone and that active secretion



was not necessary. Therefore, only in the past 100 years has it been fully accepted that
oxygen gains entry through the lung solely via passive diffusion and not active secretion.

Taking into consideration the lessons from these historical accounts, it is not
surprising that potential inaccuracies in our understanding of cardiopulmonary
physiology and pulmonary gas exchange have again persevered despite anatomically
based evidence suggesting alternative explanations than those more conveniently
accepted throughout the literature. The impetus for this dissertation lies at the confluence
of ideas stemming from the first two stories, where pulmonary blood flow meets
pulmonary ventilation and pulmonary gas exchange occurs. Ironically, Galen’s idea was
perpetuated for centuries by ignoring the fact that there was no anatomical evidence to
support ‘interventricular pores’. Today however, anatomical evidence supports the
existence and importance of IPAVA, yet these data have been largely ignored.
BACKGROUND AND SIGNIFICANCE

One of the most fundamental roles of the lung is to efficiently exchange oxygen
and carbon dioxide between the alveolar air and the blood flowing through pulmonary
capillaries. The efficiency of pulmonary gas exchange is both defined and quantified by
the difference between the alveolar and arterial partial pressure of oxygen (AaDO,) and
can worsen due to three accepted causes: diffusion limitation, ventilation-perfusion (V/Q)
mismatch, and/or right-to-left shunt. While it is well known that the efficiency of
pulmonary gas exchange is not perfect at rest and worsens during incremental exercise
(30), identifying which of the three possible causes is contributing to this inefficiency

remains an unresolved and controversial area of research (71, 95).



When taking into account the diffusion capacity of the blood-gas barrier,
pulmonary capillary blood volume, shape of the oxyhemoglobin dissociation curve, and
chemical interactions between O, and CO,, complete partial pressure equilibration
between the alveolar air and pulmonary capillary blood occurs in about 0.25 sec at rest at
sea level (154, 181). A diffusion limitation could occur if the transit time of red blood
cells flowing through pulmonary capillaries was reduced below 0.25 sec preventing the
complete equilibration of gases between the alveoli and pulmonary capillary blood.
During exercise, cardiac output increases up to five fold so the transit time could decrease
significantly. Fortunately the transit time is determined by the ratio of capillary blood
volume to cardiac output. With the tripling of capillary blood volume that occurs due, in
part, to exercise-induced increases in left atrial pressure (135), there is sufficient time for
the complete equilibration of gases even with a five fold increase in cardiac output (rest:
70ml / 83ml/sec=0.84 sec; max exercise: 210ml / 415 ml/sec=0.51sec) (181). Thus,
diffusion limitation is an unlikely explanation for the reduction in pulmonary gas
exchange efficiency that occurs during incremental exercise at sea level.

The other two causes that could reduce pulmonary gas exchange efficiency at rest
or during exercise are the inefficient matching of alveolar ventilation (V) with pulmonary
blood flow (Q) and shunt. The multiple inert gas elimination technique (MIGET) was

developed with the intention to quantify the contributions from V/Q mismatch and shunt
based on the retention and excretion of six inert gases of varying solubility (184, 185) and
represents one of the only techniques used to quantify the contributing factors to

pulmonary gas exchange inefficiency. If the pulmonary gas exchange inefficiency

measured during exercise is not predicted by MIGET to be a result of V/Q mismatch



and/or shunt, then it is assumed that a diffusion limitation must be occurring to explain
the measured inefficiency, despite the unlikeliness of this happening in individuals
breathing room air. MIGET, however, cannot differentiate between that portion of
pulmonary gas exchange inefficiency suggested to be due to diffusion limitation, and that
known to be caused by the anatomical post-pulmonary shunt of the Thebesian venous

drainage and the bronchial venous drainage.

Using this gas exchange-dependent technique, the role of V/Q mismatch during

exercise at sea level has been inconsistent, with data demonstrating either no significant

increase in V/Q mismatch during exercise (136), a non-significant increase (41, 173), or a
significant increase only at higher levels of exercise, VO,>2.5 L/min (58) or VO,>3.0
L/min (186). Despite these inconsistencies, the AaDO, widened during increases in
exercise intensity in every study and significant contributions from a right-to-left shunt
(intrapulmonary or intracardiac) were not detected using this technique. These
investigators have also used the 100% oxygen technique to support their assertion that
there is no detectable intrapulmonary shunt during exercise (58, 178, 182). Thus, despite

the variable findings obtained with gas exchange dependent techniques and the unlikely

probability that diffusion limitation would occur during exercise in normoxia, V/Q
mismatch and diffusion limitation have classically been identified as the only
contributing factors to pulmonary gas exchange inefficiency that occurs during exercise.
This represents the current dogma for factors affecting pulmonary gas exchange
efficiency at rest and during exercise in healthy humans.

