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Introduction

Atrial septal defects (ASD) are a group of malformations 
that allow shunting between the systemic and pulmonary 
circulation. Four types of ASDs have been described: 
primum, secundum, sinus venosus and coronary sinus 
defects. ASDs can present as isolated defects (the most 
common) or in association with other cardiac malformations, 
where they can have a significant impact on cardiovascular 
hemodynamics. Advances in non-invasive imaging over the 
last decades have changed the diagnostic evaluation of ASD. 
Diagnostic heart catheterization to determine anatomy and 
degree of ASD shunting is nowadays rarely indicated unless 
it is performed to assess the hemodynamic significance of 
associated anomalies or when pulmonary vascular obstructive 
disease is suspected. 

Hemodynamics in isolated ASD

ASD is one of the most common congenital heart defects 
found in otherwise structurally normal hearts. Although 
the anatomy and therapeutic approach varies among the 
different types of ASD, pathophysiology is common to all 
them. ASD hemodynamics is usually described based on the 
secundum type, by far the most common. Hemodynamics, 
and consequently therapy, during childhood is usually 
simpler as it is limited to left-to-right shunting and right 
heart volume overload in otherwise normal ventricles (1).  
Symptoms and failure to thrive secondary to ASD in 
childhood are rare but well described (2,3). In adults, the 
hemodynamic burden of long-standing shunting becomes 
manifest due to progressive ventricular dysfunction 
and pulmonary hypertension making the therapeutic 
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management of these patients more challenging.
An isolated ASD presents with left-to-right shunt. 

Regardless of the type of ASD, the direction and 
degree of the atrial shunting will depend on the size of 
the defect and the difference in diastolic compliance 
between the left and right ventricles. The difference in 
pressures between the right and left atrium is usually 
minimal and certainly does not explain shunting. Left-
to-right shunting occurs during late ventricular systole 
and early diastole, increasing during atrial contraction 
and expiration. ASDs associated with normal size of right 
heart structures are usually considered of no hemodynamic 
significance. Defects with shunts >1.5:1 are considered 
significant and are responsible for different degrees of 
right heart volume overload. Right ventricular dilation 
and diastolic septal shift towards the left compromise the 
diastolic filling of the left ventricle. As a result, left-to-
right shunting at the atrial level increases even further 
potentially compromising systemic cardiac output (4).  
Changes of the ventricular geometry modify normal 
biventricular interaction and eventually affect ventricular 
function. Left ventricular systolic dysfunction has been 
described in patients with large ASDs (5). Physiologic 
changes in ventricular compliance that occur with age 
modify the degree of shunting as well. Most patients with 
large ASDs become symptomatic by the third or fourth 
decade of life as aging decreases left ventricular compliance 
and augments the left-to-right shunt. Late clinical sequela 
associated with long-standing ASD and right heart volume 
overload include atrial arrhythmias, exercise intolerance, 
dyspnea, fatigue, paradoxical embolization and pulmonary 
hypertension. Life expectancy is reduced in untreated 
ASD (6,7). Pulmonary artery pressure (PAP) is usually 
normal in children with ASD but can be mildly increased 
in young patients with large defects. Chronic volume 
overload can trigger remodeling of the pulmonary vascular 
bed with myointimal cell proliferation, increased medial 
smooth muscle and increased collagen leading to arteriolar 
narrowing and pulmonary hypertension. Progressive 
pulmonary vascular disease and severe pulmonary 
artery hypertension develop in less than 1% of patients, 
predominantly in females (8). However, its etiology is likely 
multifactorial, and not only dependent on shunt degree 
and duration. Eventually, pulmonary pressures can reach 
systemic levels with shunt reversal at the atrial level, i.e., 
Eisenmenger syndrome. Development of pulmonary artery 
hypertension later in life can occur following ASD closure 
at an earlier age (9-11). 

