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Interventional prevention of paradoxical embolism as the gold standard:  
End of discussion?

Radomir Nykl, Jan Precek, Martin Sluka, Stepan Hudec, David Richter, Petr Heinc, Milos Taborsky

Paradoxical embolism is one of the predominant causes of cryptogenic stroke and interventional secondary preven-
tion, i.e., closure of the patent foramen ovale (PFO), is a much discussed issue. This review aims to provide a complex 
perspective on this topic, aggregates and comments on the available data and current guidelines. Several large trials 
were performed, some of which proved the superiority of PFO closure over pharmacotherapy while others have not. 
Studies detecting significant superiority of intervention worked with disproportionately high representation of large 
shunts compared to the general population. Other controversies also remain, such as the lack of comparison of the 
effect of modern anticoagulant/antiplatelet treatment to PFO closure or the risk of developing unwanted side ef-
fects after intervention, and these are discussed in detail. PFO closure is a suitable method for secondary prevention 
of paradoxical embolism and, therefore, cryptogenic stroke. However, this is only true for carefully selected patient 
populations and such selection is of the utmost importance in deciding on interventional or conservative treatment.
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INTRODUCTION

By far the most common source of arterial embolism 
is atrial fibrillation, followed by heart stroke, atheroscle-
rotic affections of extracardial arteries, cardiomyopathies, 
heart valve disorders and, relatively rarely, myxoma. 
Paradoxical embolism (PE) is another potential source of 
such events. PE is a thrombus (or another material) caus-
ing the systemic embolism through a right-to-left shunt. 
It predominantly affects the central nervous system (i.e., 
causing ischemic stroke or transitory ischemic attack – 
TIA) (ref.1-3); nevertheless, it can also affect other organs 
or even multiple organs at the same time. A clear clinical 
confirmation of the diagnosis (detection of a thrombus 
caught in the interarterial shunt during esophageal echo-
cardiography, EEG, or during autopsy, see Fig. 1, 2) is 
very rare; diagnosis is most often established as possible 
or highly probable based on indirect evidence and certain 
conditions. 

Paradoxical embolism is a problem requiring multidis-
ciplinary attention and the approaches adopted by indi-
vidual specializations often differ. From the perspective 
of secondary prevention of ischemic stroke or TIA, the 
closure of a patent foramen ovale (PFO) or atrial septum 
defect (ASD) through cardiac catheterization is, in a well-
defined population, reasonable. It is an alternative to the 
surgical closure (nowadays no longer performed as a sin-
gle-purpose surgery) and pharmacotherapy (antiplatelet 
or anticoagulant treatment). Lately, however, opinion has 
been voiced that the use of better examination algorithms 
(longer observation and more detailed examinations) in 

patients after ischemic stroke and/or TIA can reveal other 
(predominantly arrhythmia-associated) causes of such 
problems even in patients whose diagnosis would have 
only recently been PE (ref.4). Such opinions, obviously, 
put the importance of PFO closure in prevention of such 
events in doubt. In this review, we present and discuss the 
available data on the significance of the interventional 
solution in the secondary prevention of PE and, in effect, 
cryptogenic ischemic stroke. 

METHODOLOGY

The research strategy was aimed at evaluating stud-
ies focused on paradoxical embolism. Scientific articles 
from the period 1990 to 2020 were searched using the 
PubMed and SCOPUS databases. Search terms included: 
paradoxical embolism, patent foramen ovale, closure of 
patent foramen ovale. Only English and Czech language 
papers were reviewed.

RESULTS

PE diagnosis 
A confirmed PE diagnosis can be established only 

where a thrombus is detected in the interatrial septum 
(see above and Fig. 2). Such a thrombus may get there 
from the venous system or form in situ. Unless such con-
firmation is achieved, the diagnosis is considered (highly) 
probable after eliminating risk factors of atherothrombo-
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Fig. 1. Separation of the interatrial septum (indicated by red arrow). 