Rather than using gas exchange-dependent techniques, such as the MIGET and

100% oxygen technique, we and others have used anatomic based techniques such as



detecting intravenously injected microspheres in the pulmonary venous effluent,
detecting intravenously injected radio-labeled macroaggregates outside of the lung using
gamma camera imaging, and detecting intravenously injected microbubbles in the left
ventricle using saline contrast echocardiography to consistently demonstrate that large
diameter intrapulmonary arteriovenous anastomoses (IPAVA) exist in the lung under a
variety of conditions (99, 129, 151, 172). Large diameter IPAVA in healthy human lungs
could allow blood to bypass the classically-considered alveolar-capillary gas-exchanging
unit and theoretically act like a shunt. These pathways are suggested to be closed at rest,
but open in healthy human lungs during exercise (32, 159) consistent with conditions
when pulmonary gas exchange efficiency worsens and consistent with microsphere data
in dogs (156). However, when subjects breathe 100% oxygen during exercise, these large
diameter [IPAVA are suggested to be closed (97). Thus, if IPAVA were contributing to
pulmonary gas exchange inefficiency during exercise in normoxia, using the 100%
oxygen technique to detect contributions due to shunt would close IPAVA and at least
partially explain why intrapulmonary shunt is not detected using this gas-exchange
dependent technique (178).
STATEMENT OF PROBLEM

Despite decades of research that either unknowingly or unwillingly failed to
recognize the existence and potential importance of IPAVA, our understanding of their
regulation and significance in the human pulmonary circulation remains rudimentary at
best. Exercise and/or hypoxic gas mixtures open large diameter IPAVA, however the
mechanism(s) underlying the opening of these pathways are not known. Once open, their

role in pulmonary gas exchange efficiency remains controversial. The classical



understanding of the contributing factors to pulmonary gas exchange inefficiency is
rooted in gas exchange-dependent techniques (MIGET and 100% oxygen) that
demonstrate variable and/or inconsistent results. Specifically, these results are not
consistent with the extensive anatomic-based studies that preceded these gas-exchange
dependent techniques for over 100 years, which directly demonstrated the existence of
large diameter IPAVA. The diffusion gradient needed to reach the blood flowing through
the center of a large diameter IPAVA could theoretically prevent at least some of the
blood flowing through [IPAVA from participating in pulmonary gas exchange and it could
therefore act like a shunt. However, a negative contribution to pulmonary gas exchange
efficiency by IPAVA has not been directly demonstrated.
PURPOSE AND HYPOTHESES

The purpose of this dissertation is to identify potential mechanisms regulating the
patency of intrapulmonary arteriovenous anastomoses and determine their physiologic
significance, if any, in healthy humans.
Aim #1

The mechanism(s) regulating the opening and closing of IPAVA are currently
unknown. However, a common link between their opening during exercise or when
breathing hypoxic gas mixtures at rest, and their closure when breathing hyperoxic gas
mixtures during exercise may be activation of the sympathetic nervous system. Binding
of epinephrine to B-receptors in the pulmonary vasculature can lead to vasodilation (101),
however binding to a-receptors may cause vasoconstriction and increased resistance
(123). The balance between these competing influences appears to favor binding to a-

receptors during normal tone, but binding to B-receptors during increased tone and may



play a role in determining blood flow through IPAVA. The plasma concentration of
Dopamine also increases during exercise and binds to dopaminergic, - and a-receptors
and therefore has the potential to affect IPAVA patency as well. Therefore, Aim #1 tested
the hypothesis that the intravenous infusion of epinephrine or dopamine opens IPAVA in
subjects at rest breathing (A) room air and (B) 100% oxygen as detected by saline
contrast echocardiography.
Aim #2

