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Abstract

Embolic insults account for a significant number of neurologic sequelae following many routine 

surgical procedures. Clearly, these post-intervention embolic events are a serious public health 

issue as they are potentially life altering. However, the pathway these emboli utilize to bypass the 

pulmonary microcirculatory sieve in patients without an intracardiac shunt such as an atrial septal 

defect or patent foramen ovale, remains unclear. In the absence of intracardiac routes and large 

diameter pulmonary arteriovenous malformations, inducible large diameter intrapulmonary 

arteriovenous anastomoses in otherwise healthy adult humans may prove to be the best 

explanation. Our group and others have demonstrated that inducible large diameter 

intrapulmonary arteriovenous anastomoses are closed at rest but can open during hyperdynamic 

conditions such as exercise in more than 90% of healthy humans. Furthermore, the patency of 

these intrapulmonary anastomoses can be modulated through the fraction of inspired oxygen and 

by body positioning. Of particular clinical interest, there appears to be a strong association 

between arterial hypoxemia and neurologic insults, suggesting a breach in the filtering ability of 

the pulmonary microvasculature under these conditions. In this review, we present evidence 

demonstrating the existence of inducible intrapulmonary arteriovenous anastomoses in healthy 

humans that are modulated by exercise, oxygen tension and body positioning. Additionally, we 

identify several clinical conditions associated with both arterial hypoxemia and an increased risk 

for embolic insults. Finally, we suggest some precautionary measures that should be taken during 

interventions to keep intrapulmonary arteriovenous anastomoses closed in order to prevent or 

reduce the incidence of paradoxical embolism.
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Introduction

Paradoxical embolization is increasingly mentioned in the literature as an explanation for 

numerous neurological insults including stroke,8,13,18,26,28,29,44,48,51,54,59,62,63,82 transient 

ischemic attack,18,57,82 migraines26,28,68,85,87,88 and several post-operative neurological se 

quelae including delirium,49 cognitive decline23 and cognitive dysfunction.55 Some of these 

neurological outcomes can be explained by the presence of an intracardiac shunt such as a 

patent foramen ovale (PFO), which allows for large diameter emboli to bypass the 8–10 mm 

diameter sieve created by the pulmonary capillaries and enter into the systemic circulation. 

However, there are a surprisingly large percentage of individuals without a PFO who suffer 

neurological insults. For example, up to 54% of patients who experience a cryptogenic 

stroke do not have a PFO.22,26,51 Furthermore, the overall incidence of PFO in the general 

population is ~30%,15 which cannot account for the prevalence of neurological insults being 

as high as 47 and 61% following cardiac and major orthopedic surgeries, respectively.49 

Thus, in the absence of a large diameter intracardiac shunt, how can emboli of venous origin 

enter into the systemic arterial circulation? The answer to this question may be that these 

emboli bypass the pulmonary microcirculation via dynamic large diameter intrapulmonary 

arteriovenous anastomoses.

Existence of large diameter intrapulmonary arteriovenous anastomoses

Arteriovenous anastomoses were first reported by Sappey over 100 years ago58 and 

intrapulmonary arteriovenous anastomoses between 15 and 500 mm have been known to 

exist in adult human lungs for ~70 years.69,70,77,78 These landmark studies used gold 

standard, anatomic-based techniques such as microspheres and casting to definitively 

demonstrate the existence of these pathways in the isolated lung, albeit under various non-

physiologic conditions. However, these understudied pathways have remained largely 

ignored by physicians and scientists because the conditions under which they are patent in 

healthy humans were unknown until very recently.24,65 Lovering and colleagues recently 

established that these dynamic pathways can be opened in isolated adult human and baboon 

lungs that are ventilated and perfused under physiologic conditions using 25 and 50 μm 

microspheres.35 Similarly, others have demonstrated the transpulmonary passage of large 

diameter microspheres in human infants84 and numerous animal models under varying 

conditions.4,38,47,50,52 Thus, these large diameter dynamic intrapulmonary arteriovenous 

anastomoses do exist and, as such, have the potential to play both physiological and 

pathophysiologic roles ranging from effecting pulmonary gas exchange efficiency33,67 to 

providing a pathway for emboli to bypass the pulmonary filter and cause cryptogenic 

stroke.26 Because these pathways may be involved in paradoxical embolism, which is 

associated with serious complications, it would be important to know when these important 

pathways are open and when they are closed.

