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abstract
Intrapulmonary arteriovenous anastomoses (IPAVs) are large-
diameter pathways that directly connect the arterial and venous net-
works, bypassing the pulmonary capillaries. Ubiquitously present in
healthy humans, these pathways are recruited in experimental con-
ditions by exercise, hypoxia, and catecholamines and have been pre-
viously shown to be closed by hyperoxia. Whether they play a role in
pulmonary pathophysiology is unknown. Here, we describe IPAV re-
cruitment associated with hypoxemia and right-to-left shunt in a patient
with status asthmaticus, treated with agonists of the B2-adrenergic
pathway. Our observation of IPAVs in a pediatric patient, mechanically
ventilated with 100% O2, suggests that these pathways are recruited in
clinically important circumstances and challenges the notion that IPAVs
are always closed by alveolar hyperoxia. Pediatrics 2014;133:e1087–
e1091
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Inducible intrapulmonary arteriovenous
anastomoses (IPAVs) directly connect
arteries and veins, bypassing the pul-
monary capillary network. Distinct from
the pathologic arteriovenous malforma-
tions (AVMs)observed in rarediseasesof
lung remodeling (eg, hereditary hemor-
rhagic telangiectasia), IPAVs are present
in∼90% of people. These conduits1 have
been observed repeatedly in healthy
humans, intact animals, and isolated
lungs.1–7 Unlike pathologic AVMs, IPAVs
are only transiently recruitable. Agitated
saline contrast, 99mTc-labeled albumin mac-
roaggregates, and solid microspheres
have been used to demonstrate that
these pathways open with moderate
exercise or alveolar hypoxia. We and
others have speculated that IPAVs
might exist to modulate the distribu-
tion of perfusion in the face of high
pulmonary pressures and flows.1,6–11

Experimentally, IPAV recruitment can be
prevented or reversed by 100% O2
breathing.4 The fact that only brief peri-
ods of hyperoxia are needed suggests
that O2 acts locally on the vasculature.
Recently, Laurie et al12 echocardio-
graphically observed IPAVs in a group of
healthy adults infused with epinephrine,
evidenced by the observation of agitated
bubble contrast in the left ventricle .5
cardiac cycles after right heart opacifi-
cation. Right-to-left bubble passage was
eliminated by 100% O2 breathing. These
authors speculate that IPAVs were ini-
tially recruited as a result of increased
cardiac output and that O2 acts directly
on IPAVs to close them.

It is unknown whether these pathways
contribute to lung pathophysiology13 or
whether their recruitment is of clinical
consequence.14 Here, we describe IPAV
recruitment associated with hypox-
emia and right-to-left shunt in a patient
with status asthmaticus, treated with
multiple agonists of the B2-adrenergic
pathway. Our observation of IPAVs in
a pediatric patient, ventilated with
100% O2, suggests that these pathways

are recruited in clinically relevant cir-
cumstances by commonly used drugs
and challenges the notion that IPAVs
are always closed by hyperoxia.

CLINICAL PRESENTATION

A 2-year-old girl with a history of asthma
presented to theemergencydepartment
in respiratory distresswith cough, chest
discomfort, wheezing, and fatigue. Her
mother noted severe cough, audible
wheezing, and 1 incident of posttussive
emesis during the previous night. De-
spite the use of inhaled albuterol and 3
nebulized budesonide treatments at
home, she continued to have labored
breathing. Emergency department clini-
cians noted a low-grade fever, tachypnea,
tachycardia, a visibly increasedwork of
breathing, and waning mental status.
Before this incident, her asthma had
been managed at home with albuterol
once daily. Although she had a pre-
scription for budesonide (0.25 mg)
twice daily, her mother reported use
only during periods of acute illness.

TREATMENT AND OBSERVATIONS

Upon admission to the PICU of the
American Family Children’s Hospital
(Madison, WI), she was noted to be in
fulminant respiratory failure with pro-
found respiratory acidosis (pH = 7.06
and PaCO2 = 75 mm Hg). She was sub-
sequently intubated to relieve her work
of breathing andmanage her acid-base
status. She remained sedated and
intubated in the PICU for 5 days. She
was ventilated with a prolonged expira-
tory phase, mild permissive hypercapnia,
and an elevated fraction of inspired
oxygen (FIO2) aimed at achieving near-
normal PaO2. She was treated empiri-
cally with ceftriaxone and azithromycin
for pneumonia.

During the first 3 days, treatment
strategies were added, aimed at im-
proving her persistent airway dys-
function. Treatment ultimately included
inhaled albuterol (20 mg/kg per hour)

and ipratropiumbromide (500mg q4h),
intravenous steroids, magnesium sul-
fate, aminophylline (1 mg/kg per hour),
and terbutaline (5 mg/kg per minute),
initiated sequentially over the first day.
On the third day, marked worsening
arterial hypoxemia (PaO2 = 52 mm Hg,
arterial oxygen saturation [SaO2] =
88%) was noted despite optimal venti-
lator settings (Fig 1). A chest radio-
graph showed mild hyperinflation but
no lung parenchymal disease. Fur-
thermore, her SaO2 was not improved
by increasing the FIO2 from 0.6 to 1.0,
suggestive of a right-to-left shunt.