Fig. 2. 3D-ECHO image showing a thrombus captured in the 
interatrial septum (indicated by No 1). 

sis (dyslipidemia, diabetes mellitus, arterial hypertension, 
smoking), atherosclerotic damage to the brain-supplying 
arteries, pro-coagulation disorders and possible immu-
nological abnormalities (leading to vasculitis). It is espe-
cially important to search for a possible source of cardiac 
embolism, i.e., atrial fibrillation, presence of mechanical 
heart valve replacement, thrombus in the left atrium or 
ventricle, recent heart stroke, or, more rarely, infectious 
endocarditis or myxoma. At the same time, the diagnosis 
of PE is subject to meeting other conditions, the most 
important of which is the presence of a shunt between the 
venous and arterial systems. The other condition is the 
change of pressure gradients between the left and right 
atrium. 

The most common form of the pulmonary and periph-
eral arterial systems is the patent foramen ovale (PFO, 
see Fig. 3). More rarely, atrial septum defect ASD or an 
extracardial pulmonary arteriovenous malformation can 
be cause of a shunt (Fig. 4) and, even more rarely, does 
this type of defect require any intervention. Both PFO and 
ASD are diagnosed using echocardiography (transesopha-
geal echocardiography, TEE, potentially using a contrast 
agent or provoking maneuvers); in rare cases, additional 
examinations such as magnetic resonance imaging (MRI) 
or computed tomography (CT) can help in diagnosis. 
Extracardial shunts are best detected using CT or MRI.

PFO and paradoxical embolism
PFO, the most common cause of the arteriovenous 

shunt in PE, is not considered a true defect of the atrial 
septum as no septal tissue is missing. PFO is a separation 
of the septum primum and secundum, which plays a cru-
cial role in the fetal circulation. Normally, in about 70% of 
children, it closes within the first two months after birth 
(note, however, that the closure can be only functional, 
caused by a difference in the pressure in the left and right 
atrium); the closure can also occur later but after the first 
two months, the rate of closure declines. In total, vari-

ous authors report the overall incidence of PFO in adult 
population to be between 15 and 25% (ref.5,6).

PFO can remain clinically silent or cause hemody-
namically insignificant left-to-right shunt flow. The shunt 
channel is usually between 3 and 22 mm long (ref.7,8). If, 
under certain conditions, a change in the interatrial pres-
sure gradient occurs, even a small PFO that is normally 
clinically insignificant can cause a left-to-right shunt, 
thus laying down conditions for PE. The duration of 
such shunt is variable – it can be only short-term during 
cough or Valsalva maneuver, but it can also be long-term 
during pulmonary embolism or hypertension of various 
etiologies. Nevertheless, a PFO causing a hemodynami-
cally significant left-to-right shunt requiring intervention 
is extremely rare. 

In the literature, PFO is also reported to be a cau-
sation of the platypnea-orthodeoxia syndrome9,10 and in 
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migraines accompanied with aura. It is also discussed in 
association with altitude sickness and in divers. According 
to the EAPCI document10, PFO itself increases the risk 
of peripheral embolism in four ways: (i) paradoxic em-
bolism, (ii) the thrombus can form in situ in the PFO 
channel, PFO also (iii) participates in the development 
of left atrial dysfunction and (iv) is a risk factor for devel-
opment of supraventricular arrhythmias including atrial 
fibrillation and flutter. Other discussed issues include the 
morphological characteristics of PFO, i.e., the length of 
the channel, the presence and magnitude of the shunt 
flow at rest or during provocation, of septal aneurysm 
or hypermobility, or of other anatomical variants such 
as the Eustachean valve or Chiari network in the right 
atrium, the influence of which on the mechanism of PE 
or cryptogenic strokes is still under investigation.

Traditional understanding of paradoxical embolism and 
its prevention

Even nowadays, up to 25-30% of patients with isch-
emic stroke fall into the cryptogenic stoke category (i.e., 
stokes the reason for which has not been discovered). This 
number is much higher in younger persons – in patients 
with ischemic stroke at the age below 50, cryptogenic 
stroke is present in more than 50% of the patients4. 

Of course, it is not possible to consider cryptogenic 
stroke and paradoxical embolism to be interchangeable. 
Nevertheless, many studies demonstrated a significantly 
higher representation of PFO in younger patients with 
otherwise unexplained reasons for stroke. Moreover, in 
such patients, the risk of recurrent strokes is increased 
(ref.11-13).

