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Neonates who present in high output heart failure secondary to vein of Galen aneurysmal malformation can be difficult to manage
medically due to the complex physiology that results from the large shunt through the malformation. Though the cardiac function
is often normal, right ventricular dilation, severe pulmonary hypertension, and systemic steal can result in inadequate organ
perfusion and shock. This report recommends medical management for stabilization of neonates prior to definitive management
with endovascular embolization.
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IMPACT:

● Vein of Galen aneurysmal malformation (VGAM) is a rare intracranial arteriovenous malformation, which can present in the
neonatal period with high output heart failure.

● Heart failure secondary to VGAM is often difficult to manage and is associated with high mortality and morbidity. Despite
optimal medical management, many patients require urgent endovascular embolization for stabilization of their heart failure.

● This report offers discrete recommendations that can be used by clinicians as guidelines for the medical management of heart
failure in newborns with VGAM.

INTRODUCTION
Vein of Galen aneurysmal malformation (VGAM), a rare congenital
intracranial arteriovenous (AV) malformation (AVM) of the cerebral
vasculature, represents about 30% of all prenatally diagnosed
intracranial AV anomalies and has an incidence of 1/25,000 births.
There are two major anatomic subtypes, the choroidal and the
mural types, which embryologically result from abnormal connec-
tions between the primitive choroidal vessels and the prosence-
phalic vein of Markowski, occurring between the 6th and 11th
weeks of gestation.1

The exact pathogenesis remains unclear. Mechanical reasons,
such as thrombosis, have been speculated to precede the
development of the AVM.1,2 Recently, genetic factors have been
shown to be present in up to 30% of these patients.3,4

Neonates with VGAM have a spectrum of signs related to high
output heart failure (HOHF). On one end of the spectrum, neonates
can have minimal signs that can be medically managed until
5–6 months of age when endovascular embolization can be
performed. On the other end of the spectrum, neonates can present
in cardiogenic shock that is difficult to manage medically and
requires urgent endovascular intervention unless they are deemed
too high risk for intervention. Fetuses with large VGAM often do not
develop signs of HF in utero because the low resistance of the AVM
is balanced by the low vascular resistance in the placenta.5–7

The goal of this report is to recommend guidelines for the
medical management of infants with VGAM based on our review
of the literature and the experience of our institutions. Emphasis is
given to the severe forms of VGAM that present with early HOHF
and need endovascular treatment urgently. It is important to note
that, due to the rarity of this condition and the lack of randomized
studies on the optimum pharmacologic treatments, there is
variability in the management of these patients.

METHODS
These guidelines represent a combination of review of the
literature and the experience of our institutions (Bicêtre Medical
Centre, a high volume referral center in France, and the University
of Texas Southwestern Medical Center/Children’s Health, a Level IV
program in the USA). For the literature search, we attempted a
comprehensive search pertaining to VGAM. We searched Pubmed
and OVID Medline with the following terms: “vein of Galen
malformation,” “intracranial arteriovenous malformation,” “cere-
bral arteriovenous malformation,” “heart failure,” “cardiac output,
high.” Due to the limited number of research articles addressing
the management of neonates with vein of Galen malformation,
many of the recommendations are extrapolated from other
disease process and are noted throughout these guidelines.
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Defining and understanding the physiology of VGAM
Of the neonates who develop HOHF from VGAM, most will present
during the first week of life.8 The pathophysiology of the HF is
secondary to the increased blood flow through the low resistance
vessels of the AVM. This results in increased return via the superior
vena cava (SVC) and a large volume load to the right ventricle (RV).
SVC flows up to 10-fold greater than normal have been reported.9

These neonates often have elevated pulmonary artery (PA)
pressure which is a direct result of the increased pulmonary
blood flow (PBF), resulting in an increased afterload to the RV.
There is some evidence that vascular remodeling occurs in utero
that contributes to the degree of pulmonary hypertension (PH) in
these patients.10,11 The most severe of these patients will have
suprasystemic PA pressure.
The combined increased volume load and increased afterload

to the RV results in a distended and non-compliant RV with shift of
the interventricular septum to the left. The left ventricle (LV) often
has normal or hyperdynamic function; however, the cardiac
output (CO) is unable to meet the metabolic demand of the
systemic organs resulting in lactic acidosis. In addition, the low
resistance AVM results in “steal” from the lower body and
decreased perfusion to the vital organs. Almost 30% of infants
demonstrate evidence of myocardial ischemia from decreased
coronary perfusion.12 Total systemic vascular resistance (SVR) is
expected to be low secondary to the low resistance from the
VGAM; however, extracranial SVR is elevated due to compensatory
changes from decreased perfusion to the body (physiology
summarized in Fig. 1).
There is a high morbidity and mortality related to the

development of HF in the neonatal period, with early mortality
estimated at 20–50%.12 Suprasystemic PA pressure and severe
congestive HF requiring mechanical ventilation have both been
associated with poor outcomes.8,13 Infants with VGAM can have
associated congenital heart defects, including sinus venosus atrial
septal defects (ASD), partial anomalous pulmonary venous return
(PAPVR), ventricular septal defects (VSD) and coarctation of the
aorta, which further complicate management and ouctomes.9,12,14