An echocardiogram was done to de-
termine the source of right-to-left shunt.
Theechocardiogramwasnormal,without
evidence of atrial or ventricular septal
defects that would contribute to in-
tracardiac right-to-left shunt. An agitated
bubble contrast study showed a sub-
stantial, delayed bubble passage, in-
dicative of an intrapulmonary shunt
(Fig 2). She had no relevant history sug-
gestive of an AVM with chronic hypox-
emia. She was not polycythemic
(hematocrit = 35% at admission)
and had no liver disease, exercise
intolerance, orthodeoxia, clubbing

FIGURE 1
Ratio between the alveolar O2 partial pressure of
oxygen and the FIO2 (PaO2/FIO2) as an indicator of
gas exchange efficiency. Treatment began at t = 0.
Note the worsening of the PaO2-FIO2 ratio at 60
hours. The dashed line indicates the timing of
the saline contrast echocardiogram shown in
Fig 2 and the decision to discontinue this
patient’s intravenous terbutaline. The cessation
of terbutaline coincides with an improvement in
PaO2/FIO2 over the subsequent 24 hours.
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of the digits, or family history of
congenital AVM.

Terbutaline was immediately discon-
tinued, resulting in an improvement of
SaO2andPaO2 (PaO2=80mmHg,SaO2=96%)
over the next 24 hours. Over the next
few days, her clinical status improved.
She was extubated on the fifth day but
continued to demonstrate some mild
hypoxemia. A repeated echocardio-
gram on the sixth day revealed only
trace transpulmonary bubble passage.
Over the next days the patient was
transitioned from continuous therapy
to an asthma control regimen (albu-
terol 90 mg, 2 puffs as needed, and
fluticasone 220 mg twice daily). With
the cessation of nebulized albuterol,
her hypoxemia and right-to-left shunt
completely resolved.

DISCUSSION

Here, we present evidence of IPAV
recruitment in a patient with life-
threatening asthma, treated with
agonists of the b2-adrenergic path-
way. We present this case specifically
because it suggests future hypotheses
in the study of these novel pathways
and demonstrates that their clinical
importance may be underappreciated.
Arteriovenous anastomoses exist
ubiquitously in many systemic vascular
beds,15–23 are important in modulating
local blood flow, and are often regu-
lated by catecholamines.24–26 In con-
trast, the purpose and regulation of
IPAVs are less well understood. It is
important to distinguish here between

pathologic AVMs, which are rare and
are found idiopathically or seen in the
context of diseases such as hereditary
hemorrhagic telangiectasia27 and he-
patopulmonary syndrome,28 and IPAVs.
We and others have documented the
presence of transiently recruitable IPAVs
in ∼90% of healthy humans.2–4,8,9,29–30

Although the size of IPAVs has never been
directly determined in humans under
physiologic conditions, data from iso-
lated lung and intact animal studies
suggest that these pathways are large
(.200 mm) and are located early in the
pulmonary vascular tree.1,31–33

Why Is This Case Relevant to the
Clinician?

Allowing mixed venous blood to bypass
the pulmonary capillaries subverts
both the gas exchange and biological
filter functions of the lung. During ex-
ercise, IPAV recruitment coincides with
the onset of exercise-induced arterial
hypoxemia.3,6,10 In a recent case report
of an adult patient with beriberi heart,
patent IPAVs were observed in associa-
tion with arterial hypoxemia.14 Thiamine
repletion resulted in IPAV closure and
resolution of arterial hypoxemia.

Classically, lack of improvement of ar-
terial hypoxemia with 100% O2 admin-
istration indicates right-to-left shunt.34

This shunt may be anatomic, caused by
intracardiac defects or intrapulmonary
arteriovenous anastomoses, or it may
be physiologic, resulting from extreme
ventilation-perfusion inequality. In the
past, we have found several cases of

unexpected anatomic shunt contribut-
ing to unexplained arterial hypoxemia
and now routinely perform a saline
contrast echocardiogram to distin-
guish between anatomic and physio-
logic shunt in patients with severe
hypoxemia of unclear etiology.

Conventional teaching suggests that
the worsening hypoxemia with b ago-
nist therapy is caused by ventilation-
perfusion mismatch, although our case
suggests that transient intrapulmonary
shunt may be an important contributor.
With this patient’s first echocardiogram,
we noted abundant right-to-left bubble
passage, suggesting that a component
of her hypoxemia was attributable to
anatomic, intrapulmonary shunting.
With the discontinuation of terbutaline,
her hypoxemia improved over the next
24 hours but did not completely resolve.
Another saline contrast echocardio-
gram was performed on the sixth day to
better define the cause of her remaining
mild hypoxemia. It would have been
reasonable to suspect that this remain-
ing mild hypoxemia was the result of an
idiopathic pulmonary AVM. Here, we
performed the second echocardiogram
as an alternative to immediately con-
sidering angiography to identify a sus-
pected AVM. It proved invaluable in
identifying the contributors to her hyp-
oxemia. Because the repeat echocar-
diogram demonstrated only trivial
bubble passage, we were able to con-
clude that her remaining hypoxemia
was the result of ventilation-perfusion
mismatch. Saline contrast echocardiog-
raphy is a low-risk tool35,36 to determine
whether shunt has an anatomic com-
ponent, and the risk of systemic embo-
lization is negligible, even in patients
with anatomic right-to-left shunt.

