
REVIEW Open Access

Patent foramen ovale closure review:
decades of research and the evolution of
the evidence
Ayodipupo S Oguntade1,2* and Mayowa Sefiu Oguntade3

Abstract

Background: A quarter of the population suffers from patent foramen ovale, a form of interatrial shunt. It has been
linked to cryptogenic strokes and is a common cause of paradoxical embolism.

Main text: The benefit of closing the patent foramen ovale in cryptogenic stroke patients aged 18-60 years to
prevent recurrent strokes, particularly in those with large shunts or associated atrial septal aneurysms, was recently
demonstrated. It is a relatively safe procedure that necessitates post-operative anticoagulation, but it has been
linked to new-onset atrial fibrillation of uncertain significance. The effectiveness of patent foramen closure depends
on patient selection, and prediction scores such as the Risk of Paradoxical Embolism (RoPE) score should be used.
Newer closure devices, such as bioabsorbable devices like the Biostar system and ‘device-less’ devices like the Noble
Stitch, are becoming more common due to their lower operative risks. The use of such devices in future trials, as
well as careful case selection, could improve the acceptability of patent foramen ovale closure in the general
population, removing the need for perioperative anticoagulation.

Conclusion: Individuals aged 18-60 years with cryptogenic stroke who have adverse patent foramen ovale
morphology on imaging should be offered patent foramen ovale closure, preferably using the newer closure
devices. More studies are needed to determine the significance of periprocedural atrial fibrillation after device
closure.

Keywords: Patent foramen ovale, Cryptogenic stroke, Patent foramen ovale closure devices, Patent foramen ovale
occluders

Background
In the general population, patent foramen ovales (PFOs)
are persistent interatrial shunts [1]. The prevalence has
been estimated at 27% in an autopsy study [2], whilst
echocardiographic studies indicate a prevalence of 10-
15% under physiologic conditions [3]. They can be found
alone or in combination with other congenital defects
such as ventricular septal defects, patent ductus arterio-
sus and secundum atrial septal defects (ASDs) [4]. Its

association with cryptogenic strokes has sparked interest
in PFO closure. The objective of this paper was to re-
view the evidence for PFO device closure, its safety and
adverse events, and patient selection for device closure.
The review also discussed the role of newer closure de-
vices in PFO closure.

Clinical significance of PFO
Stroke risk
About 100,000 strokes are diagnosed in the UK each
year, with 85% of them being ischaemic in nature and
up to 20% occurring in people under the age of 60 [5].
PFO remains the commonest association of cryptogenic
stroke in young adults with up to half of cryptogenic
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strokes occurring in those with PFO. The term ‘crypto-
genic stroke’ refers to cerebral ischaemia that has an un-
explained or enigmatic cause [5]. ‘The cause usually is
undetermined because the event is transitory or revers-
ible, investigations did not look for all causes or because
some causes are truly unknown’ [5]. Despite thorough
investigations, including the exclusion of cardiac disease,
arterial thromboembolism and prothrombotic states, the
causes of such strokes in younger people remain unclear.
PFO-related stroke is defined as a separate group of pa-
tients in the European position paper on PFO where a
PFO is believed to be involved in the genesis of cerebral
ischaemic events [6].
PFOs are commoner amongst cryptogenic strokes

than explainable stroke cases. The prospective asso-
ciation of PFO with stroke risk is inconsistent since
about a third of PFO in the setting of a stroke are
incidental. This makes it difficult to establish a
causal relationship between the two [7, 8]. Moreover,
population based studies have shown no association
between PFO and prospective risk of stroke [9, 10].
However, about half of those with cryptogenic
strokes have residual shunt across a PFO and para-
doxical embolism across the shunt can be a con-
tributory factor [11]. Various risk stratification
methods have been developed to predict the risk of
repeated strokes in people with PFOs, such as the
Risk of Paradoxical Embolism (RoPE) score, which
indicates an increased risk of stroke if the score is at
least 4 [11]. Even in those with a high risk of recur-
rent stroke, as determined by the ROPE ranking, the
average risk of recurrent stroke is very low, and it is
difficult to predict those at elevated risk with
certainty.
When compared to age-matched individuals with

