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Selecting the optimal closure device 
in patients with atrial septal defects 
and patent foramen ovaleD 

  Review

Patent foramen ovale and atrial septal defects are common cardiac defects that can be routinely closed 
with transcatheter devices, rather than more invasive open surgical techniques. There is good evidence 
supporting both surgical and transcatheter closure of atrial septal defects, but there remains controversy 
regarding some of the currently applied indications for patent foramen ovale closure. Both procedures 
require appropriate diagnostic preprocedural and intraprocedural imaging for optimal closure results, 
and while contrast enhanced transcranial doppler, intracardiac echocardiography and cardiac MRI are 
increasingly utilized, most would still consider transesophageal echocardiography to be the gold standard 
of imaging for these patients. There are many septal closure devices available and careful consideration 
should be given to the patients septal and defect anatomy before selecting the most appropriate device 
for closure. With a few anatomical exceptions, the Amplatzer® closure devices remain the preferred choice 
in most centers, with excellent closure rates and low incidence of device-related thrombus.
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Patent foramen ovale (PFO) is a normal fetal com-
munication between the right and left atria that 
persists postpartum. It is common, occuring in 
20–40% of the population. Occasionally, PFOs 
can lead to paradoxical embolism that can mani-
fest as a stroke or systemic arterial embolism [1–4]. 
Atrial septal defects (ASD) are far less prevalent 
than PFO; however, it remains one of the most 
common congenital cardiac defects and the 
majority of these are ostium secundum defects. 
These occur either from excessive resorption of the 
septum primum or from deficient growth of the 
septum secundum. Patients with ASDs often pres-
ent with exercise intolerance or palpitations, but 
occasionally present with overt right ventricular 
failure, especially in older patients and paradoxical 
embolism [5–7]. Percutaneous closure of both PFOs 
and secundum ASDs is increasingly becoming the 
treatment of choice where closure is indicated, and 
while there is good evidence for ASD closure, 
the closure of symptomatic and asymptomatic 
PFOs remains highly controversial. A multitude 
of devices is available for percutaneous closure 
of both defects, but there is limited data on the 
comparative efficacy of these devices. This article 
reviews the indications and percutaneous device 
options for PFO and ASD closure.

PFO 
 n Indications for PFO closure 

Cryptogenic stroke
A cryptogenic stroke is defined as a stroke of 

unknown cause, despite extensive investigations 
to exclude other causes (for example atrial fibril-
lation [AF], carotid and aortic atheroma, carotid 
dissection, space occupying lesions and intra-
cerebral hemorrhage) [8–10]. The relationship 
between PFO and cryptogenic stroke is, however, 
well established [11]. The largest body of evidence 
comes from a meta-ana lysis that compared cryp-
togenic stroke with stroke from known causes, 
and in 22 studies the odds ratio for PFO was 
3.16. Recurrent neurological events in patients 
with PFO and previous cryptogenic stroke have 
also been reported in 6–8% of patients and 
can be as high as 15% in the presence of atrial 
septal aneurysm (ASA) [10–12]. Windecker et al. 
reported a trend towards risk reduction in the 
combined end point of death, transient isch-
emic attack (TIA) and stroke in an uncontrolled 
cohort series that compared medical therapy 
with PFO closure following cryptogenic stroke 
(24.3 vs 8.5%, respectively) [13]. 

The only prospective randomized con-
trolled trial (RCT) – the keenly anticipated 
CLOSURE 1 study by Furlan et al., did not 
demonstrate superiority for PFO closure in 
patients <60 years old with the STARFlex versus 
medical therapy alone for cryptogenic stroke [14]. 
The stroke rates at 2 years were not significantly 
different: 3.1% in the device group versus 3.4% 
in those treated with medical therapy. Notably, 
the device arm also showed significantly higher 
rates of AF (5.7 vs 0.7%). A major criticism of 
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this trial has been that in 80% of the patients 
with multiple stroke or TIA, there were expla-
nations other than paradoxical embolism for 
neurological events. The inclusion of TIAs 
and strokes, rather than true strokes only, has 
also been questioned, as has the fact that the 
increased rate of AF in the device group may 
have increased the rate of stroke [14,15]. There are 
still a number of further RCTs of PFO closure 
for stroke prevention in progress, in particular 
the RESPECT (Amplatzer® device, USA) the 
PC-Trial (Amplatzer device, outside the USA) 
and the REDUCE trial (HELEX® device). 
These trials, with more stringent inclusion cri-
teria and extended follow-up periods, may shed 
more light on this treatment strategy for so called 
cryptogenic stroke in the presence of a PFO.

A study by Rigatelli et al. proposed the alter-
native theory that PFO in combination with 
ASA may lead to thrombus formation due to 
‘slow flow’ rather than paradoxical embolism 

[16]. While this may be true of large ASAs, 
images similar to Figure 1 of a large thrombus 
across a PFO, or a ‘caught in the act’ paradoxi-
cal embolus, are compelling images that are fre-
quently observed in case reports and present a 
strong case for PFO closure, especially in young 
patients where no other likely explanation for 
stroke can be found [17–20].

Systemic arterial embolism 
Systemic arterial emboli, other than crypto-
genic strokes, have been reported in patients 
with PFOs and include emboli in the lower 
limbs, visceral organs and coronary arteries. 

While there is no evidence for PFO closure in 
these settings, in young patients with symptoms 
that suggest concomitant venous thrombosis, it 
is reasonable to conclude that the PFO is the 
source of paradoxical embolism. Gersony et al. 
and Meier et al. have described PFO and ASD 
closure in the acute setting of acute myocardial 
infarction in young patients with normal coro-
nary arteries in whom no other cause of arterial 
thrombosis could be identified [21–24].