Antenatal factors that can predict aggressiveness of postnatal
heart failure
Although the diagnosis of VGAM can be made prenatally, it can be
difficult to predict which infants will have the most significant
disease postnatally. The choroidal subtype (consisting of multiple,

bilateral AV connections penetrating the prosencephalic varix) is
associated with severe neonatal disease more frequently than the
mural subtype (consisting of a single AV fistula).15 These findings
are also influenced by the exact anatomy of each type and cannot
be completely predicted by in utero studies.16 Encephalomalacia,
if seen in utero, is universally associated with severe early HF.
By antenatal magnetic resonance imaging (MRI), VGAM varix

volume of >20,000 mm3,17 larger measurements of the narrowest
portion of the straight and falcine sinus18 and middle cerebral
artery pseudofeeders19 have been identified as risk factors for the
occurrence of encephalomalacia and poor outcomes. However,
routine ability of neuroradiologists for standardized assessment of
these lesions has been questioned.18

Small studies have identified findings on fetal echocardiogram
that may be associated with neonatal mortality, including greater
than mild tricuspid regurgitation, greater than mild RV dysfunc-
tion, and higher calculated cardiac index.17,20

Due to lack of standardization, we caution the use of antenatal
findings as predictors for aggressiveness of clinical course.

Hemodynamic factors and conditions that could modify
timing of presentation
Infants with VGAM can be relatively stable at birth and present
after the first 24 h of life, with the median time of presentation
being 3 days of life.8 The variability of the deterioration in these
patients is difficult to predict.
Immediately after birth, the cardiovascular system adapts to (1)

decreasing pulmonary vascular resistance (PVR), (2) the closing of
the ductus arteriosus (DA) and (3) increasing SVR. All of these
physiologic phenomena could contribute to a degree to
deterioration in a patient with VGAM with some significant
differences.
Normally, the PVR and PA pressures decrease over time as the

lungs adapt to breathing physiology and increasing oxygen
tension. This transition has not been adequately studied in
patients with VGAM; however, it is possible that the vasodilation
of the pulmonary vasculature, resulting in a rapid and large
volume of PBF, is exacerbated by the large left-to-right shunt from
the VGAM. This increased PBF may contribute to further rapid
decrease in inherent PVR. In different disease processes, increased
PBF and shear stress are associated with lung vascular nitric oxide
(NO) and prostacyclin production resulting in vasodilation and
lower PVR.21–24 Consequently, neonates with VGAM may recruit
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Fig. 1 Physiology of highoutput heart failure secondary to vein of Galen aneurysmal malformation compared to normal physiology.
a Physiology and blood flow in a normal heart with a closed ductus arteriosus. b Physiology and blood flow in a neonate with a vein of Galen
aneurysmal malformation (VGAM) with an open ductus arteriosus and in high output heart failure. arterial blood flow, venous blood
flow, VGAM shunt. DA ductus arteriosus, LA left atrium, LPA left pulmonary artery, LV left ventricle, IVC inferior vena cava, IVS
interventricular septum, RA right atrium, RPA right pulmonary artery, RV right ventricle, SVC superior vena cava.
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their pulmonary capillary bed quickly after birth and have low
inherent PVR. The PBF is obligatory due to the large left-to-right
shunt at the level of the AVM which results in elevated PA
pressure from high PBF despite a low PVR (Ohm’s law: pressure=
flow × resistance). The timing of the rise in PA pressures may
contribute to the variability of the clinical presentation in
neonates with VGAM.
The constricting DA affects RV afterload and likely also

contributes to the timing of presentation. In patients with severe
PH, the patent DA allows right-to-left shunting prior to relaxation
of the pulmonary vascular bed which can help maintain CO and
provide a “pop-off” for the pressure-loaded RV.
SVR increases in the immediate postnatal period secondary to

birth-related endogenous catecholamine release. This rapid
change in SVR may affect the shunting through the AVM
contributing to the development of HOHF after birth. It is
theorized that, in utero, the low resistance AVM is balanced by
the low resistance placenta. Once the low resistance placenta is
removed and the SVR rises through normal transition, there is
likely a change in the blood flow dynamics in neonates
with VGAM.
SVC flow has been calculated to be 40–120mL/kg/minute

immediately after birth in normal newborns, which then increases
over the next 24–48 h to 250ml/kg/min.9,25,26 This rate of
expected SVC blood flow increase after birth has not been
described in newborns with VGAM, but could contribute to the
pathophysiology of the disease and the associated clinical
deterioration. One case series presented echocardiogram data
describing SVC flows up to 800 ml/kg/min (7-8 times normal) in
neonates with VGAM who presented early with HF.9

Associated congenital heart defects may also affect hemody-
namics and timing of presentation. One patient in a case series
with a large sinus venosus ASD presented at 3 months of life with
no significant acidosis and balanced, but increased output from
the RV and LV.9 The role of the large unrestricted ASD was not
discussed by the authors as a cause for the relative stability of this
patient for the first 3 months of life but, in theory, could have
helped equilibrate the increased flow at the atrial level and
balance the effect of the VGAM. In neonates with VGAM, the RV
end-diastolic pressure and right atrial pressure is high from the
increased volume load, and hence a large ASD would allow right-
to-left shunting and offloading volume from the RV.