Dynamic nature of large diameter intrapulmonary arteriovenous anastomoses

Saline contrast echocardiography is a non-invasive technique that uses ultrasound to 

visualize the delayed appearance of saline-contrast microbubbles in the left heart to detect 

the opening of large diameter intrapulmonary arteriovenous anastomoses. In the absence of 

intracardiac and intrapulmonary shunts such as arteriovenous malformations, pulmonary 
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capillaries filter out intravenously injected saline contrast microbubbles and no bubbles 

appear in the left heart.3,40,42,56 According to Meltzer et al., the presence of a single 

microbubble in the left heart defines the presence of a pathologic shunt.41 As such, saline 

contrast echocardiography is widely regarded as the most sensitive technique in identifying 

any source of right-to-left shunt, even detecting subclinical microvascular pulmonary 

arteriovenous malformations which high resolution computed tomography is unable to 

visualize.21,46,73

Using saline contrast echocardiography, our group and others have demonstrated that 

intrapulmonary arteriovenous anastomoses are closed at rest, but open during submaximal 

through maximal exercise in >90% of adult humans without an intracardiac shunt9,33,67 

(Fig. 1). The detection of these open shunt pathways using saline contrast echocardiography 

was validated in exercising healthy adult humans using intravenously-injected, solid 

macroaggregates of albumin32 (Fig. 2) and microspheres of albumin83 and in exercising 

dogs using intravenously-injected 25 mm polymer microspheres.66 Thus, exercise is a 

condition in which these dynamic pathways have been clearly demonstrated to be open.

In addition to exercise, Stickland and colleagues have further demonstrated that simple 

changes in body positioning may alter the patency of these vessels. In a study of 8 healthy 

humans, these authors demonstrated that intrapulmonary arteriovenous anastomoses opened 

in 2 of 8 subjects going from upright to supine.67 These data suggest that minor changes in 

central blood volume or changes in regional pulmonary blood flow that result from changes 

in body position may be involved in determining the patency of these vessels. Thus, changes 

in body positioning, for instance head tilted up on the operating table, could prevent a breach 

in the pulmonary filter in as much as 25% of the general population.

Oxygen-modulation of inducible intrapulmonary arteriovenous anastomoses

Von Euler and Liljestrand first showed that acute anoxia induces pulmonary 

vasoconstriction in the cat and suggested that the low oxygen was acting directly on the 

pulmonary vasculature in order to redistribute blood flow.76 Soon after, Motley et al. 

undertook this investigation in human subjects breathing 10% O2 and also demonstrated a 

rapid increase in pulmonary artery pressure which resolved upon return to ambient air 

breathing.43 Thus, it is now widely accepted that hypoxia induces pulmonary arterial 

vasoconstriction and it was under this premise that initial attempts to regulate 

intrapulmonary arteriovenous anastomoses were undertaken. Interestingly, while the fraction 

of inspired oxygen (FIO2) does in fact modulate intrapulmonary arteriovenous anastomoses 

during exercise, this regulation is opposite that of the normal pulmonary vasculature. For 

example, once these pathways have been opened up during exercise breathing room air, 

these pathways can be subsequently closed by breathing an FIO2=1.0 during submaximal 

through maximal exercise in the majority of healthy adult humans11,34 (Fig. 3). Importantly, 

a few bubbles still traverse the pulmonary circulation in some subjects breathing hyperoxia 

during exercise, just not as many bubbles.11,34 These data are supported by studies in dogs 

demonstrating that over-embolization of the lung results in the transpulmonary passage of 

microspheres, which is reduced in hyperoxic conditions.47 Furthermore, hyperoxia has been 

shown to redistribute pulmonary blood flow as measured with microspheres in intact 
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sheep.39 Accordingly, these pathways can be opened up during hyperdynamic conditions 

such as exercise, but can be closed by increasing the FIO2.