For the usual patient with left-to-right shunting due to an 
isolated ASD, cardiac catheterization is not required (12,13). 
Hemodynamic evaluation is indicated in patients with 
abnormal systemic saturation which suggests right-to-left 
shunting at the defect, or when elevated PAP is suspected 
on echocardiography. Transthoracic echocardiography is 
the primary diagnostic method to assess ASD including 
location, size and hemodynamics. The most pronounced 
echocardiographic finding associated with a left-to-right 
shunt is dilation of the right ventricle, which can be assessed 
with different echocardiographic methods. Doppler peak 
systolic tricuspid regurgitation pressure gradient is a reliable 
noninvasive method for the evaluation of pulmonary 
artery systolic pressure. Mean and diastolic PAPs can be 
estimated from pulmonary valve regurgitation Doppler 
signal. Bidirectional shunting across the ASD on Doppler 
interrogation, right ventricular hypertrophy and systolic 
flattening of the interventricular septum are also indicators 
of elevated pulmonary pressures. Echocardiography is also 
used during transcatheter intervention of ASD. Device 
closure of secundum ASD is routinely performed in the 
catheterization laboratory (14) but anecdotal case reports 
of transcatheter closure of sinus venosus and coronary sinus 
defects have been published (15,16). 

Angiographic evaluation of ASDs yields in most cases 
unsatisfactory imaging, thus the significance of an atrial 
communication is determined based on the changes of 
oxygen saturation through the cardiac chambers. An 
increase in oxygen saturation of 10% or more at the atrial 
level from the superior vena cava (SVC) and the persistence 
of the high saturation in the right ventricle and pulmonary 
arteries indicate the presence of left-to-right shunting at 
the atrial level. Reproducibility increases the sensitivity and 
a 5% step up on oxygen saturation is considered significant 
if it can be reproduced in two or more series. The SVC 
saturation is used because it has the most predictable 
systemic venous saturation and is usually similar to the 
pulmonary artery saturation in the absence of shunting. The 
inferior vena cava has a wide oxygen saturation variability 
due to the streaming from the highly oxygenated renal 
veins and the low oxygen levels from the lower parts of the 
body and is therefore unreliable. The low oxygenated blood 
from the coronary sinus (except in coronary sinus defects) 
also drains into the right atrium and can confound oximetry 
results. Because different venous systems drain into the 
right atrium, blood samples should consistently be obtained 
in the same area of the chamber, with the catheter facing 
the lateral atrial wall. A pulmonary-to-systemic flow ratio 
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≥1.5:1 is considered significant and should prompt closure 
of the defect. Operators need to be aware of conditions that 
may alter the SVC saturation such as significant tricuspid 
regurgitation (particularly in the presence of a ventricular 
septal defect) or anomalous pulmonary venous return which 
may yield a falsely elevated SVC saturation and mask the 
presence of an atrial communication. Interestingly, due to 
increased pulmonary flow, a gradient can occasionally be 
measured across the pulmonary veins in the presence of 
significant left-to-right shunting. In patients with borderline 
systemic saturation and unclear shunting at the atrial level, 
hemodynamic assessment should include oxygen saturation 
samples from the pulmonary veins to rule out other sources 
of systemic desaturation (17,18).

Pulmonary hypertension is defined as a mean PAP of 
more than 25 mmHg at rest or more than 30 mmHg during 
exercise (19). Vasoreactivity testing with FiO2 100% and/or 
nitric oxide can be performed to assess pulmonary vascular 
reactivity (Figure 1), ASD closure is contraindicated in 
patients with irreversible pulmonary hypertension and 
no evidence of left-to-right shunting (20). Provided that 

pulmonary vascular disease has not progressed irreversibly, 
closure of any hemodynamically significant defect is 
recommended regardless of age even in asymptomatic 
patients. However, the risk of atrial arrhythmias is not 
reduced by closure of the defect. In fact, age and pulmonary 
pressure are predictive factors of atrial arrhythmias, both 
before and after ASD closure (21). Normalization of PAP 
after defect closure occurs less frequently with higher 
pressures at the time of diagnosis and in older patients (22). 