Echocardiography parameters for the prediction of severity of
disease
There is interest in echocardiography to predict which neonates
will have severe HF at an early age. Several small single center
studies have tried to identify specific parameters that can be used.
The ratio of antegrade-to-retrograde flow in the aortic arch

based on velocity time integrals can potentially describe the
degree of “steal” by the AVM. One case series suggested a ratio of
antegrade-to-retrograde flow <1.5 in the first postnatal echocar-
diogram may be predictive of mortality.27 In another case series, a
post-intervention diastolic flow velocity of >20% of the systolic
velocity is not well tolerated and suggests need for additional
neurointervention.28 Additionally, another case series described
retrograde flow in the descending aorta extending into systole
being associated with an adverse outcome.29 A relatively large
cohort of patients also demonstrated mortality association with
retrograde flow in the descending aorta of >0.3 m/s.12

SVC flow has also been identified as a potential marker for
severity of disease as it reflects the volume of the venous return
from the AVM. One case series suggested that SVC flow >400 ml/
kg is associated with an adverse outcome despite early emboliza-
tion.29 SVC inflow to LV outflow ratio has also been described as a
predictor of poor outcome.12

Signs of suprasystemic PA pressure at presentation are
associated with poor prognosis.10 Suprasystemic PA pressure

should not be considered a contraindication to intervention, but
may signify the need for early intervention.30 Ventricular dysfunc-
tion should also be considered a sign of poor prognosis.
Echocardiography findings in patients with HOHF from VGAM

are compared to normal patients in Fig. 2.

Rationale for the management of VGAM
Role of vasoactive support. Currently, there are no randomized
studies for use of inotropic support with this lesion. Thus, the
data rely on retrospective cohorts, case series and case reports.
Even in centers that have reported outcomes, the choice of
vasoactive medications is not standardized and in some cases
appear to have changed over time. This has made evaluating the
available data difficult as there is often contradictory informa-
tion. It is also worth noting, that it can be difficult to extrapolate
published data on inotropes in adults and in children with other
types of shock, as the pathophysiology differs in neonates with
VGAM. As a result, choosing a vasoactive medication is often
based on known physiology of the lesion, the expected
pharmacology of the drug and the combined evaluation of the
available literature. In Table 1, we summarize the known effects
of each vasoactive medications reported to date. It is expected
that small changes in dosing or combinations of these
vasoactive medications could result in profound changes in
SVR/PVR in patients with VGAM.

Dopamine. Historically, dopamine, an endogenous catechola-
mine and precursor of norepinephrine, has been used for
inotropic support of patients with VGAM. It exerts its cardiovas-
cular actions through the dose-dependent stimulation of dopa-
minergic, α- and β-adrenergic receptors with significant renal and
endocrine effects.31 The cardiovascular effect of dopamine is
mediated at least in part by the stimulation of Dopamine 2
receptors in the sympathetic neurons of the myocardium to
release endogenous NE, which in turn results in the activation of
adrenergic receptors (the “indirect” effect).31–33 In newborns,
these stores are immature, poorly developed and rapidly depleted
after use,34 resulting in resistance towards dopamine.35–37

In neonates, dopamine has a multi-phasic vasoactive effect.38

Although there is a possible overlap for doses of 4–5 and
8–10mcg/kg/minute between α and β effects, low doses of
dopamine should be considered to further increase SVR, a
relatively paradoxical effect that might not necessarily be
warranted in VGAM patients. Hence, it is recommended to use
low to intermediate doses (5–10mcg/kg/min) targeting
β-adrenergic effects. This would assure increase in cardiac
contractility, without significant increases in SVR. If a significant
chronotropic effect occurs, then down titration of dopamine
would be recommended. Increasing doses of dopamine result in
increases on both PVR and SVR. At low doses, SVR is affected more
than PVR, while at high doses, PVR is affected more than SVR.39–41

Epinephrine. The effects of epinephrine, an endogenous cate-
cholamine, depend on the dose administered. At low doses
(0.02–0.05mcg/kg/min), epinephrine has effects that are similar to
those of dopamine at similar low and moderate doses. Beta-
agonist effects predominate with enhanced myocardial contrac-
tility, some peripheral vasodilation, while PVR possibly decreases.
High doses (>0.1 mcg/kg/min) have predominately α-adrenergic
effects which cause increased peripheral vasoconstriction, result-
ing in increased afterload which could lead to increased cardiac
work and oxygen consumption (VO2).