In view of the aforementioned extremely difficult diag-
nosis of PE, the exact determination of the PE incidence 
and share in the development of stroke is not possible. 
It can be safely assumed that the absolute numbers of 
patients meeting the criteria of cryptogenic stroke (and, 

Fig. 3. Penetration of microbubbles of the contrast agent from the right to left atrium through PFO 
(bubbles in the left atrium indicated by No 1). 

1. superior sinus venosus atrial septal defect (10%) 2. secundum type 
atrial septal defect (70%) 3. primum secundum type atrial septal defect 
(15-18%) 4. Inferior sinus venosus atrial septal defect (2-3%) 5. Defect 
of the coronary sinus (rare).

Fig. 4. Schematic illustration of the interatrial defects and their 
share in the total number of atrial septal defects in percentage. 
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in effect, of PE) will keep dwindling. This is in particular 
due to the improving quality of the diagnostic methods 
and their better availability as well as to the new options in 
long-term patient monitoring. These facilitate the capture 
of structural and, in particular, functional deformities of 
the heart (predominantly atrial fibrillation) associated 
with a potential for cardioembolism. Thus, the number 
of patients who would have been diagnosed with a cryp-
togenic stroke decreases. On the other hand, it should 
also be noted that the incidence of atrial fibrillation 
grows with age and that the issue of PE (as the reason 
for cryptogenic stroke) predominantly concerns younger 
populations where the causal relationship between the 
presence of PFO and risk for stroke recurrence is more 
likely (ref.11,13-15).

PFO closure as the prevention of stroke recurrence 
As mentioned above, one of the methods of second-

ary prevention (i.e., of PE recurrence) is the PFO closure 
through cardiac catheterization. This method is nowadays 
widely used despite critical opinions that studies focus-
ing on this topic yielded inconsistent and contradictory 
results.

From the perspective of the principal indicator, i.e., 
reduction of stroke (and/or TIA) recurrence, the results in 
the group of patients with PFO closure has not unequivo-
cally confirmed the superiority of this method compared 
to pharmacotherapy. The first major study CLOSURE I 
(ref.16) which from today’s perspective can be perceived as 
obsolete because of the occluder type used, only relatively 
short follow-up period and recorded PFO characteristics 
and thus the results are usually not included in meta-anal-
yses, provided no better results of PFO closure. Although 
the occurrences of ischemic stroke and TIA were lower 
in the intervention branch, the difference was not sta-
tistically significant. Similarly, significant superiority in 
the primary endpoints was not verified in the PC Trial 
study17. In 2017, however, three randomized studies were 
published, namely RESPECT (ref.18) (499 patients with 
intervention), REDUCE (ref.19) (441) and CLOSE (ref.20) 
(248). These studies demonstrated a significant reduc-
tion in the ischemic stroke occurrence in the population 
with PFO closure (in the RESPECT study, this was only 
confirmed after the extension of the follow-up period). 
These were followed by a smaller study, DEFEND PFO 
(ref.21) (60 patients with intervention), in which no stroke 
occurrence was recorded in the intervention group (which 
is a result identical with that of the CLOSE study). The 
results are summarized in Table 1.

Controversies related to the more recent studies
Based on the newer studies, the use of PFO closure 

has grown more common; nevertheless, there are still calls 
for careful interpretation of such data and, in particular, 
for careful selection of patients who may benefit from 
PFO closure. Probably the most important issue associ-
ated with the newer studies is the disproportionally large 
representation of patients with large PFO (see Table 1) 
compared to older studies that have not demonstrated 
a significant effect of PFO closure – the distribution in 

those better corresponded with the general population. 
(ref.22-24)

In addition, various authors defined the “large shunt” 
differently in their studies. The classification is typically 
based on the number of microbubbles of the contrast 
agent penetrating the PFO channel during the vagal ma-
neuver detected by TEE. For example, the cut-off for large 
shunt was 20 bubbles in PC and RESPECT studies, 25 
in the older CLOSURE 1 and REDUCE studies, and as 
much as 30 bubbles in the CLOSE study16-20.