In addition to breathing high levels of oxygen, breathing low oxygen tensions also has an 

effect on these pathways. Due to hypoxic pulmonary vasoconstriction, it was initially 

hypothesized that intrapulmonary arteriovenous anastomoses could be kept closed during 

exercise if subjects breathed hypoxia.33 However, it was shown to be incorrect as breathing 

an FIO2 = 0.12 opened intrapulmonary arteriovenous anastomoses in 3/9 subjects at rest and 

caused an increase in the transpulmonary passage of saline contrast for any given workload 

during exercise (Fig. 4).33 Contrary to the original hypothesis, these dynamic 

intrapulmonary arteriovenous anastomoses respond to oxygen in a manner opposite that of 

the normal pulmonary vasculature and behave more like systemic vessels that vasodilate in 

response to hypoxia. However, this preliminary study used only one level of hypoxia and 

only 30% of the subjects demonstrated transpulmonary passage of saline contrast bubbles at 

rest. Thus, our most recent investigation set out to determine if we could induce shunting in 

all healthy human subjects breathing some level of hypoxia at rest.

Using saline contrast echocardiography we have now demonstrated that breathing an FIO2 = 

0.16 to 0.10 at rest opens inducible intrapulmonary arteriovenous anastomoses in a dose-

dependent manner, with increased bubble density in the left ventricle as arterial hypoxemia 

worsens (Figs. 5, 6). In these studies we used a published bubble scoring system which 

assigns a 0 through 5 score based on the number and spatial distribution of bubbles in the 

left ventricle27,34 (Fig. 5). We found that bubble scores were significantly greater while 

breathing an FIO2 = 0.12 and 0.10 for 30 min compared to subjects breathing room air.27 

While there was some variability in the duration of hypoxic exposure before the onset of 

shunting and in bubble scores between subjects for any given FIO2, all subjects 

demonstrated left sided contrast after 30 min breathing an FIO2 = 0.10 (Figs. 5, 6). 

Additionally, some subjects had significant left-sided contrast with saturations as high as 

95% (Fig. 7). Because increased bubble density represents a greater breach in the pulmonary 

capillary filter,87 the variability between subjects in the opening of intrapulmonary 

arteriovenous anastomoses for any given arterial oxygen saturation may be linked to 

variability in susceptibility to embolic insults between individuals (Fig. 7).

Of particular interest, within 15 min of returning these subjects to breathing room air, the 

intrapulmonary arteriovenous anastomoses closed and bubble scores returned to zero (no 

bubbles) regardless of the previous FIO2. Also, the degree of saline contrast bubbles able to 

traverse the pulmonary microcirculation was positively correlated with arterial oxygen 

desaturation and increased pulmonary artery systolic pressure. This suggests two things: (1) 

either the opening of these pathways results in a true shunt that worsens arterial hypoxemia 

or hypoxemia opens these pathways and (2) elevated pulmonary pressures are associated 

with the opening of these vessels.27 In addition to the human work outlined above, work in 

dogs has demonstrated that overembolization of the lung in hypoxic conditions results in a 

greater transpulmonary passage of microspheres than in normoxia.47 In combination, these 

studies reveal a clear link between arterial hypoxemia and a breach in the filtering ability of 

the pulmonary microcirculation.
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Although the exact mechanisms controlling the patency of these inducible intrapulmonary 

arteriovenous anastomoses remain unknown, it is clear that oxygen is playing an important 

role in their regulation. It is possible that these vessels are regulated via a mechanism similar 

to that of the ductus arteriosus, a fetal vessel in the pulmonary circulation which is patent in 

the hypoxic in utero environment (PvO2 ~ 17)61 and closes after birth when the PvO2 in the 

pulmonary vasculature increases to ~40 Torr with the onset of room air breathing. 

Interestingly, breathing hypoxia at rest reduces the PvO2 from ~40 Torr to less than 30 

Torr,79 a level similar to that which occurs during submaximal exercise. Thus, reductions in 

the PvO2 represent a commonality between exercise and hypoxia that could be responsible 

for controlling the patency of intrapulmonary arteriovenous anastomoses. Accordingly, an 

oxygen sensing location that responds to changes in PvO2, caused by exercise and/or 

changes in FIO2, may exist in the pulmonary arterial circulation and may regulate the 

patency of intrapulmonary arteriovenous anastomoses.