Migraine with aura
Migraine with aura is associated with causes 
of left-to-right shunting, including PFO. It is 
postulated that in some people who experience 
migraine with aura, a trigger substance passes 

across a shunt but, if this is so, the trigger has 
not yet been identified. If this mechanism is 
responsible for some cases, it cannot account 
for all, because not all migraine sufferers have 
a shunt and many people with a shunt do not 
suffer from migraines. There are a number of 
nonrandomized, observational series that have 
reported that in patients with migraine who 
have had PFO closure for the indication of 
paradoxical embolism, symptoms of migraine 
have improved dramatically. Although the pla-
cebo effect could not be excluded, some of the 
the earlier studies reported this effect of device 
closure prior to any known association of PFO 
and migraine [25–32].

The publication of the first randomized study 
of PFO and migraine in 2008, did not make this 
association any clearer. The MIST trial was a 
prospective, multicenter, randomized, double-
blind controlled trial that compared the effect 
of closure of moderate or large PFOs using the 
STARFlex device with sham intervention in 
patients with severe and frequent migraine. The 
MIST trial differed from earlier observational 

studies because patients with a history of stroke 
were excluded. In the MIST trial, follow-up 

continued for 6 months, with patients receiving 
aspirin and clopidogrel for the first 3 months and 
the headache ana lysis phase carried out during 
the second 3-month period [33]. 

The preliminary findings of the study seemed 
encouraging, with 60.2% of patients found to 
have a right-to-left shunt (RLS), the majority 
of which were classified as a moderate or large 
PFO. In total, 147 patients were randomized 
to either implantation of a STARFlex device or 
sham intervention. The results comparing the 
implant and sham groups showed no effect on 
the primary end point of cessation of migraine 
or secondary end points of improvement in 

Figure 1. A ‘caught in the act’ paradoxical 
embolus across a patent foramen ovale. 
Image courtesy of Raj Sharma (St George’s 
Hospital NHS Trust, London, UK).
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migraine in either the intention-to-treat ana-
lysis or per-protocol population. The implant 
arm also had a high rate of procedural 

complications [33].
Since the findings of MIST were published, 

a number of further observational studies have 
reported striking improvements in migraine 
post-PFO closure. Trabattoni et al. presented 
data from a single-center series, in which a total 
of 305 consecutive patients underwent PFO clo-
sure following an ischemic event confirmed by 
brain CT or MRI, followed by confirmation of 
a PFO. Of this cohort, 25% also reported having 
moderate to severe migraines prior to PFO clo-
sure. Trabattoni reported a significant mid- and 
long-term reduction of migraine intensity and 
frequency in over 80% of patients [34]. Similar 
findings have been shown by Rigatelli et  al. 
and Vigna et al., and it seems that the patients 
more likely to have reduction in migraines are 
those with clinically proven ischemic events 

[35–37]. The role and potential benefits of PFO 
closure among patients with severe migraine in 
the absence of previous ischemic events, remain 
questionable and warrant future investigation 
with appropriately powered, well-designed and 
executed randomized trials. 

Platypnea orthodeoxia syndrome
Platypnea orthodeoxia syndrome is a rare condi-
tion that occurs when the patient suffers from 
dyspnea and hypoxia after assuming a posi-
tion of upright posture. It is thought to occur 
due to abnormal right-to-left shunting across a 
septal defect. The anatomical defect can be a 
PFO, ASD or a fenestrated ASA. The combi-
nation of this defect with a functional compo-
nent (often lung or abdominal pathology) that 
causes a deformity of the atrial septum with 
upright posture, allows abnormal shunting of 
blood from the right to left atrium and hence the 
development of symptoms. There are many case 
reports supporting device closure in this unusual 
syndrome [38,39].

Decompression illness
Decompression illness (DCI) is when changes 
from high to low ambient pressure cause the 
nucleation of nitrogen bubbles into the arterial 
system, causing embolization. This is most com-
monly exhibited in scuba divers but can occur in 
extreme high-altitude flying [11,40,41]. Wilmshurst 
et al. first noticed an association of PFO with 
DCI in scuba divers [40]. This finding has since 
been further examined and several studies have 
found a correlation between the prevalence 

of PFO and the occurrence of cerebral DCI. 
Torti et al.  found the risk of DCI to be five-
times higher in those with a PFO diagnosed by 
transesophageal echocardiography (TEE) in 230 
scuba divers [41]. To date, there are no prospective 
RCTs examining the benefit of closing PFOs in 
scuba divers, although device closure for those 
with PFO has been considered [42]. There is no 
consensus of opinion on how to manage scuba 
divers who have been diagnosed with a PFO; 
however, modification of the dive profile, device 
closure or stopping diving are all reasonable 
management strategies.

 n Diagnosis & imaging for PFO
Echocardiography
If the indication for PFO closure is cryptogenic 
stroke, appropriate neurological-led investiga-
tions to exclude other mechanisms of poten-
tial stroke should be carried out. These should 
include brain and carotid imaging, as well as a 
thrombophilia screen. Transthoracic echocar-
diography (TTE) often demonstrates a poten-
tial substrate for stroke, such as dilated cardio-
myopathy, old myocardial infarction, mitral 
stenosis and a dilated left atrium. However, a 
direct source of embolus is rarely found. With 
color flow mapping, TTE has limited accuracy 
for the diagnosis of a PFO. A bubble contrast 
echo (TTE or TEE) is the gold standard and 
requires an experienced operator to ensure 
adequate vagal maneuvers have been performed 
to detect whether bubbles cross the inter-atrial 
septum when the right atrial pressure is tran-
siently elevated. A cardiac shunt is diagnosed by 
the presence of bubbles in the left atrium within 
the first three cardiac cycles. Pulmonary level 
shunts produce bubbles after three cycles and 
do not require provocation. Typically, the pro-
cedure should be performed two- or three-times 
to provide a confident diagnosis [43–45].