42 At these dose ranges,
cardiovascular side effects can be observed and include tachy-
cardia, systemic hypertension as well as lactic acidosis due to
potent cellular metabolic effects from activation of glycogenolysis,
a β2-adrenergic action. Doses above 0.5 mcg/kg/min should be
avoided due to the inadverdent increase in afterload and
decrease in CO.
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Norepinephrine. Norepinephrine, a potent α1 agonist with some
β1 and minimal β2 activity, stimulates elevation of SVR, minimal
chronotropic and some inotropic effects. As explained earlier,
norepinephrine is the active end mediator of dopamine, with no
effects on dopaminergic receptors. The usual doses in newborns
range between 0.01-0.05 mcg/kg/min and the net effect results in
elevation of blood pressure with no significant tachycardia.
Norepinephrine can improve coronary blood flow by raising
diastolic blood pressure (BP) and through direct coronary
dilation.43,44 The most concerning side effect is compromised
organ blood flow; BP may increase without improved perfusion.44

Dobutamine. Dobutamine, a relatively cardioselective synthetic
catecholamine, has two enantiomeric forms with a net effect of
primarily β1 agonism with minimal β2 and α effects. It exerts its
effects via direct stimulation of myocardial adrenergic receptors,
and does not rely on myocardial norepinephrine stores for action.
Its effect in improving CO and SVC flows is evident within 30 min
from initiation of moderate doses, even in preterm newborns.45

Dobutamine is also associated with a variable decrease in SVR via
action on peripheral β2 receptors, although this effect most likely
occurs at higher doses.46,47 In adults, these effects result in
improved coronary blood flow and myocardial function.48 Major
side effect concerns are tachycardia and arrhythmias. At low
doses, there is inotropy with minimal chronotropy, but at higher
doses, there is more heart rate effect. However, even at low doses
without significant heart rate effect, there is a significant increase
in myocardial VO2. In recent literature, dobutamine has been used
as monotherapy for inotropic support in VGAM, and is considered

the drug of choice by some centers.7,30 On the other hand, the
increased myocardial VO2 and tachycardia could result in clinical
deterioration by decreasing coronary diastolic filling time and
myocardial ischemia.

Milrinone. Milrinone, a type 3 phosphodiesterase (PDE) inhibitor,
improves inotropy and lusitropy by preventing intracellular cAMP
degradation. Milrinone also inhibits cAMP degradation in the
peripheral endothelium which results in peripheral vasodilatation
of the pulmonary and systemic vasculature. PDE3 inhibitors
increase cardiac muscle contractility and CO without increasing
myocardial oxygen demand. Data from immature animals, though,
show that PDE3 inhibitors might not be effective immediately
after birth49–51 which is secondary to a transient maturational
deficit in the sarcoplasmic reticulum PDE3.52 PDE3 is upregulated
after birth, with an associated increase in the efficacy of its
inhibitors as early as 12 h of life.53 Milrinone improves CO and
oxygen delivery in infants after congenital heart surgery.54 In
adults with congestive HF, milrinone can decrease myocardial VO2

by decreasing coronary vascular resistance and myocardial oxygen
extraction.55

Milrinone, in theory, would represent an ideal medication for
neonates with VGAM as it improves systolic and diastolic function,
produces systemic and pulmonary vasodilation and matches
coronary arterial supply and demand. For this reason, it has been
used either as monotherapy or as adjunctive medication in
neonates with VGAM with mixed results.5,9,12,30 There have been
reports that demonstrated improved systemic arterial pressure
and systemic perfusion with the addition of milrinone.5,30

Apical four-chamber view demonstrating a dilated right
atrium and a dilated right ventricle. The yellow arrow is
pointing to the inter-atrial septum which is bowing 
toward the left atrium.  

Normal apical four-chamber view with normal atrial and
ventricular size and normal position of the inter-atrial 
septum.

Parasternal short axis view showing a dilated right 
ventricle. The yellow arrow is pointing to the flattened
inter-ventricular septum which is indicative of right 
ventricular hypertension.

Normal parasternal short axis demonstrating normal 
right ventricle and left ventricle size. The yellow arrow is
pointing to the inter-ventricular septum which is in 
normal position.

Normal subcostal sagittal view showing normal size 
superior vena cava (SVC) and inferior vena cava (IVC).

Subcostal sagittal view. The yellow arrow is pointing to
the dilated superior vena cava.

Normala bVein of Galen aneurysmal malformation

Right atrium  

Right ventricle  
Left ventricle  

Left atrium  

Right atrium  Left atrium  

Right 
ventricle 

Left 
ventricle

Right 
ventricle

Left 
ventricle

Right
ventricle

Left 
ventricle

Left atrium  

Right atrium  
Right 
atrium

Left 
atrium

IVC

SVCSVC

IVC

Normal suprasternal long axis of the transverse arch with
color doppler. During diastole there is no blood flow in 
the aortic arch and for this reason no color is seen on 
this image.