Partial occlusion of ASD with a fenestrated surgical 
patch/device can be beneficial in patients with borderline 
hemodynamics in whom complete closure is deemed unsafe. 
Individuals with impaired left ventricular diastolic function 
may manifest abrupt rise in left atrial and left ventricular 
filling pressures once the ASD is completely occluded, 
which may result in pulmonary edema, pulmonary 
hypertension and atrial or ventricular arrhythmias. This 
phenomenon has been mainly described in older patients 
with diastolic dysfunction undergoing transcatheter closure 
of secundum ASD (23-25). Transient balloon occlusion of 
the ASD with simultaneous pulmonary capillary wedge/

Figure 1 Simultaneous pulmonary artery pressure (PAP) tracing and transesophageal echocardiogram (TEE) performed in a patient with 
pulmonary hypertension and ASD at baseline (A, top figures), and during administration of pulmonary vasodilators (B, bottom figures). (A) 
Shows PAP tracing consistent with pulmonary hypertension and right-to-left shunting across the ASD; (B) shows reversal of flow (left-to-
right) on TEE associated with a drop in PAP. LA, left atrium; RA, right atrium.
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left atrial or left ventricular pressure measurement is 
recommended in older patients particularly in the presence 
of left ventricular dysfunction. An increase on left atrial 
or pulmonary capillary wedge pressure to ≥20 mmHg or 
by more than 10 mmHg from the baseline value during 
test balloon occlusion could lead to the development of 
pulmonary edema after device closure, thus the procedure 
should be abandoned (Figure 2). Preconditioning, using oral 
diuretics, ACE inhibitor or an angiotensin receptor blocker, 
has been shown to reduce left atrial pressure to acceptable 
levels in most patients with a significant left atrial pressure 
increase during balloon occlusion (5,26,27). Hemodynamic 
assessment and management of patients with ASD in the 
presence of pulmonary hypertension +/− right ventricular 
dysfunction is challenging. Successful closure of ASD 
following aggressive treatment with pulmonary vasodilators 
has been reported. Fenestrated closure of the defect to allow 
decompression of the right atrium may be an alternative in 
patients with more advanced disease (23,28-30). 

Hemodynamics in ASD associated with other 
congenital heart defects

ASDs are commonly found in association with a wide 
spectrum of congenital heart conditions. As in isolated 
ASD, the anatomy and hemodynamic burden associated 
with the defect is usually determined by echocardiography 
alone. Need of diagnostic catheterizations to assess ASD 

hemodynamics during the neonatal period is rare. Most 
procedures performed during this period aim at increasing 
the size of restrictive atrial communications via balloon 
atrial septostomy. Diagnostic procedures later in life are 
usually performed to determine the need for closure of the 
defect and/or suitability for single or two-ventricle repair. 

Although ASD can be a part of a wide spectrum of 
anomalies, cardiac malformations in which the presence of 
ASD alters hemodynamics can usually be included in one of 
the following categories: 

Dextro-transposition of the great arteries (D-TGA)

In D-TGA, the systemic and pulmonary circulations run 
in parallel, rather than in series, thus this lesion is not 
compatible with survival without adequate mixing between 
both circulations. Mixing can occur at three levels: across 
atrial and ventricular communications and at the ductus 
arteriosus. In patients with no ventricular septal defect and 
a restrictive atrial communication, mixing occurs mainly 
at the ductus arteriosus which, even with prostaglandin 
therapy, may not ensure proper systemic oxygenation 
resulting in acidosis and eventually circulatory collapse. 
When the ductus is the main/only source of mixing, oxygen 
saturation tends to be lower in the upper extremities and 
higher in the lower extremities, the so-called transposition 
physiology (31). The presence of arterial hypoxemia and 
transposition physiology suggest lack of enough mixing 

Figure 2 Change on left ventricular end diastolic pressure (LVEDP) during balloon occlusion of ASD on a 15-year-old patient with LV 
diastolic dysfunction. (A) LV tracing at baseline shows an end diastolic pressure of around 10–12 mmHg; (B) balloon occlusion of ASD; (C) 
LV tracing during ASD balloon occlusion shows an increase on the LVEDP to 22–25 mmHg. LA, left atrium; RA, right atrium; LV, left 
ventricle. 
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at the atrial level and prompts the need for balloon atrial 
septostomy. Newborns with a ventricular septal defect 
can also require a balloon atrial septostomy, but it is less 
common. 