Antiplatelet pharmacotherapy is a standard therapy in 
the case of PE (and, generally stroke); therefore, studies 
compare the PFO closure effectiveness predominantly 
with the antiplatelet therapy (or warfarin anticoagula-
tion). However, results of new studies comparing the ef-
fectiveness of direct oral anticoagulants (DOAC) and 
aspirin for stroke prevention show that with the same risk 
of hemorrhagic complications, abixaban is more effective 
in preventing stroke25. None of the studies on the effec-
tiveness of PFO closure, however, compared it directly to 
that of DOAC. Modern anticoagulation therapy thus can 
yield significantly better results than the pharmacotherapy 
administered in the aforementioned studies. Considering 
the risks associated with occluder implantation, in par-
ticular that of atrial fibrillation, the benefit of PFO clo-
sure compared to such modern anticoagulants remains 
questionable24.

This leads us to the last major objection to occluder 
implantation often voiced by professionals, i.e., a higher 
occurrence of atrial fibrillation (and other complications 
of occluder implantation). The risk of complication as-
sociated with the procedure itself (bleeding from the in-
sertion point or extremely rare occluder embolization) 
cannot be disregarded, it is, however, lower than other 
mini-invasive procedures, such as percutaneous coronary 
intervention or the cardiac catheterization for resolution 
of atrial fibrillation. Development of atrial fibrillation, 
therefore, remains probably the most important compli-
cation (Table 1). However, it is necessary to point out 
that, for example, in the CLOSE study, all 11 patients 
with atrial fibrillation had only a single asymptomatic 
episode in the first month after fibrillation, which was not 
followed by any other episode20. Atrial fibrillation caused 
by the procedure thus, although it is obviously nothing to 
be taken lightly, may not be such an issue, especially as it 
seems to dwindle in association with the implementation 
of newer occluders and improving learning curve. 

DISCUSSION

Is the discussion on the interventional PE prevention 
closed?

Results of studies should be viewed critically as many 
potential issues remain and it is not advisable to jump to 
conclusions. Newer studies are providing positive results – 
the patient selection that corresponds to the study groups 
in the relative studies, however, remains crucial. A more 
detailed analysis of the results reveals that the benefits 
of the intervention are directly proportional to the shunt 
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size (i.e., benefits from the procedure were more signifi-
cant in patients with bigger shunts), presence of septal 
aneurysm and its size. Such a detailed analysis of PFO 
characteristics was missing in the older studies, which 
may have been the reason for the insignificant difference 
between the conservative and interventional treatment. A 
greater benefit of PFO closure was confirmed in patients 
with bigger shunts by results of meta-analyses as well22. 
However, patients with such large shunts are relatively 
rare in everyday clinical practice, which further highlights 
the importance of very strict selection of patients eligible 
for the intervention. 

Another issue (in view of the relatively low number of 
patients and the fact that the interventional method is still 
relatively young) is the follow-up period of patients with 
interventional solutions. As long-term data (decades) are 
still missing and an increased incidence of atrial fibrilla-
tion after PFO closure was reported, a question remains 
how many of these patients will need anticoagulation 
treatment at a higher age, how soon such need would arise 
in these patients and whether or not immediate DOAC 
anticoagulation could be more beneficial even in such 
patients.

Despite all the aforementioned controversies, it seems 
that the interventional PFO closure as a prevention of the 
secondary stroke is on the way to be generally accepted to 
be, in well-selected patients, beneficial. And it is exactly 
this issue, i.e., selection of suitable patients, which draws 
the most attention at this stage. It is necessary to point 
out that not all studies took the need for a “sufficiently 
strong suspicion” of a causal relationship between PFO 
and the ischemic stroke into account; in other words, in 
many patients included in the studies, the stroke might 
not truly meet the definitions for cryptogenic stroke. The 
occurrence of hypertension in patients in the studies was 
typically around 30-35%, of dyslipidemia even as much as 
40% (RESPECT) or 46% (CLOSURE I). The representa-
tion of smokers was also relatively high in some studies, 
e.g. 14% in REDUCE or >10% in RESPECT (ref.16-21). 

Various representations of these factors might have poten-
tially influenced the results of these studies. Nevertheless, 
unlike the controversies discussed above that rather down-
played the significance of the results of individual stud-
ies, the presence of these risk factors in patient groups 
rather suggests that the results of the studies would be 
even more convincing had the patients been selected with 
greater care. 