Validity of saline contrast echocardiography in subjects submitted to hypoxia and 
hyperoxia

Much of the work described above regarding intrapulmonary arteriovenous anastomoses and 

their regulation is based on evidence from saline contrast echocardiography. Critics of our 

work using saline contrast echocardiography to detect the patency of intrapulmonary 

arteriovenous anastomoses are skeptical that changes in the FIO2 alone are responsible for 

the opening and closing of these pathways, despite the fact that our work is supported by 

animal studies utilizing gold standard techniques such as microspheres.10,39,47 For example, 

microspheres(25mm) traverse the pulmonary circulation during exercise but not at rest in 

dogs.66 Likewise, the percentage of albumin microspheres and macroaggregates that 

traverse the pulmonary circulation increases during exercise in healthy humans32,83 and this 

is consistent with human bubble method data.9,11,25,33,67 Furthermore, the transpulmonary 

passage of microspheres (60–420 mm) increases under hypoxic conditions and decreases 

under hyperoxic conditions in dogs.47 Again, this is all consistent with human bubble 

method data.11,27,33,34

Despite these studies using microspheres which strongly support the saline contrast 

echocardiography data, they argue that our results can be explained by altered in vivo bubble 

dynamics caused by changing the FIO2.30 Their rationale is that if saline contrast bubbles 

are created from room air, the internal partial pressure environment of the bubbles is held 

constant, but changing the inspired oxygen tension results in an alteration to the external 

partial pressure environment, subsequently altering bubble stability. Therefore, depending 

on the FIO2, room air bubbles could either grow in size to become larger than patent 

intrapulmonary arteriovenous pathways, and thus get filtered out, or shrink in size and 

dissolve prior to reaching the left heart. In either case, no left-sided contrast would be 

detected whether intrapulmonary arteriovenous pathways are opened or closed.2,17,74,75

The theoretical basis behind this critique is best explained by examining the partial pressure 

changes that occur in the blood of subjects breathing FIO2 = 1.0. In this scenario, the PN2 

within the venous and arterial blood would be very low, while the PO2 within the mixed 

venous blood would be ~48 Torr. Saline contrast bubbles created from room air have an 
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internal PN2 and PO2 of ~590 Torr and ~150 Torr, respectively. Despite the slowly 

permeating characteristics of nitrogen, there exists a very large “sink” for the diffusion of 

nitrogen out of the bubbles and into the blood. Thus, when breathing 100% O2, the nitrogen 

within intravenously injected bubbles created from room air should very quickly diffuse out 

of the bubbles and cause them to dissolve down to ~20% of their original size.16,17,74,89–91 

Subsequently, other influences (e.g. surface tension, pressure, and flow), should further 

promote their rapid dissolution before the bubbles ever reach the left heart, regardless of the 

patency of intrapulmonary arteriovenous anastomoses.40,71,81

Recently, we directly tested these theoretical critiques through a series of experiments 

designed to determine if they were valid. Using saline contrast echocardiography and our 

previously published scoring system27,34 these studies evaluated the degree of 

intrapulmonary arteriovenous shunt during exercise at 60% VO2peak while altering the 

internal and external partial pressures of the saline contrast bubbles. Subjects performed 

exercise on a cycle ergometer while breathing either room air, an FIO2 = 0.14 or an FIO2 = 

1.0, to alter the partial pressures of oxygen in the blood. Additionally, five saline contrast 

injections were done during each exercise bout and each injection was made with a different 

gas (either room air, 100% O2, 100% N2, 100% CO2 or 100% He) to alter the internal partial 

pressures of the bubbles. The resulting bubble scores within each FIO2 produced identical 

results, regardless of the initial bubble gas composition.11 These data demonstrate that 

intrapulmonary arteriovenous anastomoses are in fact opening and closing in response to 

changes in the FIO2 and that our results are not simply due to changes in bubble 

dynamics.11,20 Thus, the data collected by our group support the use of room air bubbles in 

subjects breathing any FIO2 and validates our previous work demonstrating a link between 

arterial hypoxemia and a breach in the filtering ability of the pulmonary microcirculation via 

patent hypoxia-induced intrapulmonary arteriovenous anastomoses.27

Proposed physiological and pathophysiologic roles of these vessels

The exact role of intrapulmonary arteriovenous anastomoses remains controversial.19,20,30,31 