Using saline contrast echocardiography in exercising subjects breathing 100%
oxygen demonstrates a reduction or elimination of microbubbles in the left heart.
However, no studies have attempted to directly quantify a reduction in blood flow
through IPAVA during exercise in subjects breathing 100% oxygen. Therefore, Aim #3
used planar Gamma-camera imaging of **"Technetium labeled macroaggregated albumin
(**™Tc-MAA) to test the hypothesis that breathing 100% oxygen during exercise reduces
blood flow through IPAVA. To do this, subjects were injected with filtered **"Tc-MAA
during three separate conditions and then immediately underwent planar scanning using a
dual-headed Gamma camera to simultaneously acquire anterior and posterior images. The
three conditions included: (1) at rest and (2) during cycle-ergometer exercise breathing
room air and (3) during cycle-ergometer exercise breathing 100% oxygen.
Aim #3

In order for blood flowing through IPAVA to act like a shunt and contribute to the
widening of the AaDO,, that blood must not fully participate in pulmonary gas exchange.
Aim #3 tested the hypothesis that blood flowing through IPAVA negatively contributes

to pulmonary gas exchange efficiency by acting like a shunt. To do this we measured the



AaDQ; in subjects at rest and during cycle-ergometer exercise while breathing 40%
oxygen when contributions from diffusion limitation and V/Q inequality are eliminated,
leaving only shunt (IPAVA and post-pulmonary) as a possible factor affecting pulmonary
gas exchange efficiency.

The hypotheses of these three Aims will be tested in Chapters IV-VI, respectively
of this dissertation. Chapter IV is in review with the Journal of Applied Physiology and
Jonathan E. Elliott, Randall D. Goodman, and Andrew T. Lovering are co-authors. I
performed the experimental work and the methods were developed equally between all
authors. The writing is entirely mine. J.E. Elliott and A.T. Lovering provided editorial
assistance. In Chapter V, the manuscript is in preparation for publication in Journal of
Applied Physiology with Randall D. Goodman, Dixie Aaring, Thomas Voelkel, Scott
Stewart, Toni Bamford, Igor M. Gladstone, Mathews I. Fish, and Andrew T. Lovering as
coauthors. I performed the experimental work along with the help of all coauthors. The
writing is entirely mine and co-authors provided editorial assistance. In Chapter VI, the
manuscript is in preparation with Jonathan E. Elliott, Kara M. Beasley, Randall D.
Goodman, Igor M. Gladstone, Jerold M. Hawn, and Andrew T. Lovering as coauthors.
Drs. .M. Gladstone and J.M. Hawn placed the radial artery catheters in all subjects. All
other co-authors assisted in data collection. A.T. Lovering helped develop the protocols
and provided editorial assistance. R.D. Goodman performed all echocardiography and

Doppler ultrasound measurements for all experiments.
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CHAPTER 11
REVIEW OF THE LITERATURE
INTRODUCTION
This review of pertinent literature was designed to present a comprehensive
understanding of pulmonary vascular control and begins with pulmonary vascular
development and the regulation of blood flow during various physiological perturbations
such as exercise or breathing hyperoxic or hypoxic gas mixtures. Next, the historical
anatomical precedent for the existence of IPAVA is presented before describing recent
work using saline contrast echocardiography which frame our current, yet limited
understanding of the regulation of IPAVA. This foundation led to the development of the
studies discussed in Chapters IV and V of this dissertation, which investigate the possible
mechanisms regulating the opening of IPAVA as well as quantification of blood flow
through these unique vessels. Finally, this chapter shifts from pulmonary vascular control
to pulmonary gas exchange efficiency where I describe the inconsistencies surrounding
the accepted factors affecting pulmonary gas exchange efficiency. Together, these data
underscore the need to establish whether or not IPAVA play a significant role in affecting
pulmonary gas exchange efficiency.
PULMONARY VASCULATURE DEVELOPMENT
Blood flow returns from the systemic circulation to the right side of the heart
where it is pumped into the pulmonary circulation before it returns to the left side of the
heart to be pumped into the systemic circulation. This design places the lung in series
with the systemic circulation and creates a unique feature by which the pulmonary

circulation receives the entirety of the cardiac output. Accordingly, pulmonary vascular
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control and blood flow regulation are important for maintaining the efficient matching
between alveolar ventilation and pulmonary blood flow, while maintaining a pressure
about 1/5 that of the systemic circulation.