Suprasternal long axis view of the aortic arch with color 
doppler. The yellow arrow is pointing to the red color 
doppler which is retrograde flow during diastole in the 
transverse arch. The red flow is moving back toward 
the head and neck vessels and ascending aorta. In this 
image red flow signifies blood flow moving toward the 
top of the image; blue flow (not seen in this image) 
would signify blood moving toward the bottom of the 
image.  

Pulsed-wave doppler in the transverse aortic arch 
demonstrating diastolic flow reversal. The area outlined 
in blue demonstrates antegrade flow in the transverse 
aortic arch during systole. The area outlined in red 
demonstrates retrograde flow in the transverse aortic 
arch during diastole. All signals below the horizontal 
line are antegrade flow and all signals above the 
horizontal line are retrograde flow. The antegrade to 
retrograde VTI ratio is <1 in this patient.  

Normal pulsed-wave doppler of the transverse aorta with 
antegrade blood flow in systole and no retrograde flow.    

Normal Vein of Galen aneurysmal malformation

Ascending 
aorta
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Fig. 2 Echocardiogram still images highlighting differences between normal and patients with high output heart failure secondary to
vein of Galen aneurysmal malformation. a 2D images in the apical four chamber, parasternal short axis, and subcostal sagittal views are
included side by side in a comparative way (normal left, abnormal right). b Doppler images in the parasternal long axis are included side by
side (normal left, abnormal right). VTI velocity–time integral.
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The most concerning side effect is hypotension due to its
vasodilatory properties. If milrinone is used for patients with
VGAM, starting at low dose (0.25 mcg/kg/min) without a loading
dose would be recommended to avoid increased risk of
hypotension and accumulation in the setting of possible
decreased clearance.56,57 In hypotensive newborns with VGAM,
stabilization of BP with another vasoactive prior to use of
milrinone is recommended.

Levosimendan. Levosimendan, a calcium sensitizer, provides
inotropic support by binding to Troponin C and increasing
sensitivity to calcium, thereby improving myocardial contractility.
It also causes vasodilation by opening ATP-dependent potassium
channels. The primary benefit to this class of medication is that it
results in improved cardiac function without increasing intracel-
lular calcium or myocardial VO2.43 Levosimendan is not currently
available in the United States, but has been used successfully in
many other countries in different patient populations. Addition-
ally, it has been reported in neonates with VGAM with some
success, though the data remain limited.30

Vasopressin. Vasopressin has a well described peripheral vasocon-
strictive effect (via V1 receptors), osmoregulation (via V2 receptors
in the collecting tubules) and corticotropin secretion (via V3
receptors in the CNS).58,59 Limited neonatal and pediatric studies
suggest dose ranges of 0.17–8milliunits/kg/min (0.01–0.48 units/
kg/h). Vasopressin also affects various components of the
prostaglandin and NO pathway which could explain some of its
peripheral vasodilatory effects in the kidney, lung, coronaries and
brain.60,61 Patients with catecholamine-resistant shock respond to
vasopressin,62 but with no significant reduction in mortality.63 One
specific finding in the meta-analysis that may be beneficial for
neonates with VGAM is a significant reduction in heart rate after the
addition of vasopressin. In our experience (unpublished data),
vasopressin was used in a rapidly deteriorating patient with VGAM
with relative stabilization of the BP, but with no improvement in the
lactic acidemia or overall clinical status. Terlipressin, a vasopressin
analog, has been used in three patients with VGAM. Two survived
with no evidence of stroke in MRI.30

Due to lack of evidence and potential side effects, we do not
recommend routine use of vasopressin as a first-line agent in
patients with VGAM.

Summary of catecholamines. Dopamine is the most commonly
used vasoactive medication in the neonatal intensive care unit
(60–70%) and the use of dobutamine has declined.64 At low doses,
when compared to dobutamine, dopamine induces less chrono-
tropic effect.47 Higher doses in both drugs have similar
chronotropic effects. A direct comparison of dopamine with
epinephrine (both at low/moderate doses) in neonates showed
that there were no significant differences in basic hemodynamics,
while HR increased more in patients treated with epinephrine.65

Comparison of catecholamines in adult patients demonstrated
higher mortality and incidence of arrhythmia with dopamine, and
no difference in mortality between norepinephrine and epinephr-
ine.66

Experience from the Bicêtre Centre has shifted the paradigm in
the use of inotropic support. In 2002, use of dobutamine in
addition to dopamine was reported with relatively unfavorable
outcomes in several patients.10 In a subsequent study, norepi-
nephrine was used as a primary inotrope in order to restore
coronary blood flow with the addition of milrinone in some cases
for RV support. While there was no report of outcomes based on
use of inotropes, only five of 77 newborns died of uncontrollable
HF with an overall mortality of 33%. Indeed, 41% of the survivors
had a good global outcome.12

Catecholamines provide variable levels of inotropy, chronotropy
and peripheral vasoconstriction. All catecholamine agents have

the potential to induce tachycardia and increase myocardial VO2,
negative effects that could outweigh any benefit to the failing RV
from inotropic support. We recommend using low dose dopamine
or epinephrine with close monitoring of HR or using NE which is
less likely to result in tachycardia.