With respect to physiological roles, we have previously hypothesized that they may be 

remnant fetal vessels as they would be beneficial for life in utero because their ability to 

shunt blood away from the pulmonary capillaries when the lung is not being used for gas 

exchange.33–35 Support for this idea comes from studies done in fetal lambs demonstrating 

the existence of intrapulmonary arteriovenous anastomoses that close as the lamb matures.38 

Furthermore, the existence of these pathways in baboon lungs suggests that they must have 

some evolutionary advantage since humans, gorillas and chimpanzees diverged from the old 

world monkeys (baboons, macaques, etc.) approximately 25 to 30 million years ago.14,53,64 

Despite the apparent evolutionary advantage of these vessels, we have suggested a negative 

physiological role for these pathways as well. Specifically, as a shunt vessel that bypasses 

the pulmonary capillaries preventing gas exchange from occurring.9,27,33,67 Stickland and 

colleagues demonstrated a correlation between shunt and pulmonary gas exchange 

efficiency during exercise,65,67 implicating these vessels as major contributors to the 

reduction in pulmonary gas exchange efficiency that occurs during exercise in all healthy 

humans.7 However, none of these proposed roles have been directly demonstrated.
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With respect to pathophysiologic roles, we have also proposed that these dynamic 

intrapulmonary arteriovenous anastomoses may provide a pathway for emboli to circumvent 

the pulmonary microcirculation. However, if these pathways are open during exercise and 

when breathing a low FIO2, why are there not more people who exercise and who travel to 

high altitude who also suffer neurological insults? We believe there are several lines of 

evidence that can explain this apparent discrepancy. First, many healthy and physically fit 

people, like the ones expected to exercise and travel to high altitudes, have healthy clotting 

profiles compared to less physically active individuals.86 Thus, they are less likely to clot. 

Also, any prothrombotic responses augmented by exercise are counteracted by concomitant 

release of soluble nucleotide-inactivating enzymes,92 preventing any clotting from 

occurring. Second, we have measured the percentage of cardiac output traveling through 

these pathways to be ~2% in healthy humans at maximal exercise.32 Thus, despite being 

potentially open in healthy people on a regular basis, the fact that healthy people are less 

likely to clot and <3% of their cardiac output travels through these pathways prevents the 

majority of people from experiencing serious neurological consequences. Nevertheless, 

exercise is known to induce stroke and migraines in healthy young adults37,45,62 with an 

increased incidence at altitude in otherwise healthy individuals.1 Therefore, these vessels 

may play a pathophysiologic role in some healthy humans, but clearly more research in this 

area is needed.

Conditions associated with arterial hypoxemia & embolic insults

Our data strongly support the idea that hypoxemia opens intrapulmonary arteriovenous 

anastomoses which may lead to a breach in the pulmonary filter in healthy humans. 

However, there are also several diseases associated with arterial hypoxemia and neurologic 

insults of embolic origin. One of these diseases is hereditary hemorrhagic telangiectasia 

(HHT). Patients with HHT are more likely to have large diameter arteriovenous 

malformations (AVMs), including grossly distended capillaries22,29,36,68 that often result in 

low arterial oxygen saturations. Thus, even without a PFO in these individuals, there is a 

breach in the pulmonary capillary filter caused by AVMs and possibly hypoxia-inducible 

intrapulmonary arteriovenous anastomoses that would allow for emboli to enter into the 

systemic circulation. Not surprisingly, patients with HHT also are at an increased risk for 

neurological insults such as stroke and migraines.22,68

Patients with chronic obstructive pulmonary disease (COPD) and arterial hypoxemia, with 

and without a PFO, have an increased risk of developing neurological insults of embolic 

origin such as stroke and transient ischemic attacks, as well as ischemic heart 

disease.6,51,60,72 Individuals with COPD are also prothrombotic, potentially increasing the 

number of blood clots in their circulation.5,12,80 However, the reason for the elevated risk of 

embolic neurological insults in this patient population remains unknown, as it is generally 

accepted that the lung filters out blood clots. Our previous work has clearly established that 

intrapulmonary arteriovenous anastomoses are opened with arterial hypoxemia in healthy 

adult humans.27,33 Thus, it is tempting to speculate that patients with COPD or other lung 

diseases and concomitant arterial hypoxemia may have patent intrapulmonary arteriovenous 

pathways at rest, as a result of their underlying arterial hypoxemia.27,33 Based on our 

previous research demonstrating that these pathways are closed with normal resting arterial 
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oxygen saturations, judicious supplemental oxygen therapy could significantly reduce the 

risk of neurological insults in patients with COPD and other diseases associated with arterial 

hypoxemia.