TEE
TEE allows detailed anatomical assessment 
of the left atrium and interatrial septum. It is 
the gold standard for the diagnosis of left atrial 
appendage thrombus and for visualizing other 
atrial masses that may have caused stroke. TEE 
also allows detailed evaluation of aortic arch ath-
eroma and thrombus. It is therefore considered 
by some to be mandatory test for patients with 
cryptogenic stroke. The technique is also crucial 
for assessing the anatomy of a PFO, which is 
highly variable and has important implications 
when considering an appropriate closure device. 
Real-time 3D echocardiography is especially 
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promising in this respect. Some PFOs consist 
of a long tunnel, with the septa tightly opposed, 
whilst others open widely. In some PFO tun-
nels, the septum primum is held away from 
the septum secundum by a fold of tissue on 
the left atrial side, a so-called ‘PFO with fixed 
opening’, or ‘held open PFO.’ TEE allows iden-
tification of an atrial septal aneurysm (ASA). 
The mobile portion of the ASA lies within 
the septum primum and may cause this area 
to retract, undermining the stability of device 
closure. Some operators therefore intentionally 
oversize the device in this situation. TEE is also 
useful for identifying other structures that may 
cause technical difficulties during device clo-
sure, such as a large eustacian valve or chiari 
network [46–49]. Many operators are happy to 
perform PFO closure under fluoroscopy only, 
without intraprocedural echo guidance or with 
intracardiac echo, as long as a TEE has been 
performed preprocedurally [47,48].

Intracardiac echo
Intracardiac echocardiography (ICE) has 
become the intraprocedural imaging modality 
of choice for many operators for PFO and ASD 
closure. It is performed using an 8 or 9 Fr cath-
eter, which is introduced via a second femoral 
venous sheath. There are many advantages of 
ICE compared with TEE imaging. The image 
quality is often superior to TEE because the 
transducer is within the right atrium enabling 
high resolution and accurate assessment of the 
interatrial septum. The use of ICE also obviates 
the need for an echocardiographer and often a 
general anesthetic, making the procedure faster 
and potentially cheaper. The obvious disadvan-
tages of ICE include the need for insertion of a 
second venous sheath and the expense of single-
use ultrasound catheters. Another disadvantage 
is that during cases with complex anatomy, it 
may be challenging to manipulate both the 
ICE catheter and the closure device at the same 
time [50].

Transcranial doppler
More recently, contrast enhanced transcranial 
Doppler ultrasound (c-TCD) has become a 
technique for PFO screening in some centers. 
It involves using agitated saline or galactose 
based contrast agents to look for microbubbles 
or high intensity transient signals (Figure 2) in the 
middle cerebral artery, vertebrobasilar system 
and, more recently, described the carotid artery 
in order to confirm the presence of a RLS. It has 
become particularly popular with neurologists 

due to the clear advantages of patient comfort 
in this noninvasive technique. The method is 
occasionally limited by poor temporal win-
dows of the middle cerebral artery, which is 
reported to occur in approximately 10% of 
patients, but may depend on the expertise of 
the operator [51–53].

Recent literature reports the diagnostic accu-
racy of c-TCD to be excellent when compared 
with TEE, with experienced centers reporting 
sensitivities of 70–100% [53]. Best ‘timing’ from 
contrast injection until identification of the 
first high intensity transient signals in the main 
coronary artery has also been offered to separate 
RLS from intracardiac and extracardiac causes 
but this topic remains controversial and there 
is no consensus regarding this criterion in the 
literature. There is also no universally accepted 
standard as to how many microbubbles con-
stitute a clinically relevant RLS. Regardless of 
these issues, c-TCD has emerged as a very effec-
tive screening tool for detecting RLS, while TEE 
should be used for further characterization of the 
anatomy. TEE and c-TCD are complementary 
methods and should be applied jointly, espe-
cially if they are to be used in the percutaneous 
treatment of PFO [53].

Van et al. have suggested a method for stan-
dardizing what constitutes an appropriate 
Valsalva maneuver during c-TCD by blowing 
into a manometer and achieving a pressure of 
40 mmHg [54]. This was performed in a study 
comparing c-TCD to ICE intraprocedurally. In 
this study, the investigators reported a sensitiv-
ity of c-TCD that was higher for detecting RLS 
post PFO device closure than ICE, which was 
performed simultaneously. The study also dem-
onstrated that a significantly lower right atrial 
pressure is achieved during voluntary Valsalva 
maneuver, compared with forced expiration 
into a manometer. While the study numbers 
were low (n = 38 patients), it is a positive step 
in attempting to improve c-TCD accuracy as 
the first diagnostic test of choice for ruling 
out PFO. This is especially important during 
c-TCD where the operator may be unaware 
of the effectiveness of the Valsalva compared 
with TEE, where the appropriate effect of the 
Valsalva can be seen by the septum bulging 
towards the left atrium.

 n Device selection for PFO closure
There are several companies that manufacture 
PFO closure devices, all with effective closure 
rates and low complications reported. Very 
few of these devices have been compared in 
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studies and even fewer have been evaluated in 
randomized, comparative trials. More recently, 
the concept of device-less PFO closure has been 
explored and various suture-based systems, as 
well as radiofrequency ablation options, have 
been developed. None of these devices have 
produced acceptable closure rates and as such 
device-based techniques are still the only widely 
accepted methods of PFO closure.