The pulmonary vascular tree develops in coordination with a branching airway
tree to closely match lung airways with pulmonary vasculature and thus provide maximal
surface area for gas exchange to occur (155). Branches of pulmonary arteries continue to
narrow, ultimately distributing into a fine capillary network that envelops alveoli like a
sheet, allowing red blood cells to pass virtually single file through capillaries. Even when
the transpulmonary vascular pressure is greatest in Zone III conditions, the mean
capillary diameter is only 6.5um, with the greatest never exceeding 13um (45). This fine
network of pulmonary capillaries creates an extremely large surface area for the diffusion
of gases to occur between capillary blood and alveolar air, while also acting as a physical
sieve to prevent the passage of thrombi into the systemic circulation, a second critically
important task of the pulmonary microcirculation.

The branching from the pulmonary artery into arterial branches has been
described by two main types of vessels: (a) conventional arteries, which run along the
airways and branch into terminal arterioles which feed the capillary bed; and (b)
supernumerary arteries, which branch from conventional arteries at ninety degree angles,
do not have accompanying airways, and take a shorter and more direct route to the
capillary bed (34, 148, 155). While the matched branching of conventional arteries with
successive airway generations intuits to provide the best possible chance for the exchange
of gases, it is unclear what benefit supernumerary arteries provides to the overall

pulmonary vasculature design. Additionally, supernumerary arteries may account for up
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to 40% of the total pulmonary arteries, appear poorly perfused under resting conditions,
and contain a sphincter (34) or baffle valve (148) that could allow for selective regulation
of blood flow through supernumerary arteries and thus actively influence the regulation
of pulmonary blood flow and/or pressure (21). The entrance to supernumerary arteries
has been measured to be as large as 800-1,000pm in diameter, narrowing to 50-200pm in
diameter at their distal end. Thus, these vessels have the potential to greatly influence
total pulmonary vascular resistance if blood flowing through these vessels bypasses the
fine capillary network and anastomoses to the pulmonary venous circulation.
Unfortunately, after the initial description of these vessels in 1965, a total of only five
studies have been undertaken to specifically investigate the mechanisms responsible for
the regulation of blood flow through these vessels (21, 147, 148, 174, 175), a few studies
have investigated the role these vessels may play in the development of arterial lesions in
pulmonary hypertension (13, 42, 201), and only one has included these vessels in models
of pulmonary arterial and venous trees in an attempt to uncover the functional
significance of supernumerary arteries (22). Outside of these few studies, very little is
known about supernumerary arteries and therefore studying these vessels represents a
vast area for future research into pulmonary vasculature control.
PULMONARY BLOOD FLOW REGULATION

In Chapters IV-VI of this dissertation I detail my studies of human subjects at rest
and during exercise while breathing various gas mixtures containing normal, increased,
and decreased concentrations of oxygen. Additionally, some of my previous work
investigating IPAV A regulation had subjects breathe hypoxic gas mixtures at rest (89).

Thus, it is important to highlight the pulmonary hemodynamic responses to these types of
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physiologic perturbations in order to place IPAVA responses in context of known
pulmonary vascular responses.
Exercise

During exercise cardiac output can increase up to six-fold and, in order to prevent
excessive rises in pulmonary artery pressure, blood flow resistance through the
pulmonary vasculature must decrease. This is traditionally thought to be achieved, in
part, through an increase in left atrial pressure which helps to recruit and distend the
pulmonary vasculature and results in adequate red blood cell transit time and diffusing
area through pulmonary capillaries for the complete diffusion of oxygen into the blood
while maintaining a low driving pressure at the delicate alveolar-capillary interface (135,
181). IPAVA are also recruited during exercise, as first demonstrated in exercising
humans using saline contrast echocardiography (32), and subsequently using large
diameter microspheres in exercising dogs (156). In Chapter VI, I present data from
exercising subjects who demonstrate greater bubble scores with increasing exercise
intensity, suggesting a graded response by IPAVA as pulmonary pressures and flows
increase. However, it is not known if the increase in left atrial pressure is also the direct
cause of IPAVA recruitment, or if there is some other mechanism regulating blood flow
through these unique vessels. Still, the physiologic benefit of blood flow through IPAVA
has not been determined.
Gravity