Giventhecomplexityof theairwaydisease
in our patient, it is difficult to precisely
partition the fraction of the hypoxemia
caused by intrapulmonary shunting.
However, it is noteworthy that her
worsening hypoxemia coincided with the

FIGURE 2
Saline contrast echocardiogram demonstrating right-to-left intrapulmonary shunting. The 4-chamber
apical view is shown in the left panel. In the center panel, opacification of the right ventricle by agitated
saline contrast is noted. Bubbles in left ventricle, 9 cardiac cycles after right ventricular opacification,
are shown in the right panel.
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use of agonists of an adrenergic pathway
and that it improved rapidly after the
discontinuationof terbutaline. In Fig 1,we
note initial improvement in the PaO2-FIO2
ratio at hour 20 that coincides with the
initiation of multiple bronchodilators,
including continuous terbutaline. We at-
tribute this improvement to bronchodi-
lation and better ventilation-perfusion
matching. After a subsequent period of
worsening hypoxemia, intrapulmonary
shunting was identified, and her terbu-
taline was discontinued. The steady,
progressive improvement in her hypox-
emia over 24 hours is consistent with the
washout of terbutaline, which has a half-
life of∼2 hours in these circumstances.37

The other characteristic of this case that
is important is that this patient needed
a long period of mechanical ventilation
with sedation. Recently, a multicenter
study demonstrated that immobility in
the PICU, with central venous catheter-
ization, is associated with a risk of deep
vein thrombosis (24.7 per 1000 catheter-
days).38 IPAVs provide a route by which
these thrombi could bypass the pulmo-
nary circulation, resulting in arterial
embolization. Whether IPAVs influence
stroke risk in the PICU warrants addi-
tional investigation.

What Does This Case Teach Us
About IPAV Regulation?

Previous studies in our laboratory have
shown that alveolar hyperoxia consis-
tently closes IPAVs. Importantly, this is
the first time that IPAVs have been ob-
served in coincidence with alveolar
hyperoxia. Indeed, there are notable
differences between our patient and
previous physiologic studies that sug-
gest future hypotheses to be explored.

Laurie et al12 used epinephrine, which
is a mixed adrenergic agonist. However,
our patient was treated with specific
B2-adrenergic pathway agonists (albu-
terol and terbutaline). It should be con-
sidered that the IPAVs may be recruited
directly by B2-receptor–mediated di-
lation and that our observations are
related to the high specificity of the
agents used. Again, we noted a progres-
sive improvement after the discontin-
uation of terbutaline.

We can also speculate on the impor-
tance of our patient’s extended treat-
ment in overcoming the effects of
hyperoxia. Laurie et al demonstrated
that both the level of hypoxia and the
duration of the exposure influence
IPAVs such that a mild hypoxic stimulus
can be effective if it is prolonged.30

Similarly, exposure to adrenergic
stimuli may overcome the effects of
hyperoxia if the dosing is prolonged. It
is possible that if they had prolonged
the infusion of epinephrine, they would
also have observed IPAV recruitment
despite the 100% O2 breathing.

Our patient also received treatment
with aminophylline and magnesium
sulfate, and we cannot rule out the
possibility that they were synergistic
culprits in this case. Terbutaline and
albuterol stimulate the B2 receptor,
thereby increasing the concentration
of intracellular cyclic adenosine mono-
phosphate. Aminophylline prolongs the
lifetime of this second messenger by
inhibiting phosphodiesterase. Thus,
aminophylline may increase the mag-
nitude of the response by slowing the
conversion of cyclic adenosine mono-
phosphate. Indeed, Butler and Hills39

observed an increase in transpulmonary

bubble passage in air-embolized dogs
that were pretreated with aminophyl-
line. Magnesium sulfate is a B2 pathway–
independent pulmonary vasodilator
that might be considered in future
investigations.40 The multiple agents
used here also reflect this patient’s life-
threatening illness. We cannot rule out
that her asthma, or the infection she
was treated empirically for, may have
contributed to IPAVs recruitment.

This is the first time that IPAV opening
has been noted in a child. During
childhood, the sensitivity of the pul-
monary vasculature to oxygen, vaso-
dilators, and vasoconstrictors evolves.
It is possible that hyperoxia may be
effective in countering the effects of
IPAV recruiting agents in adults but
that it does not have the same efficacy
in children. McMullan et al41 demon-
strated that IPAVs are patent in late in
gestation in lambs but close or re-
gress postnatally. Studies of IPAV
sensitivity have not been completed
during this dynamic developmental
period.

CONCLUSIONS

IPAVs may be recruited by therapies
commonlyusedinthepediatric intensive
care setting, resulting in worsening
hypoxemia. The consequences of IPAVs
opening and potential mechanistic dif-
ferencesbetween theadult andchild are
important topics of future investigation.
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