Amplatzer PFO occluder 
The Amplatzer PFO Occluder (Amplatzer, 
St Jude–AGA Medical Corporation, MN, 
USA; Figure 3) is a self-expanding device made 
of a nitinol wire mesh. It consists of a right atrial 
and a slightly smaller left atrial disc connected 
together by a bond bridge made of nitinol wire. 
It is available in right atrial disc sizes of 18, 25 
and 35 mm. It is radio-opaque, simple to use, 
versatile, fully retrievable and redeployable. The 
Amplatzer device is the most commonly used 
device worldwide and as such, many recently 
developed devices have similar design and 
implantation characteristics [55–62]. 

HELEX® septal occluder
The HELEX septal occluder (HSO; WL Gore 
& Associates, AZ, USA; Figure 4) is a low-pro-
file, double-disk occluder device designed to 
close PFOs and secundum ASDs. The device 
is comprised of an expanded polytetrafluoro-
ethylene membrane, bonded to a single niti-
nol wire frame and can be delivered though 
a 9–13 Fr femoral venous sheath. When fully 
deployed, the occluder assumes a double-disc 
configuration that bridges the septal defect to 
prevent shunting of blood between the right 
and left atria. Unlike the Amplatzer, the HSO 
is compliant and non-self-centering, making it 
capable of conforming well to the curvilinear 

surfaces of the atrial septum. The delivery sys-
tem allows for repositioning or retrieval of the 
device after deployment. The device comes in 
sizes ranging from 15–35 mm and the device is 
generally sized in a 2:1 ratio compared with the 
defect size. It is recommended that the maxi-
mum balloon stretch size possible to close with 
this device is 18 mm in the case of large PFOs 
or ASDs. A safety cord attached to the device 
provides for removal of the occluder even after 
device release in the unlikely case of device 
embolism [57–60].

Figure 2. Contrast-enhanced transcranial doppler tracing showing 
high-intensity transient signals consistent with a right-to-left shunt.
Image courtesy of Raj Sharma (St George’s Hospital NHS Trust, London, UK). 

Figure 3. The Amplatzer® patent foramen 
ovale occluder.
Reprinted with permission of St Jude Medical™,  
©2011 All rights reserved.

Figure 4. The HELEX® septal occluder.
Reprinted with permission from [201].
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CardioSEAL–STARFlex®

The CardioSEAL–STARFlex (CS–SF; NMT,  
MA, USA) is a device comprised of two rectan-
gular discs, each consisting of four-wire spring 
arms covered with a polyester patch. It is a modi-
fied version of the original device, with micro-
springs attached to the opposing arms of each 
umbrella. The device is available in sizes of 23, 
28, 33, 38, 40 and 43 mm. The Biostar® device 
is a novel bioabsorbable device mounted on a 
STARFlex occluder design [57–62]. These devices 
are no longer commercially available.

Premere™ PFO occluder
The Premere PFO occluder (St Jude Medical) 
is a flexible device with a low profile and inde-
pendent anchors that make it ideal for long PFO 
tunnels. It has an adjustable tether connecting 
the anchor and can conform to different septal 
anatomies. It has the advantage of minimal left 
atrial material, theoretically reducing potential 
thrombus formation [63].

The Coherex Flatstent™
The Coherex Flatstent (Coherex Medical, UT, 
USA; Figure 5) is the first device with CE mark 
designed for use only within the PFO tunnel. 
The device is retrievable and redeployable, has 
an expandable stent design and is made with 
a polymer filling to aid endothelialization and 
includes radio-opaque markers to guide deploy-
ment. It has the theoretical advantage of an in-
tunnel design that may reduce rare, but poten-
tial, complications of PFO closure including 
left atrial device surface thrombus formation 
and device perforation. The disadvantage of the 
device from the early experience of the Coherex 
EU study, is that it seems to be more effective 
(100 vs 58%) in PFO tunnels of 4 mm or longer, 
limiting its use as a device for all PFO closure 
anatomy.

There are several new dedicated PFO closure 
devices with varying numbers of patients treated 
to date. A full description of each device is 
beyond the scope of this review. They include the 
Cierra PFx™ (Cierra, Inc., CA, USA), SeptRx 
(Stout Medical, PA, USA), Heartstitch (Sutura, 
CA, USA), Nitocclud (PFM Medical, CA, 
USA), Edwards Suture (Edwards Lifesciences, 
IR, CA, USA), Coaptus RF (Coaptus Medical, 
WA, USA).

 n Device comparison
There are limited data comparing the commonly 
used PFO closure devices [64–67]. Taaffe et al. 
compared PFO closure devices in a randomized 

trial [57]. A total of 660 patients were random-
ized to PFO closure with one of the three most 
widely used devices (Amplatzer, CS–SF and 
HSO) and follow-up at the time of publishing 
was 30 days. There were no differences between 
PFO sizes and the incidence of atrial septal 
aneurysm between the three groups. The proce-
dural success rate was 100% for all groups, with 
two device embolizations in the HSO group 
(retrieved and a larger device implanted) and 
no embolizations in the Amplatzer or CS–SF 
groups. There were also two unspecified tech-
nical complications related to insertion in the 
CS–SF group, and these devices had to be 
removed through an auxiliary vascular access 
due to unsatisfactory positioning. The proce-
dural and fluoroscopic times were shorter in the 
Amplatzer group, and the mean sheath size for 
all three devices was 9 r. 