A clearer insight into the issue of PE as a cause for 
cryptogenic stroke should be brought about by the RoPE 
scoring system26; nevertheless, it still needs to be con-
firmed by further studies before its introduction into 
everyday practice. The fact that it does not consider proce-
dure-associated risks is its potential drawback for decision 
making whether or not to perform foramen ovale closure. 

Current situation
In Europe, the differences in the opinions on the role 

of PE in the etiology and prevention of cryptogenic stroke 
was addressed in the position paper by the European 
Association of Percutaneous Cardiovascular Interventions 
(EAPCI), prepared in cooperation of 8 European expert 
associations and published in 2019 (ref.10).

The position paper gives clear guidelines for examina-
tions within the scope of diagnosis of cryptogenic stroke 
and defines the roles of the cardiologist and neurologist 
in the diagnostic algorithm. Based on the results of these 
studies, emphasis is laid on the morphological character-
istics of PFO, quality of the examination (including the 
patients’ ability to properly perform Valsalva maneuver) 
and presence of other risk factors. The paper also evalu-
ates possible complications of the procedure from the 
perspective of the presence of physiological variants (in-
sufficient size of the rim of the atrial septum, hypermobile 
interatrial septum, insufficient total size of the septum or 
a long PFO tunnel). The proof of the causality between 
the presence of PFO and stroke is a crucial issue, again 
emphasizing the importance of individual decision mak-
ing. The authors also focus on other nosological units 

Table 2. Indication criteria for interventional PFO closure at our department.

Basic criteria for referring the patient for PFO closure

Unclear etiology of stroke//TIA  
(i.e., cryptogenic)

•	Rejection of atherosclerosis as a likely cause of stroke/TIA
	 (ultrasound, CT, MRI, digital subtraction angiography)
•	Rejection of cardioembolism as a likely cause  (long-term EKG Holter, ECHO)
•	Rejection of thrombophilic condition and vasculopathy as a likely cause based on in-depth 

investigation
Echocardiography criteria (TEE) •	Proof of right-to-left shunt (spontaneous or provoked)

Additional criteria supporting decision for PFO closure

•	Sufficient size of the septal rim
•	Interatrial septal aneurysm 
•	Presence of Chiari network or persistent Eustachian valve
•	Large shunt (more than 20 microbubbles)
•	Pulmonary hypertension (acute, chronic)
•	Mechanism/circumstances of stroke/TIA development (in particular, increased abdominal pressure)
•	Lower extremity venous disease
•	General condition and prognosis of the patient
•	RoPE is also taken into account but not as a principal determinant26
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that are possibly causally related to the PFO, such as alti-
tude sickness, or the issue of PFO closure in divers. This 
document is taken into account by individual national 
policy-making bodies implementing its conclusions. The 
principal idea remains the same – the need for complex 
patient examination and a strict individualization when 
deciding about the treatment method. Table 2 summarizes 
parameters considered during decision making (whether 
or not to perform PFO closure at our department. 

CONCLUSION

What is the future of interventional prevention  
of paradoxical embolism?

The interventional secondary prevention of PE is at 
present generally accepted as a good treatment option; 
it should be, however, used only in a carefully selected 
and well-defined population. The current studies no lon-
ger question whether or not the procedure can bring any 
benefits but rather focus on answering the question which 
patients will benefit most from this procedure. In the fu-
ture, it is likely that the question will evolve into another 
question – would such a well-selected group of patients 
benefit from PFO closure even as a primary prevention 
of cryptogenic stroke? (ref.27)

Besides, it will be necessary to properly evaluate the 
role and benefits of DOAC in this discussion (both in the 
primary and secondary prevention) and to compare the 
use of this modern pharmacotherapy to the interventional 
solution. A complex and thorough examination of patients 
and careful interdisciplinary selection of suitable patients 
remain crucial prerequisites for the successful use of this 
procedure.

SEARCH STRATEGY AND SELECTION CRITERIA

The research strategy was aimed at evaluating stud-
ies focused on paradoxical embolism. Scientific articles 
from the period 1990 to 2020 were searched using the 
PubMed and SCOPUS databases. Search terms included: 
paradoxical embolism, patent foramen ovale, closure of 
patent foramen ovale. Only English and Czech language 
papers were reviewed.
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