Summary of inodilators. Inodilators, agents that provide both
inotropy and peripheral vasodilation, may have a role in the
management of patients with VGAM. These include milrinone,
dobutamine and levosimendan.
In pediatric patients with acute decompensated HF, the use of

milrinone has increased while the use of dobutamine has
decreased in US hospitals.67 Randomized trials have shown no
difference in mortality between levosimendan and dobutamine in
pediatric acute decompensated HF,68 or between milrinone and
dobutamine in adult cardiogenic shock.69 A propensity matched
study demonstrated a survival advantage with vasopressor plus
inodilator compared to vasopressor alone in adult cardiogenic
shock.70 While the pathophysiology of cardiogenic shock and
HOHF from VGAM are different, there may be a role in utilizing a
combined therapy strategy. In several case reports, catechola-
mines have been used in combination with an inodilator in
neonates with VGAM. The addition of levosimendan in one case
and milrinone in another case to dopamine, dobutamine and
epinephrine was associated with improved hemodynamics.30 In
another case series, addition of an arterial vasodilator to a ß-
agonist resulted in improved systemic perfusion.5

Based on this information, it would be reasonable to use an
inodilator as a single agent in patients with normal BP. In patients
that are hypotensive, the combination of a low dose catechola-
mine with an inodilator may be beneficial.

Management of PH. As discussed above, the increased PA
pressures in patients with VGAM is most likely secondary to
increased flow through the PAs and not elevated PVR.9 Because of
this, PH with VGAM can be resistant to treatment with oxygen and
nitric oxide (iNO).
Since most studies report underfilled LV with reduced LV

preload, use of pulmonary vasodilators in an attempt to further
decrease PVR, could improve return to the LA and improve LV
preload while simultaneously reducing RV afterload. In one report,
iNO was able to decrease the PA pressure.71 Despite this, there are
many studies which do not show a reduction in PA pressure or
clinical improvement with the use of iNO.12 In addition, concerns
for increasing PBF and additional pulmonary edema have been
raised.
Maintaining a patent DA with PGE1 can help sustain CO via

right-to-left shunting prior to the pulmonary vascular bed in the
setting of PH, albeit at the expense of hypoxemia. The DA also
reduces the afterload on the pressure loaded RV by providing a
“pop-off”. There is cardiac catheterization data to suggest that
blood from the LV preferentially is routed to the cerebral
circulation, while blood from the RV via the DA preferentially
goes to the descending aorta.6 Quantification of blood flow in
neonates with VGAM by echocardiogram contradicts this with
blood from the DA flowing retrograde to the cerebral circulation.9

Case series demonstrate mixed survival outcomes with the use of
PGE1 in neonates with VGAM.7,12,72

Because of the lack of evidence to suggest benefit, we do not
recommend using high FiO2 or iNO routinely in these infants. It is
reasonable to use iNO as a trial in infants with VGAM and severe
RV hypertension, but should be discontinued if no clinical benefit
is observed. As noted above, using PGE1 to maintain a patent DA
may be beneficial. We recommend initiating PGE1 shortly after
birth and monitoring closely. If there are any signs of additional
steal from left-to-right shunt, then PGE1 should be discontinued.
We also recommend weaning off PGE1 infusions within 24–48 h
after the embolization, to prevent additional steal.
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Table 2. Guidelines for the early medical management of patients with VGAM that present with heart failure by system, based on the experience of
two institutions (Bicêtre Centre and UTSW).

Key cardiovascular goals:
1. Reduce volume load and transmural pressure on the RV
2. Reduce afterload on the RV
3. Restore coronary perfusion pressure to prevent RV ischemia
4. Optimize effective cardiac output
5. Redirection of flow away from the AVM to vital organs (likely clinically unrealistic)

Establishment of a dedicated VGAM team recommended for help in managing these infants: ICU, neurosurgery, cardiology, anesthesia, neurology,
radiology

Access:
1. Central venous catheter: umbilical venous catheter, PICC or subclavian vein central venous catheter
2. Arterial line: umbilical arterial catheter or peripheral arterial line
3. Avoid right femoral vein and artery as the right femoral approach is used during intervention

Laboratory evaluation/monitoring:
1. ABG and lactate every 1 h until stabilization, then every 3–4 h
2. CMP and CBC every 12 h
3. PT/INR, PTT, fibrinogen every 4-6 h
4. BNP and troponin daily
5. TEG with clinical bleeding and prior to planned intervention
6. Place cerebral and flank NIRS and follow trend
a. Cerebral NIRS values may be very high and difficult to interpret due to the increased blood flow through the AVM
b. Decreasing flank NIRS may be able to signify decreasing cardiac output to the extra-cranial organs before organ dysfunction is identified by

laboratory work

Respiratory management and escalation:
1. If respiratory distress: initiate non-invasive ventilation
2. Titrate FiO2 to maintain saturations 90–95%
3. Potential indications for intubation and mechanical ventilation:
a. pH <7.28
b. Increasing lactate level (e.g., ≥1mmol/l per hour for 3 consecutive hours)
c. Worsening hypoxemia
d. Worsening hemodynamics despite adjustment of vasoactive medications