It seems logical that another acute perturbation that could effect pulmonary blood
flow distribution would be the effects due to gravity, such as when in the supine versus

standing position. Over 50 years ago it was first suggested that gravity might be the
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primary determinant of the distribution of blood flow throughout the lung and multiple
studies demonstrated support for such a concept (81, 195, 196). However, in what
appears to be a theme in respiratory physiology, debate surrounding the role of gravity in
determining pulmonary perfusion continues (46, 76). Evidence is mounting that there is a
greater genetic basis to the anatomical heterogeneity of blood flow distribution and that
gravity plays more of a minor role in blood flow distribution (11, 47-49, 51, 57, 68, 113).
Additional evidence in support of a minimal role for gravity in determining blood flow
distribution comes from studies in which the gravitational force was altered and blood
flow distribution was measured. Glenny and colleagues flew with piglets in the NASA
KC-135 aircraft which flies in a series of parabolas to create alternating weightlessness
and gravity 1.8 times greater than normal (50). After injecting 15.5 um diameter
microspheres during conditions of weightlessness (0G), normal gravity (1G), and
hypergravity (1.8G), the lungs were removed, dried, cut into 2-cm’ cubes, and blood flow
to each cube was determined. This study revealed that the slope of the perfusion gradient
of blood flow down the lung was the same in 0G, 1G, and 1.8G conditions, suggesting
that the vertical pressure gradient due to gravity does not explain the blood flow
distribution pattern from the apices to the base of the lung. Additionally, I believe one of
the most striking studies to demonstrate how pulmonary blood flow distribution can be
influenced to a greater degree by factors other than gravity measured pulmonary blood
flow distribution in human subjects spun in a human centrifuge to create hypergravity
three times normal gravity (3G) and demonstrated blood flow distribution moving from
the dependent to the nondependent region of the lung as gravitational forces increased in

the opposite direction (120)!
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While we have not (yet) studied blood flow through IPAVA in human subjects in
a human centrifuge or while riding in a plane flying in a parabolic pattern, we do have
some data to suggest that in resting subjects, moving from the supine to upright position
can alter blood flow through IPAVA. Over the past 5 years we have screened ~200
subjects in the left lateral decubitus position for presence of a patent foramen ovale (PFO)
using saline contrast echocardiography. We have found that in a normal, healthy,
asymptomatic population, ~33% of subjects demonstrate 1-3 bubbles appearing in the left
heart not due to a PFO, suggesting patent IPAVA. We invited 15 of these subjects back to
the lab for further testing up to 13 months after their initial screening and all
demonstrated the same indication of a patent IPAV A at rest while in the left lateral
decubitus position. After these subjects stood upright another bubble injection was
performed and 14/15 subjects no longer demonstrated open IPAVA. These data may
suggest that the location of large diameter IPAVA are in the apices of the lung and that
moving from supine to upright posture reduces blood flow to the apices, and thus reduces
blood flow through IPAVA. This hypothesis gains support from early anatomical work
by Tobin and Zariquiey in which large diameter arteriovenous anastomoses were
visualized in the apices of the lung (172), and more recently by Stickland, et a/ who also
demonstrated a postural effect in subjects studied using saline contrast echocardiography
(159).
Hypoxia

In addition to the exercise-induced increases in pulmonary artery blood flow and
pressure, vasoactive agents in alveolar air or mixed venous blood can influence

pulmonary vascular tone and redistribute blood flow. In 1946 von Euler and Liljestrand
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were the first to demonstrate that ventilating cats with low oxygen increased pulmonary
artery pressure and suggested that oxygen was having a direct effect on pulmonary
vascular smooth muscle to cause vasoconstriction (179). The following year Motley, et
al. (112) demonstrated hypoxic pulmonary vasoconstriction in man breathing 10%
oxygen and since then there has been an extensive amount of work conducted to identify
the mechanisms that underlie hypoxic pulmonary vasoconstriction (HPV). The initiation
of HPV was debated in the Journal of Applied Physiology Point:Counterpoint series (189,
191) and directly confronted the notion that hypoxia results in a greater production of
reactive oxygen species (ROS) by the mitochondrion, which acts as the primary sensor of
hypoxia. It is, however, accepted that hypoxia inhibits the Ky 5 channels (5, 190) which
leads to an increase in intracellular Ca®* through both L-type Ca®" channels (39) as well
as store-operated Ca®" channels (187), and ultimately leads to constriction of pulmonary
vascular smooth muscle cells in distal pulmonary arteries to cause vasoconstriction (1).
This represents a response that is opposite that of the systemic circulation, in which
systemic arterioles dilate in response to reduced oxygen tension in order to increase blood
flow and preserve oxygen delivery. The depolarization of pulmonary artery smooth
muscle cells is not endothelium-dependent; however, the endothelium may release an
unidentified agent that can modulate the response to hypoxia (2). Thus, the oxygen sensor
for HPV is believed to reside within the pulmonary artery smooth muscle cell itself.
Smooth muscle cells in smaller pulmonary arteries demonstrate the greatest
contraction response, while larger arteries do not respond to hypoxia in the same fashion
(103, 104). Because it is the smooth muscle cell itself that is detecting and responding to