The primary end point for the study was suc-
cessful PFO closure (i.e., no residual shunt) at 
30 days as measured by TEE. The Amplatzer 
device was superior for this end point, with no 
residual shunt at 30 days in 65% of patients ver-
sus 52.7% in the HSO group (p = 0.0005), with 
no statistically significant difference versus the 
CS–SF group (62.3%; p = 0.847). There was a 
slightly higher incidence of AF in the Amplatzer 
group with 1.4% of patients affected at 30 days 
versus 0.9% with HSO and 0.5% with CS–SF 
(p = 0.02). The investigators of this study also 
noted 3.6% of patients in the CS–SF group 
developed thrombus on the device noted on 
TEE at 30 days. There was no such thrombus 
noted on the Amplatzer or HSO devices [57]. A 
study by Krumsdorf et al. of 1000 consecutive 
patients undergoing PFO or ASD closure also 
noted a higher rate of device related thrombus 
on CardioSEAL (7.1%) and STARFlex (5.7%) 
devices when compared with HSO (0.8%) 
and Amplatzer (0%) devices on TEE 4 weeks 
post-procedure [58]. Braun et al. compared the 
Amplazter, the CS–SF and the PFO-Star and 
found no significant differences between the 
devices in 307 patients [62].

 n Which device for which anatomy?
Atrial septal aneurysm
Atrial septal aneurysms are known to present 
a higher risk of recurrent neurological events 
and are usually associated with larger PFOs. 
Most operators in this situation stabilize the 
septum by covering a larger area than needed 
in order to cover the PFO with a stiffer device 
(e.g., Amplatzer PFO, Occulotech or Nitocclud). 
Some operators still feel that smaller devices 
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present less risk of device thrombus forma-
tion and prefer to use a smaller device that will 
conform to the anatomy (e.g., HSO).

Long PFO tunnel 
Traditional double-disc devices tend to distort 
the septal anatomy in PFOs with long tunnels 
and some operators report using transseptal 
puncture to place the device in these cases. This 
seems to overcomplicate what should be a simple 
procedure and, to this end, the Premere™ and 
the Coherex devices are designed specifically for 
long PFO tunnels. These devices also have the 
advantage of minimal left atrial material, mean-
ing thrombosis risk is reduced; however, they are 
yet to be effectively compared with other devices 
and the closure rates still remain uncertain. As 
these devices have not yet come into mainstream 
use for most centers, most operators still tend to 
use stronger devices to collapse the PFO tun-
nel (e.g., Amplatzer), which is often equally 
effective [55–63,68].

Multiple defects 
A septum with multiple defects most likely rep-
resents either a fenestrated secundum defect in 
conjunction with a PFO or an isolated fenes-
trated secundum defect. In the vast majority 
of cases, these can be effectively closed with a 
single device and often the Amplatzer Cribiform 
occluder is the most effective for this purpose. 
Some operators advocate using a transseptal 
puncture and single-device approach; however, 
for the vast majority of cases a single, larger 
device through the largest defect is sufficient. 
A two-device strategy is more appropriate for 
multiple true secundum ASDs [55–63,68].

ASDs
ASDs account for approximately one-third of all 
congenital heart disease detected in adults and 
occur in about four of out 100,000 newborns. 
Secundum ASDs are by far the most common, 
accounting for 75% of all ASDs and occur in 
the region of the fossa ovalis. Primum ASDs, 
coronary sinus and sinus venosus defects are less 
common. Secundum defects are the only ASDs 
truly amenable to percutaneous closure. A pre-
dominant left-to-right shunt is the characteristic 
feature of an ASD, the consequence of which is 
right ventricular volume overload. Most patients 
with sizable ASDs still remain asymptomatic 
for the first two decades of life, however most 
patients eventually develop symptoms due to 
cardiac failure, pulmonary hypertension, atrial 
arrhythmias or paradoxical embolism [5–7,69–72]. 

 n Device versus surgical closure
Surgical closure of an ASD was first performed 
in 1953 and for many years has been considered 
the standard treatment for patients with a siz-
able secundum ASD. Surgery usually involves 
insertion of a pericardial patch or direct suture 
and does provide good early postoperative 
and long-term results, and has been shown 
to improve mortality (vs medical therapy) for 
hemodynamically significant left-to-right shunts 
[73,74]. Since the first percutaneous ASD closure 
described by King and Mills in 1974, trans-
catheter approaches have become increasingly 
utilized [75]. The main advantages of the per-
cutaneous approach, besides the avoidance of 
surgery, include a high sealing rate (97–99%) 
of the defect, along with short procedural times 
and length of stay for the patient. 

Surgical ASD closure versus transcatheter 
approaches have been compared. Butera et al. 
reported a large single-center series while multi-
center studies were reported by Jones et al. and Du 
et al. [76–79]. These retrospective studies showed 
similar (very low) mortality rates in both groups, 
with higher complications in the surgical groups. 
To date, there are no large RCTs of surgical versus 
percutaneous ASD closure. A recently published 
large meta-ana lysis of secundum ASD closure in a 
total of 3082 patients (1270 treated surgically and 
1812 treated percutaneously), showed a higher 
rate of both total and major complications in the 
surgical groups. Patients treated with surgery had 
a 5.4- and 3.8-fold higher risk of total and major 
complications occurring, respectively. The length 
of stay was also 2.5-times longer in the surgical 
group [80]. Kim and Hughes found the cost of 
ASD closure to be higher for with surgery while 
Thomson found no cost difference. Vida et al. 
also showed that the cost of Amplatzer device 
closure was higher than surgery in a developing 
country [81–84].

 

Figure 5. The COHEREX Flatstent™ device. 
Image courtesy of David Muller (St Vincent’s Hospital, Sydney, Australia).
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 n Indications for ASD closure 
Patients with small shunts and normal right ven-
tricle (RV) and right atrium size are generally 
asymptomatic and require no medical therapy. 
Routine follow-up of the patient with a small 
ASD, without evidence of RV enlargement or 
PAH, should include assessment of symptoms, 
especially arrhythmias and possible paradoxical 
embolic events. Serial echocardiography should 
be obtained to assess RV size and function and 
pulmonary pressure. Reductions in LV compli-
ance related to hypertension, coronary artery 
disease or acquired valvular disease may increase 
the degree of left-to-right shunt across an exist-
ing ASD over time. Transcatheter or surgical 
closure of an ASD is indicated if there is evi-
dence of right-sided volume overload as seen by 
echocardiography irrespective of the patient’s 
symptoms [6,85,87].