4. Efforts to decrease pulmonary artery pressure may not be possible
a. Aim for normocarbia
b. Pulmonary vasodilators are not routinely recommended
c. Maintaining the DA with PGE1 infusion may be beneficial

5. Consider early embolization if requiring non-invasive ventilation and inotropic support with high-risk echocardiogram criteria

Cardiovascular management and escalation:
1. Echocardiogram to rule out associated congenital heart defects and identify high risk echo criteria: at birth and repeat at 24 h to monitor DA,

then in consultation with cardiology
2. High risk echocardiogram criteria:
a. Supra-systemic pulmonary artery pressures
b. Diastolic flow reversal in the descending aorta (antegrade:retrograde VTI ratio <1.5)
c. Closed DA
d. SVC inflow: LV output ratio >1
e. Ventricular dysfunction

3. Electrocardiogram on admission and then daily to monitor for ischemic changes
4. Follow troponin and BNP concentrations (understand that there are limitations to these labs in neonates)
a. Positive troponin occurs in ~30% of patients and could classify these patients at higher risk for imminent clinical deterioration
b. Troponin can rise during the first few days of life in healthy neonates, typically peaks on day of life 3
c. BNP can be elevated in healthy neonates as they make the transition from fetal circulation, but rising BNP levels may signify increasing wall
stress and/or distension of the right ventricle

5. Start PGE1 to help maintain the DA
a. If there are no echocardiographic signs of severe pulmonary hypertension and shunting is left to right across the DA, then stop PGE1 to prevent
additional steal from the systemic circulation, in consultation with cardiology

6. Inotropic support
a. Normotensive but high-risk echocardiographic criteria: start inodilator (milrinone or levosimendan)
b. Hypotensive: start norepinephrine, low-dose epinephrine or low-dose dopamine, then add inodilator as able
c. Avoid high-dose beta agonists as these can increase myocardial oxygen demand and induce tachycardia

7. Consider early embolization if on more than one vasoactive medication

Renal/fluid management
1. Place Foley catheter and follow hourly urine output
2. Avoid volume overload: start at 60ml/kg/day strict, increase by 10ml/kg/day as tolerated
3. Initiate diuretic therapy shortly after birth
4. If worsening renal function or worsening volume overload, consider early embolization

Neurological management:
1. MRI of the brain: obtain on the first day of life
2. Sedation: once intubated (fentanyl and/or dexmedetomidine)
3. If require paralysis: place video electroencephalogram
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Fluid and electrolyte management. Early use of diuretic therapy
has been reported in the literature for the management of the HF
in VGAM patients after birth. Loop of Henle diuretics, such as
furosemide, are the most commonly reported. The goal of diuretic
therapy is to change the intravascular volume load, improve the
Frank-Starling relationship and the overall function of the over-
loaded RV. Fluid restriction may be beneficial to prevent further
volume overload and may decrease the amount of diuretics
needed.
Optimization of arterial pH and serum ionized calcium

concentrations is important for the cardiovascular response to
catecholamines. Metabolic acidosis (pH <7.25) compromises
myocardial function in newborns,73 and maintenance of the
arterial pH above this is recommended. Decreasing pH secondary
to poor organ perfusion will possibly result in loss of efficacy of
inotropic medications and further rapid deterioration. With
increasing acidosis despite medical management, escalation of

care and early embolization is recommended. A summary of our
recommended guidelines for medical management can be found
in (Table 2).

Bicêtre score. The acuity score developed at the Bicêtre
Centre8,15,30 provides a comprehensive, easy to calculate point
system of key elements that are associated with deterioration.74,75

The Bicêtre score is an important and validated score, but has
some limitations (Table 3). We caution against its use as a sole
predictive tool, but rather should be considered in the broader
clinical picture for decision-making in patients with VGAM.

Defining futility in VGAM. About 30% of newborns are not
candidates for early embolization for the following reasons: (1)
severe brain injury on postnatal MRI, and (2) concerns for severe
cardiogenic shock or multiple organ failure despite optimization of
management.12

Table 3. The Bicêtre Score includes (1) cardiac function (worst 0, best 5), (2) cerebral function (worst 0, best 5), (3) respiratory function (worst 0, best
5), (4) hepatic function (worst 0, best 3), and (5) renal function (worst 0, best 3).