low PO,, the majority of the stimulus for these myocytes is due to hypoxic alveolar gas,
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however hypoxemic mixed venous blood returning to the lungs from the systemic
circulation also contributes to the total vasoconstrictor response (105, 106). This response
to hypoxia begins within seconds, but full hypoxic pulmonary vasoconstriction develops
over two hours or more (31), suggesting there to be a rapid phase and slow phase to HPV
(168). Interestingly, Kv; s mRNA and protein are expressed to a greater degree in small
(<40 um) compared to large (100-200 um) distal pulmonary arteries (6), and longitudinal
differences between proximal conductance arteries and more distal resistance arteries in
Ca®" channel density (39) suggest a location-dependent effect of HPV based on
potassium depolarization and/or calcium channel density.

An extremely thorough, extensive, and up to date review on HPV was recently
published (166) that integrates much of the recent cellular and molecular work that has
been accomplished in the past few decades. While it highlights the effects of hypoxia on
pulmonary vascular smooth muscle and helps clarify some of the controversy that exists
regarding the mechanisms required for HPV to occur, the exact mechanism initiating
HPYV remains incompletely understood.

While this vasonconstricting response to hypoxia appears unique to the
pulmonary vasculature, IPAVA in humans, dogs, and rats operate similarly to systemic
vessels and open in response to hypoxia (10, 89, 115). We speculated that IPAVA could
be remnant fetal vessels similar to the ductus arteriosus which is patent during fetal
development when the PO, is much lower than in the adult (149) and constricts in
response to high levels of oxygen (37, 176). One major difference between the ductus
arteriosus and IPAVA, however, is that after closure it becomes the ductus ligamentum

and does not retain the ability to dilate in hypoxic conditions.
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A final note of interest regarding hypoxia and the recruitment of IPAVA is that
while increases in left atrial pressure are believed to recruit and distend pulmonary
capillaries with the onset of exercise, left atrial pressure does not appear to increase in
response to hypoxia (54). Thus, this potential recruitment mechanism for IPAVA in
hypoxia appears unlikely.

Hyperoxia

In addition to low oxygen, high oxygen tension also causes a redistribution of
pulmonary blood flow. Using a sheep model, Melsom, et al. (110) injected 15um
microspheres into sheep ventilated with either hypoxia (FIO,=0.12) or hyperoxia
(F1O,=0.40) for 10 min and demonstrated a low correlation between local flow in

normoxia and exposure to hypoxia that was similar to the correlation between normoxia

and hyperoxia. Similarly, an increase in V/Q heterogeneity was seen in pigs ventilated
with both hypoxic (F10,=0.09) and hyperoxic (FIO,=0.50) gas mixtures as well (64).
Because hypoxic pulmonary vasoconstriction is not contributing to blood flow
heterogeneity in human subjects breathing room air (4), the above data would suggest
that hyperoxia is altering the distribution of pulmonary blood flow through a mechanism
other than simply reducing hypoxic pulmonary vasoconstriction. The mechanism(s)
causing the hyperoxic redistribution of pulmonary blood flow are unknown.
ANATOMICAL EVIDENCE FOR PULMONARY ARTERIOVENOUS
ANASTOMOSES