Large atrial shunts lead to symptoms caused 
by excess pulmonary blood flow and right-sided 
heart failure, including dyspnea, frequent pulmo-
nary infections, fatigue, reduced exercise toler-
ance and palpitations. Traditionally a significant 
left-to-right shunt is defined as a pulmonary-to-
systemic flow (Qp/Qs) ratio of >1.5/1; however, 
in reality any patients with symptoms should 
have their ASD closed, as should any patients 
with documented right-sided volume overload 
or platypnea-orthodeoxia syndrome. Atrial 
arrhythmias – atrial flutter, AF and sick sinus 
syndrome – are a common result of long-stand-
ing right-sided heart volume and pressure over-
load. If surgery is indicated over a percutaneous 
approach (e.g., due to very large defect >40 mm 
or a non-secundum defect) then a MAZE pro-
cedure should also be considered. Paradoxical 
embolism from peripheral venous or pelvic vein 
thromboses, atrial arrhythmias, unfiltered intra-
venous infusions or indwelling venous catheters, 
is a risk for all defects regardless of size and any 
previous paradoxical embolism is an indication 
for device closure. Important prerequisites for 
ASD closure are pulmonary arterial pressures 
less than two-thirds systemic and a pulmonary 
vascular resistance <7 Woods units. ASD closure 
in patients with severe, irreversible pulmonary 
arterial hypertension is contraindicated, as it 
may shorten their life-expectancy [6,85–88].

 n Diagnosis & evaluation of the 
defect TTE 
Most ASDs can be diagnosed by TTE, and 
should be suspected in the presence of an 
enlarged right atrium and/or right ventricle. The 
sensitivity in detecting secundum and primum 

ASDs with TTE using standard precordial views 
has been reported to be >90%. However, ana-
tomically the atrial septum is a concave–convex 
structure and therefore, an ultrasound beam can 
cut the defect in different planes and may not 
reflect its true size. Thus, before any device clo-
sure is undertaken, another form of anatomical 
assessment is recommended and TEE is often 
required only for a more detailed view of the 
anatomy rather than a diagnosis. The signifi-
cance of an ASD can be determined during TTE 
by applying the continuity principle and calcu-
lating the intracardiac shunt ratio (Qp:Qs). 
This method in combination with anatomical 
information from TEE, has replaced routine 
right heart catheterization for the diagnosis and 
assessment of ASD shunts [89,90].

TEE
TEE is a vital component of percutaneous ASD 
closure, whether it is used for diagnosis and 
evaluating suitability or for the implantation 
itself. While some interventionalists are happy 
to perform PFO closure without intraprocedural 
TEE or ICE, it is not recommended to perform 
ASD closure without either TEE or ICE. This is 
due to the risk of device embolization or missing 
multiple defects. The rims of a secundum ASD 
have been well described and are designated as 
aortic (superoanterior), atrioventricular (infero-
anterior), superior venacaval (superoposterior), 
inferior venacaval (inferoposterior) and posterior 
[89–93]. By convention, a margin or rim of >5 mm 
in each direction is considered to be adequate 
for device closure. There are multiple anatomical 
variations of ASD morphology described echo-
cardiographically, but the most useful from a 
structural interventionalist’s perspective are those 
that include the rim. Podner et al. described ten 
morphological variations of defects, the most 
common being the defect with deficient aortic 
rim (42.1%). The other variants included cen-
tral defects (24.2%), deficient infero posterior 

rim (12.1%), perforated aneurysm of the sep-
tum (7.9%), multiple defects (7.3%), combined 
deficiency of mitral and aortic rims (4.1%), defi-
cient SVC rim (1%) and deficient coronary sinus 

rim (1%) [92]. Defects with a deficient aortic rim 
can be closed percutaneously; however, deficien-
cies of the rim in other planes are not suitable 
for device closure. With careful TEE evalua-
tion, approximately 80% of secundum ASDs 
are suitable for device closure [90,92].

3D TTE and TEE, both in real-time and 
with image postprocessing, have been shown to 
be feasible for the qualitative and quantitative 
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assessment of ASDs. While this technique 
often requires more effort to obtain qual-
ity 3D images, there are many ASDs which 
have complex anatomy that are sometimes 
underestimated on TEE. The use of 3D imag-
ing during device closure (Figure 6) allows a rapid 
assessment to ensure the defect has achieved 
coverage of the defect and is anchored in all 
directions by a septal rim. Another advantage 
of the 3D transducers is the ability to perform 
biplane imaging. During device closure this 
gives the ability to view two orthogonal planes 
simultaneously, increasing the operators under-
standing of the anatomy [91,94]. As with PFO 
closure, ICE has become the procedural imag-
ing modality of choice for some centers during 
ASD closure.