Small left sided structures

This group encompasses a wide spectrum of conditions 
with different degrees of left ventricular hypoplasia, which 
compromises antegrade flow through the left heart and 
eventually systemic cardiac output. Therefore, there is 
an obligatory left-to-right shunt across the ASD. The 
hemodynamic role of the ASD will vary depending on the 
underlying condition. A restrictive communication can 
be life threatening as it occurs in hypoplastic left heart 
syndrome (HLHS) with restrictive atrial communication. 
A wide-open communication is essential in individuals 
committed to single-ventricle palliation. On the other hand, 
some degree of obstruction may be beneficial in patients 
who can eventually achieve a biventricular circulation, in 
order to force more flow across the mitral valve. 

Newborns with hypoplastic left heart structures, 
including a small left ventricle, aortic outflow tract 
obstruction, small mitral valve, and aortic arch hypoplasia 
undergo single ventricle palliation and require an 
unrestrictive atrial communication. As part of the Norwood 
procedure, an atrial septectomy is routinely performed. 
In the subset of HLHS with a restrictive atrial septum, 
patients present soon after birth with severe hemodynamic 
instability due to impeded egress of left atrial flow, 
which results in a marked increase of pulmonary venous 
pressure, hypoxemia and acidosis. Indications for creation 
or enlargement of an existing communication include a 
variable combination of progressive hypoxemia, respiratory 
distress, acidosis, chest-X-ray “whiteout” and elevated 
Doppler mean gradient across the atrial communication 
(>9–10 mmHg) (32). A similar situation occurs in HLHS 
status-post hybrid palliation, where the ASD becomes 
restrictive over time often requiring intervention to relieve 
the left atrial hypertension. Indications for intervention 
in this group include a mean atrial septal gradient  
of ≥6 mmHg, feeding difficulties or a systemic saturation 
<80% (33).

However, patients with borderline small left heart 
structures may be candidates for biventricular circulation 
(34,35). Recent experience with fetal aortic valvuloplasty has 
increased the number of newborns with borderline left heart 
structures who otherwise would have undergone single 

ventricle palliation (36). Growth of left-sided structures can 
be promoted by a variety of procedures in these patients. 
ASD is a key component in the hemodynamic management 
of patients being considered for biventricular circulation. 
Some may not tolerate total occlusion of the ASD due to a 
significant rise in left atrial pressures. On the other hand, 
a mild/moderate degree of ASD restriction is beneficial as 
it has been associated with improved growth of left heart 
dimensions and eventual biventricular circulation. Patients 
with an intact ventricular septum who have a small ASD 
can be evaluated by cardiac catheterization and balloon 
occlusion of the ASD to assess left atrial pressure while the 
left ventricle is handling a full cardiac output. Although 
there is not a threshold pressure beyond which biventricular 
circulation is contraindicated, a left atrial pressure less 
than 20 mmHg during balloon occlusion has generally 
been considered acceptable. In patients undergoing 
fenestrated closure, the ASD can be closed with a patch 
with a 4 mm fenestration. This provides a balance between 
decompression of the left atrium and maintenance of 
adequate cardiac output (34,35).

Pulmonary/tricuspid valve hypoplasia with hypoplastic 
right ventricle

Patients with these conditions present with different 
degrees of cyanosis due to obligatory right-to-left shunting 
across the ASD as the right heart structures are unable to 
fully accommodate antegrade flow. In tricuspid atresia, the 
entire systemic venous return crosses the atrial septum, thus 
a small atrial communication may result in hemodynamic 
compromise. This finding is uncommon during the 
neonatal period but can develop later in life. Patients with 
a small ASD present with elevated right atrial pressure, 
liver congestion and eventually low cardiac output. A heart 
catheterization is indicated to confirm the diagnosis and 
eventually enlarge the defect with balloon septostomy, static 
balloon angioplasty, or stent placement. 