In 1939 a review of anatomical literature by Clara (24) listed numerous systemic
vascular beds that contain arteriovenous anastomoses including the skin, nose, ear, ovary,

kidney, stomach, small intestine, and brain. Further evidence for arteriovenous
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anastomoses in the systemic circulation exists in dogs (93), the human ear (127), and dog,
sheep and goat tongue (126, 128). Thus, in addition to the conventional and
supernumerary arteries in the pulmonary circulation which both deliver blood flow to the
capillary bed, intrapulmonary arteriovenous anastomoses may also be a component of the
normal pulmonary vasculature that would allow some of the blood to bypass the
capillary-alveolar interface. Prinzmetal and colleagues first demonstrated large diameter
arteriovenous anastomoses existed in the heart when glass spheres of 10-400um injected
into the left coronary artery were recovered from the coronary sinus, ranging from 70-
170um (130). This same group also injected glass microspheres into rabbit liver, dog
spleen, and rabbit, dog, and cat lungs which were then retrieved from the venous effluent,
signifying that the microspheres passed through large diameter arteriovenous
anastomoses (129). Also using the glass microsphere technique, IPAVA were identified
in dogs (115) and post-mortem human lungs (170, 172). In fact, anatomic descriptions
based on plastic casts made by Tobin indicate the presence of arteriovenous shunts to be
in the apex of the lung, in the form of a loop, lacking muscle or elastic tissue in their
walls, and large enough to allow passage of 200um glass spheres (170). By 1953 it was,
“generally accepted that arterio-venous anastomoses exist in the lungs” (151).
Unfortunately, while their existence appeared “generally accepted,” their significance
remained unknown. Possibly for this reason, or due to attempts to explain pulmonary gas
exchange efficiency, which failed to demonstrate a role for intrapulmonary shunting, the
existence of these apparently ubiquitous vessels was ignored, disregarded, and forgotten
for the next few decades. Recently, additional microsphere evidence in dogs, isolated

human and baboon lungs, and rats has brought these potentially important vessels back
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into the discussion of pulmonary vasculature (10, 99, 156), while nuclear medicine
imaging of *’"Tc-labeled macroaggregates of albumin (" Tc-MAA) in healthy humans
breathing room air have quantified an increase in blood flow through exercise-induced
IPAVA (96, 197). Not surprisingly, controversy about the existence of and role for these
vessels has emerged (71, 95).

INTRAPULMONARY ARTERIOVENOUS ANASTOMOSES DETECTED
USING SALINE CONTRAST ECHOCARDIOGRAPHY

Another anatomic-based technique called transthoracic saline contrast
echocardiography (TTSCE) has been used to study IPAVA in healthy humans (32, 35,
89, 94, 97, 157). TTSCE uses ultrasound to visualize the heart while air bubbles in saline
are injected into an arm vein. These bubbles travel in the venous blood returning to the
right side of the heart and appear as a “cloud of echoes”. As this blood with bubbles in it
then travels through the pulmonary circulation, the small diameter capillaries act as a
sieve to filter out the microbubbles and prevent them from returning to the left side of the
heart. However, when large diameter IPAVA open, they provide a pathway for the
bubbles to bypass the pulmonary capillaries and these bubbles subsequently return to the
left heart and thus the patency of IPAVA can be non-invasively determined using this
anatomic-based technique.

Using this technique we and others have demonstrated that IPAVA are closed at
rest, but open in healthy humans during exercise (32, 159) or in resting subjects breathing
low levels of oxygen (hypoxia) (89). However, when subjects breathe 100% oxygen
during exercise, bubbles do not appear in the left heart, suggesting that large diameter

IPAVA are closed (97). However, while these studies demonstrated the existence and
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provided potential insight into the regulation of arteriovenous anastomoses in the
pulmonary circulation, their physiologic roles as part of the normal pulmonary circulation
are not yet proven.

PULMONARY GAS EXCHANGE EFFICIENCY

If blood flow through these large diameter arteriovenous anastomoses does not
fully participate in pulmonary gas exchange, then IPAVA could act like a shunt and
contribute negatively to pulmonary gas exchange efficiency. However, as I will describe
below, a technique developed to investigate the role of shunt in pulmonary gas exchange
efficiency ruled out such a possibility and consequently, much of the anatomical data
collected over multiple decades has been essentially disregarded or forgotten.

We have speculated that large diameter [IPAVA divert blood flow away from the
alveoli and pulmonary capillaries and thus reduce pulmonary gas exchange efficiency,
but no study has directly determined if the opening of IPAVA negatively affects
pulmonary gas exchange efficiency as 