Cardiac MRI 
While TEE has long been the gold standard for 
anatomical assessment of secundum ASD, there 
are several disadvantages to this imaging modal-
ity. TEE is still a semi-invasive procedure and in 
children and some adults, for various reasons, it 
can be difficult and possibly unpleasant for the 
patient. There are also certain patients in whom 
the posterior inferior margins of the septum 
cannot be visualized. Cardiac MRI (CMR) is a 
useful tool, which in some centers has become 
the pre-assessment imaging modality of choice 
for ASDs. CMR can perform shunt calculation 
and can identify anomalous pulmonary venous 
drainage that might require surgical correc-
tion. There are several studies comparing CMR 
with TEE in both pediatric and adult popula-
tions, all with favorable results. While TEE still 
remains the imaging modality of choice in most 
centers, CMR may become the new gold stan-
dard of ASD imaging to assess suitability for 
device closure in the future [95–98]. Figure 7 shows 
a secundum  ASD pre- and post-closure with an 
Amplatzer device.

 n Device selection for ASD closure
Amplatzer septal occluder 
The Amplatzer Septal Occluder (ASO; 
Amplatzer, St Jude–AGA Medical Corporation) 
is the most frequently used device for ASD clo-
sure worldwide. Its design is similar to that of 
the PFO device – it has a self-expandable nitinol-
wire mesh double-disc design; however, there is 
a broad connecting waist that differs from the 
PFO closure device. The device comes in sizes 
of 4–40 mm with a 3–4 mm connecting waist. 
It is deployed through venous sheath sizes of up 
to 12 Fr for the largest 40 mm device. 

The Amplatzer Multi-Fenestrated Septal 
Occluder or Cribriform Occluder is designed 
for use in fenestrated ASDs. It is placed exactly 
like the ASO, but has a narrow waist to place 
it through one of the central holes in the septal 
wall, with the discs covering the surrounding 
holes [99–101].

The HSO 
This device has already been described above 
for PFO closure and it is the same device that 
is used for ASD closure (Figure 8). The recom-
mended sizing ratio of 2:1 means that it is a 
useful device for small to medium sized ASDs. 
The safety cord is of particular advantage for 

Figure 6. 3D transesphageal echocardiography during atrial septal defect closure with 
Amplatzer® septal occluder.
Image courtesy of Raj Sharma (St Geroge’s Hospital, London, UK).

Figure 7. Cardiac MRI showing right heart remodeling after device closure 
of a secundum atrial septal defect. 
Reprinted with permission from [114].
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ASDs where device embolization due to unex-
pected anatomy is possible. Successful delivery 
of this device was reported by Jones et al. in 88% 
of patients undergoing ASD closure from the 
pivotal US trial [77].

The CS–SF device
This device, as well as the Biostar device, has 
been used for small to moderate sized ASD clo-
sure. The device is the same as that used for PFO 
closure with sizes ranging from 23–40 mm. 
Butera et al. compared the CS–SF device and the 
ASO in 274 patients who underwent a percuta-
neous ASD closure. The mean stretch sizes of the 
defects closed were 13.6 mm in the CS–SF and 
15.5 mm in the ASO device subgroups. They 
reported device embolization in three (2.5%) 

out of 121 patients who received the CS–SF 
device and in one (0.7%) out of 153 patients who 
received an 18 mm ASO device [99]. Post et al. 
reported four (6.2%) out of 65 patients needing 
surgical intervention because of an emboliza-
tion or dislocation of the device; all were CS–SF 
devices [101]. Again, these devices are no longer 
commercially available for ASD closure.

Figulla® ASD occluder 
The Occlutech Figulla ASD Occluder (FSO; 
Occlutech GmbH, Jena, Germany) is con-
structed from 0.082–0.186 mm nitinol wires, 
tightly woven into two flat, round discs with a 
4 mm connecting waist. The size of the device is 
determined by the diameter of the waist, which 
ranges from 6–40 mm. The prosthesis is filled 
with a polyester patch to enhance thrombogenic-
ity. There is only one stainless steel hub (micro-
screw) at the right atrial disc for cable connec-
tion. It is delivered through a 9–14 Fr sheath 
depending on the size of the device. The device 
is very similar to the ASO and is delivered in 
exactly the same manner, meaning there is no 
learning curve to speak of for those familiar with 
the ASO. The device is also able to be recaptured 
and repositioned like the ASO. The FSO device 
is individually braided, avoiding a distal clamp. 
Pac et al. reported the rate of residual shunt-
ing to be higher with the FSO postprocedure, 
with 24.3% of patients having a residual shunt 
immediately post closure as compared with 7.1% 
in the ASO group. This shunting did improve 

Figure 8. The HELEX™ device.
Reprinted with permission from [201].

Figure 9. 3D TEE showing ASD with multiple defects and a fenestration. The images 
show the left atrial surface, the right atrial surface and  colour mapping clearing showing 2 
distinct septal defects  with a small fenestration within the larger defect. Images taken during 
ASD closure.  
Image courtesy of Raj Sharma (St George’s Hospital, London, UK).
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(3 vs 0% with the ASO at 1 month) and this 
difference may be explained by the different 
composition of the polyester patch within the 
waist of the device [102].

 n Selecting the appropriate device for 
ASD closure
There is little data outlining the selection of 
appropriate devices for ASD closure. Small to 
medium centrally located ASDs can be treated 
with either CS–SF, HSO, FSO or ASO devices. 
While procedural success is similar in this group 
for most devices, there is a trend towards an 
increased residual shunt in the CS–SF devices. 
For medium to large and very large centrally 
located defects, with balloon stretch sizes of 
38–40 mm, the ASO device has the best proce-
dural results reported thus far, with the lowest 
rate of device embolization [99,102–109]. Evidence 
also suggests that the ASO is the device of choice 
for closure of ASDs with deficient anterior-supe-
rior rim [99]. While the FSO has a very similar 
design to the ASO and may perform similarly, 
in these patients there is not enough published 
data to support the use of these devices over the 
ASO for larger ASDs.

Traditionally, multifenestrated defects 
are preferably treated with a CS–SF device. 
However, the Cribriform ASD Amplatzer and 
the HSO devices have now been successfully 
used and are becoming the devices of choice in 
this setting [110,112]. 