To summarize, conditions favoring paradoxical embolization such as open intrapulmonary 

arteriovenous pathways, arterial hypoxemia, clotting problems, or surgically-induced emboli 

and/or large percentages of blood flow traveling through these pathways may put individuals 

at an increased risk of neurological sequelae. Thus, care should be taken to avert these 

conditions, if possible, in order to prevent embolic injury.

Future directions & prevention of neurological insults following surgery

The previous sections of this review provided evidence for the existence of intrapulmonary 

arteriovenous anastomoses and focused on identifying the conditions under which these 

vessels are open or closed. The sections below are intended to inform surgeons, 

anesthesiologists and other clinical specialists what could be done to minimize the 

possibility that these pathways may be open during an interventional procedure.

Arterial oxygen saturation—We have established that maintaining normal, or better 

than normal arterial oxygen tension keeps these large diameter pathways closed. Our 

previous work has shown that in some individuals significant amounts of bubbles get 

through the pulmonary circulation when saturations are as high as 95%. Thus, one very 

simple method of keeping these pathways closed may be to keep patients on supplemental 

oxygen to keep saturations as high as possible. Our lab group continues to investigate the 

mechanisms involved in the oxygen mediation of these dynamic pathways.

Body positioning—Work by Stickland and colleagues demonstrated that body 

positioning can play a role in opening these pathways, specifically in the supine position.67 

These data suggest that perfusion of the apices of the lung may open shunts and this is 

supported by the work of Tobin & Zariquiey who demonstrated that shunts 20 to 500 mm 

are located in the apex of the lung.70 Therefore, simply changing patient orientation to the 

reverse-Trendelenburg position may reduce the chances that these pathways would be open 

during an interventional procedure. Future work investigating the role of body positioning 

during interventional procedures on the long-term neurological outcome of patients may 

have a significant impact on the quality of life for patients undergoing major surgical 

procedures.

Identification of pre-existing conditions favorable for embolization—Conditions 

favorable for paradoxical embolization include: compromising the pulmonary capillary 

filter, arterial hypoxemia, excessive formation or introduction of emboli, increased 

pulmonary pressures and large shunt fractions. Extensive precautionary measures should be 

taken in patients with these characteristics, such as individuals with HHT who have 

pulmonary arteriovenous malformations and thus lungs with reduced filtering capabilities. 

Indeed, these individuals are at risk for developing neurological insults even without 

surgical intervention. Our work has also demonstrated a correlation between pulmonary 
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artery systolic pressure and the patency of these pathways. Thus, conditions associated with 

pulmonary hypertension may also favor a breach in the pulmonary filter.

Other interventions—Currently, understanding the regulation of these pathways remains 

in its infancy. To our knowledge, there are no published studies demonstrating the ability to 

open or close these pathways with any pharmaceutical intervention. Thus, the best ways to 

keep these pathways closed are listed above. However, in subjects with severe lung disease, 

keeping arterial oxygen saturations high may not be possible. Also, some surgical 

procedures may demand that patients are in the Trendelenburg position or in the supine 

position. Thus, the need for future research aimed at better understanding the mechanisms 

mediating the patency of these intrapulmonary arteriovenous pathways remains vitally 

important. Ultimately, if these investigations fail to produce the required knowledge, then it 

will be necessary to develop other surgical tools and techniques to reduce emboli formation 

and/or to filter out potential emboli so that the risk of paradoxical embolization is reduced.
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Fig. 1. 
Transpulmonary passage of saline contrast microbubbles with exercise. Representative 

saline contrast echocardiograms from a single subject pre-exercise, and during exercise at 

50% and 90% of VO2max while breathing room air. Shunt scores were 0, 2, 3 for pre-

exercise, 50% and 90% of VO2max respectively.
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Fig. 2. 
Transpulmonary passage of macroaggregates of albumin with exercise. Anterior (Ant) and 

posterior (Post) planar whole body images obtained following injections with 

technetium-99m macroaggregates of albumin at rest and during maximal treadmill exercise. 