In certain conditions, right-to-left shunting across 
the atrial defect can spontaneously decrease over time, 
resulting in progressive increase of the systemic saturation. 
Newborns with severe pulmonary valve stenosis can 
present with cyanosis secondary to right ventricular 
hypertrophy and poor diastolic compliance. Following 
balloon valvuloplasty, systemic saturation is expected to 
increase over the following weeks as hypertrophy regresses 
and ventricular compliance improves. Likewise, patients 
with Ebstein’s disease can present with profound cyanosis at 
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birth due to tricuspid regurgitation and abnormal ventricle 
compliance. As pulmonary vascular resistance drops, 
tricuspid regurgitation improves decreasing the degree of 
right-to-left shunt at the atrial level (4).

Pulmonary atresia/intact ventricular septum is often 
associated with some degree of tricuspid valve hypoplasia 
and poor right ventricular compliance causing right-to-
left shunting across the ASD. First stage palliation in these 
patients includes surgical or transcatheter opening of the 
right ventricular outflow tract and a Blalock Taussig shunt or 
stenting of the ductus arteriosus. A catheterization is usually 
performed at a later follow up to assess suitability for ASD 
and shunt closure. Patients with significantly hypoplastic 
tricuspid valve or elevated right ventricular diastolic 
pressure may not tolerate ASD closure. In order to rule 
out tricuspid valve stenosis, temporary balloon occlusion of 
the ASD is performed with simultaneous measurement of 
the right atrial pressure. A rise on the right atrial pressure 
suggests the presence of either tricuspid valve stenosis or a 
non-compliant right ventricle which can be differentiated by 
simultaneous measurement of the right atrial and ventricular 
pressures. Changes on the diastolic tricuspid valve flow 
can also be assessed by Doppler interrogation during ASD 
balloon occlusion. Patients with hypoplastic tricuspid valves 
unable to handle full cardiac output should be considered 
for a bidirectional cavopulmonary anastomosis and ASD  
closure, i.e., 1 ½ ventricle repair. In those in whom right 
atrial and systemic pressure remain stable and arterial blood 
is fully saturated during balloon occlusion, the ASD can be 
safely closed (18).

Complex congenital heart disease

Newborns with total anomalous pulmonary venous 
return to the systemic venous circulation or equivalent 
hemodynamic conditions need a large atrial communication 
in order to maintain systemic cardiac output. The diagnosis 
and need of balloon septostomy if the ASD is restrictive is 
usually made by echocardiography. 

Single-ventricle patients: the Fontan operation is 
the last surgical stage in patients undergoing single-
ventricle palliation. Fenestration of the Fontan pathway 
has traditionally been used to decrease surgical morbidity 
and mortality, particularly in high-risk patients (37). 
Transcatheter closure is considered in patients in whom 
fenestration remains patent at follow up. Indications for 
elective closure of a fenestration remains controversial, 
particularly in the absence of symptoms. Patients with 

a resting arterial oxygen saturation ~85% or those who 
develop significant desaturation with exercise should be 
considered for fenestration closure, if transient balloon 
occlusion during catheterization is tolerated. Careful 
consideration should be given to patients with elevated 
Fontan pathway pressures at baseline and those in whom 
temporary balloon occlusion results in an increase in 
venous pressure >16 mmHg or a cardiac index drop to less  
than 2 L/m/m2 as fenestration closure may not be tolerated 
in the long term (38,39). 

Conclusions

Hemodynamics in children with isolated ASD is usually 
straight forward and require no further evaluation unless 
there is clinical or echocardiographic evidence of elevated 
PAP. Adult patients diagnosed with ASD should be 
carefully evaluated for the burden associated with long-
standing shunting such as ventricular dysfunction and 
pulmonary artery hypertension. ASD closure should be 
attempted regardless of age in all patients with acceptable 
hemodynamics. Long-term follow up after ASD closure 
is recommended as pulmonary hypertension can develop 
later in life. Evaluation of ASD in the presence of other 
congenital heart defects should be individualized as it will 
vary depending on the baseline anatomy. 
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