Multiple defects require careful echo-
cardiographic evaluation and planning for 
device closure. Occasionally, multiple defects 
with complex anatomy and deficient rims in 
one or more planes are encountered, and should 
be referred for surgical closure consideration. 

With thorough TTE and TEE (preferably 3D; 
Figure 9) assessment, multiple defects with suit-
able anatomy are best treated by using two 
ASO devices, deployed simultaneously (Figures 10 

& 11) [113].

Conclusion
The presence of a PFO in adults is common and 
does not require closure in the vast majority of 
cases. PFO has been associated with certain 
clinically relevant conditions, the most com-
mon being cryptogenic stroke due to presumed 
paradoxical embolism. There is published evi-
dence from observational studies that PFO clo-
sure reduces the incidence of recurrent stroke in 
patients suffering from cryptogenic stroke, but 
this has not yet been supported by RCTs. There 

Figure 10. Device closure of multiple atrial 
septal defects using the Amplatzer® septal 
occluder. Note simultaneous deployment. 
Image courtesy of Stephen Brecker and David 
Ward (St George’s Hospital, London, UK).

Figure 11. Device closure of multiple atrial septal defects using the Amplatzer® septal 
occluder. End result.
Image courtesy of Stephen Brecker, David Ward and David Roy (St George’s Hospital, London, UK).

A B
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are many devices available for PFO closure but 
routine use of any of these should be limited 
to those with the most clinical data available 
and to those that the operator feels comfortable 
using. This is especially important given that the 
current indications for this procedure remain 
uncertain. 

Secundum ASD is a common congenital car-
diac defect that is readily treatable with device 

closure. Evidence supports device closure over 
surgery in suitable anatomy and there are many 
available ASD closure devices. The choice of 
which device to use remains at the operators 
discretion and the anatomy of the septum, the 
clinical data available for the device and the 
experience of the operator with the specific 
device should all be considered when deciding 
which ASD closure device to use.

Executive summary

Indications for patent foramen ovale closure
 � Patent Foramen Ovale (PFO) is normal fetal atrial communication that persists postpartum in 20–40% of the population.
 � Cryptogenic Stroke is associated with PFO and these patients have been reported to have a significant incidence of recurrent 

neurological events. There are case series reports of the benefit of PFO closure following cryptogenic stroke.
 � The only randomized controlled trial of PFO closure versus medical therapy (CLOSURE 1), failed to demonstrate superiority for closure. 

However, the trial design has been widely criticized. 
 � Migraine with aura is associated with PFO; however, in the absence of ischemic events, the evidence for PFO closure is poor. 
 � Systemic Arterial Embolization (excluding stroke) is known to occur in patients with PFO and whilst there is no evidence for PFO closure 

in these patients, many cardiologists still recommend it.
 � Decompression illness is more likely in scuba divers with PFO. Closure is therefore recomended to prevent cerebral decompression illness.

Diagnosis and imaging for PFO
 � Bubble contrast transthoracic echocardiography or transesophageal echocardiography (TEE) are the gold standard in PFO screening.
 � Contrast enhanced transcranial Doppler is emerging as an effective – and in some centers more accessible – investigation in PFO screening. 
 � TEE is the investigation of choice for detailed anatomical assessment prior to or during PFO closure.
 � Intracardiac echocardiography is routinely used in preference to TEE during PFO closure.

Device selection for PFO
 � The most common devices for PFO closure include the Amplatzer PFO occluder, HELEX Septal Occluder and the CardioSEAL–STARFlex.

Device comparison
 � There is limited evidence comparing PFO occlusion devices but the available evidence shows the Amplatzer device to be superior in 

terms of shunt closure, procedural time and risk of device-related thrombus.

Which device for which anatomy?
 � For patients with atrial septal aneurysm, most operators choose to stabilize the septum with a device that will cover a larger area 

(Amplatzer or Nitocclud).
 � For long PFO tunnels, the Premere™ or Coherex Flatstent™ devices are an ideal choice. However, the Amplatzer device can also be 

effective by collapsing the PFO tunnel. For multiple defects the Amplatzer cribiform occluder is ideal.

Atrial septal defects
 � Secundum atrial septal defects (ASDs) make up a third of all congenital heart disease and are the only ASD truly amenable to 

percutaneous device closure. Surgical ASD closure in appropriately selected patients improves mortality when compared with medical 
therapy.

Device versus surgical closure
 � Evidence suggests percutaneous ASD closure is superior to surgery (in anatomically appropriate patients), with a lower incidence of 

major complications, lower procedure cost and reduced length of stay.

Indications for ASD closure
 � Any patient with symptoms, evidence of right-sided volume overload or a significant shunt should be considered for ASD closure.

Diagnosis and imaging of an ASD defect
 � Most ASDs are diagnosed by transthoracic echocardiography and the intracardiac shunt ratio (Qp/Qs) calculated without the need for 

right heart catheterization.
 � TEE is vital for detailed anatomical assessment of the interatrial septum and 3-D TEE is particularly useful in the setting of ASD closure.
 � Cardiac MRI is emerging as a useful pre-assessment ASD closure imaging modality and offers uninvasive, good septal anatomical with 

shunt calculations.

Device selection for ASD closure
 � Commonly used devices for ASD closure include the Amplatzer Septal Occluder, The Amplatzer Cribiform Occluder, The HELEX Septal 

Occluder, The CardioSEAL-STARFlex and the Occlutech Figulla ASD Occluder.
 � Some evidence suggests that the Amplatzer Septal Occluder is the device of choice for closure of ASDs with a deficient anterior–

superior rim. It is also recommended for medium to large centrally located defects and has the lowest reported risk of device 
embolization.

 � Multi-fenestrated defects can be successfully closed using a HELEX or Cribiform Amplatzer ASD occluders.
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