The increased number of counts in the exercising muscles (legs) indicates intrapulmonary 

shunting of technetium-99m macroaggregates of albumin that have become trapped in 

systemic capillaries. The percent shunt in this individual at rest was 0.7%, which increased 

to 3.0% at maximal exercise. Color bar represents increasing count intensities with lighter 

colors. (From Lovering AT, Haverkamp HC, Romer LM, et al. Transpulmonary passage of 

99mTc macroaggregates albumin in healthy humans at rest and during maximal exercise. J 

Appl Physiol 2009;106:1986–92; with permission.)
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Fig. 3. 
Prevention of transpulmonary passage of saline contrast bubbles with exercise in hyperoxia. 

Saline contrast echocardiograms from a 36-year-old male subject during exercise at 180 W 

in normoxia and hyperoxia. (A) echocardiogram during exercise for 1 min at 180 W in 

normoxia. Note saline contrast bubbles in the left heart indicating arteriovenous shunting. 

Bubble score = 3. (B) Echocardiogram during exercise for 120 s at 180 W in hyperoxia 

(100% O2). Note absence of saline contrast bubbles in the left heart indicating no 

arteriovenous shunting. Bubble score = 0. (C) Echocardiogram upon returning to exercise 

for 60 s at 180 W in normoxia. Note appearance of saline contrast bubbles in the left heart 

recommenced indicating arteriovenous shunting. Bubble score = 3. (From Lovering AT, 

Stickland MK, Amann M, Murphy JC, O'Brien MJ, Hokanson JS, Eldridge MW. Hyperoxia 

prevents exercise-induced intrapulmonary arteriovenous shunt in healthy humans. J Physiol. 

2008 Sep 15;586(Pt 18):4559–65; with permission.)
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Fig. 4. 
Increased transpulmonary passage of saline contrast microbubbles with exercise in hypoxia. 

Representative saline contrast echocardiograms from a single subject during exercise in 

normoxia and hypoxia FIO2 = 0.14 at 75% of VO2max. Shunt score of 3 in normoxia and 4 

during hypoxia. From Laurie SS, Yang X, Elliott JE, et al. Hypoxia-induced intrapulmonary 

arteriovenous shunting at rest in healthy humans. J Appl Physiol 2010;109(4):1072–9. © 

Am Physiol Soc, used with permission.
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Fig. 5. 
Transpulmonary passage of saline contrast microbubbles at rest in hypoxia. Representative 

echocardiograms of bubble scores 0–4 in a single subject at rest breathing (0) room air, (1) 

FIO2 = 0.16, (2) FIO2 = 0.14, (3) FIO2 = 0.12, (4) FIO2 = 0.10, and a second subject (5) 

with a bubble score of 5 breathing FIO2 = 0.10. Scores 1 and 2 have bubbles circled for 

clarity. From Laurie SS, Yang X, Elliott JE, et al. Hypoxia-induced intrapulmonary 

arteriovenous shunting at rest in healthy humans. J Appl Physiol 2010;109(4):1072–9. © 

Am Physiol Soc, used with permission.
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Fig. 6. 
Bubble scores at rest in hypoxia. Individual subject bubble scores at rest in the left ventricle 

breathing FIO2 = 0.21 and after 30 min breathing FIO2 = 0.16, 0.14, 012, and 0.10. 

Horizontal lines indicate mode, *p < 0.01 vs. FIO2 = 0.21 (Friedman's test, Dunn's post-

test). From Laurie SS, Yang X, Elliott JE, et al. Hypoxia-induced intrapulmonary 

arteriovenous shunting at rest in healthy humans. J Appl Physiol 2010;109(4):1072–9. © 

Am Physiol Soc, used with permission.
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Fig. 7. 
Bubble scores at rest in hypoxia as a function of arterial oxygen saturation. Bubble scores of 

the left ventricle at rest vs. corresponding SpO2 (n = 300). From Laurie SS, Yang X, Elliott 

JE, et al. Hypoxia-induced intrapulmonary arteriovenous shunting at rest in healthy humans. 

J Appl Physiol 2010;109(4):1072–9. © Am Physiol Soc, used with permission.
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