Points Cardiac function Cerebral function Respiratory function Hepatic function Kidney function

5 Normal Normal Normal — —

4 Fluid overload, no
treatment

Subclinical, isolated EEG
abnormalities

Tachypnea, finishes bottle — —

3 Failure, stable with
medical treatment

Nonconclusive
intermittent
neurologic events

Tachypnea, does not
finish bottle

No hepatomegaly, normal
hepatic function

Normal

2 Failure, not stable
with medications

Isolated seizure Assisted ventilation, normal
saturation, FiO2 < 25%

Hepatomegaly, normal
hepatic function

Transient anuria

1 In need for
ventilation

Seizures Assisted ventilation, normal
saturation, FiO2 > 25%

Moderate or transient
hepatic insufficiency

Unstable diuresis
with treatment

0 Resistant to medical
treatment

Permanent
neurologic signs

Assisted ventilation,
desaturations

Abnormal coagulation
studies and elevated
enzymes

Anuria

Maximum score (best) is 21. The Bicêtre score has been used by several different groups, has a role in severity assessment,15 and tends to be lower in non-
survivors versus survivors with significant overlap in its values.30 In the initial publication of this score, a score of <8 resulted in a decision not to treat, a score
between 8 and 12 resulted in emergency intervention, and a score >12 resulted in medical management until the infant reached 5 months of age. This
framework is a good starting point in the assessment and decision-making process of these neonates. However, there are some limitations to the use of this
score that should be noted. The Bicêtre score could remain stable for several hours while the infant deteriorates clinically, underestimating the acute condition
of the newborn. It is of interest that some neonates can develop a sudden decrease in the Bicêtre score within a few hours, with associated morbidity/
mortality. As a result, an initial score of >12 may not be able to reassure physicians of stability.74 A high degree of clinical suspicion must be maintained. It is
also possible that a very low score in a single category (<2) could be independently associated with poor outcome despite an overall score that would
otherwise be considered reassuring.75 Additionally, there have been several cases in the literature where infants survived with urgent embolization despite a
Bicêtre score of <8.12,74

Table 2. continued

Heme:
1. Correct coagulopathy for abnormal coagulation parameters or for overt bleeding diathesis
2. Consider obtaining TEG to guide product choice
3. Transfusion cut-off: hematocrit ≥30 or hemoglobin ≥10 g/dl

FEN/GI
1. Start parenteral nutrition per usual unit timing
2. Fluid restriction to avoid volume overload
3. If on day of life 4 (after the typical timeline for overt deterioration), there is evidence of good cardiac output with normal end organ function

with no plan for intervention, then would be reasonable to start trophic feeds and monitor surrogate markers of cardiac output closely

Embolization:
1. If patient is on non-invasive ventilation and requiring vasoactive medications, then discuss with multidisciplinary team and consider preparation
for embolization

2. If infant requires intubation with mechanical ventilation or has organ dysfunction, then need to discuss urgent neuro-intervention
3. Definition of futility: encephalomalacia/abnormal MRI prior to procedure, multiorgan failure, severe acidosis despite medical management

ABG arterial blood gas, AVM arteriovenous malformation, BNP brain natriuretic peptide, CBC complete blood count, CMP complete metabolic panel, FiO2

fraction of inspired oxygen, LV left ventricle, NIRS near-infrared spectroscopy, DA ductus arteriosus, PGE1 prostaglandin E1, PICC peripherally inserted central
catheter, PTT partial thromboplastin time, PT prothrombin time, RV right ventricle, SVC superior vena cava, TEG thrombo-elastogram, VTI velocity–time integral.
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CONCLUSION
This report provides guidance for the medical management of
patients with VGAM. The primary goal of management is to
improve effective CO and thus the delivery of oxygen to the vital
organs. Based on the pathophysiology of the HF, this can be
accomplished through supporting the failing RV while not further
worsening the systemic “steal.” As explained earlier, the diastolic
flow reversal secondary to the “steal” from the AVM results in
decreased perfusion of the extracranial organs which results in
elevated SVR to maintain perfusion pressure of these organs.
Ideally, medical management would try to balance the low
resistance of the AVM by lowering the SVR; however, the diastolic
flow reversal can result in diastolic hypotension and inadequate
coronary artery perfusion. These management principles are in
direct conflict with each other. Therefore, a balance is required in
attempting to raise the diastolic BP to restore the coronary
perfusion pressure and not further raising the SVR and inhibiting
perfusion of the organs. Because of the compromised coronary
perfusion, tachycardia and increasing myocardial VO2 should be
avoided.
HF secondary to VGAM can be resistant to medical manage-

ment and only improves after endovascular embolization of the
malformation. Early endovascular intervention can be associated
with higher rates of complications such as intracranial hemor-
rhage and death. This creates a clinical dilemma in the manage-
ment of these infants. It would be ideal to medically manage the
HF of these patients to achieve some postnatal growth and
perform the endovascular treatment at a later time. However, with
clinical deterioration, endovascular intervention needs to be
undertaken prior to the occurrence of severe multiorgan failure.9

The establishment of a multidisciplinary team, including intensi-
vist, anesthesiologist, cardiologist, neurosurgeon, radiologist
among others, is important to identify those neonates with VGAM
at high risk of complications secondary to HOHF where the risks of
early embolization are outweighed by the risks of further efforts
toward medical management.
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