stroke of know aetiology, younger patients with
cryptogenic stroke have a 2.3-fold increased relative
risk of having a PFO [12]. Three-quarters of strokes
in young individuals are thus likely to be associated
with a PFO unlike 52% in older individuals. Apart
from paradoxic embolism, a large PFO combined with
an atrial septal aneurysm causes left atrial dysfunc-
tion, resulting in an atrial fibrillation-like physiology
that predisposes to systemic embolization, which
returns to normal after PFO closure. The presence of
a hypermobile septum primum or an atrial septal
aneurysm in conjunction with PFO raises the likeli-
hood of an initial stroke by fivefold [7]. Moments of
PFO patency are caused by changes in the right atri-
um’s pressure and volume. Though the actual risk of
a cryptogenic stroke increases with age, the relative
risk decreases as other aetiologies become more
prevalent. As a result, there is no conclusive connec-
tion between PFO and stroke in the elderly.

Platypnoea-orthodeoxia syndrome
Platypnoea-orthodeoxia syndrome is a rare disorder in
which a PFO causes positional desaturation and breath-
lessness [13]. When the subjects are in certain positions,
a change in the anatomy of the atrial septum enables
continuous flow of deoxygenated blood from the inferior
vena cava. In the sitting position, desaturation occurs,
whilst in the supine position, saturation occurs. The
atrial septal anatomy may be distorted due to chest wall
deformity or prior chest surgery, such as pneumonec-
tomy. A right-to-left shunt, pulmonary shunt, or
ventilation-perfusion mismatch may also be involved
[14].

Decompression illness
PFOs have been associated with decompression sickness
amongst divers and high-altitude fliers with a fivefold in-
creased risk in individuals with PFO [14]. There is a five-
fold increased risk in divers with PFO than those
without PFO and this risk increases with the size of the
PFO [14]. During a quick transition from a high to low
pressure condition, nitrogen bubbles develop inside the
tissues and venous circulation as a result of the sudden
shift in pressure [13]. These nitrogen bubbles can embo-
lise into the arterial system in those with undiagnosed
shunts if they are not filtered from the blood by pulmon-
ary capillary diffusion. In individuals with PFO, paradox-
ical embolism of nitrogen bubbles from the venous to
the arterial circulation can cause neurological and cuta-
neous symptoms. The presence of decompression illness
in divers despite slow ascent is a sign of a PFO.

Migraine with aura
Migraine with aura is another interesting disorder for
which PFO closure has been performed. This is a com-
mon ailment that affects teenagers. It has been linked to
right-to-left shunts, especially large PFOs [13]. The
movement of vasoactive amines (serotonins, bradyki-
nins) and other proposed substances (PGI2, PGE2 and
Angiotensin I) that are normally filtered and metabolised
in the lungs into the systemic circulation is thought to
be responsible [13]. Another mechanism is the migration
of venous microthrombi or emboli into the posterior cir-
culation after passing through the PFO since the occipi-
tal lobe is primarily involved in migraine with aura [14].

PFO trials
The earlier landmark trials on system closure in crypto-
genic stroke found that PFO closure had no substantial
advantage in cryptogenic stroke patients [15–18]. In-
creased vascular complications, device thrombosis and
atrial fibrillation (AF) were linked to the earlier trials.
These trials were underpowered, and they involved a
variety of ischaemic cerebral events (lacunar strokes,
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TIAs and peripheral atherothrombotic events) [19].
Many of the patients were at low risk, and there were
few strokes during the follow-up period. Other meth-
odological problems that could have skewed the results
of these trials include slow randomisation, late random-
isation, high cross-over and drop-out rates between
treatment arms in some of the trials, as well as the fail-
ure to select those with abnormal PFO anatomy. In one
of these trials, the use of devices linked to AF, such as
the Starflex system, led to the negative outcome [20].
Since then, there have been major advancements in

trial design, closure system technology, implementation
methods, interventionist knowledge and skills and pa-
tient selection. Three studies were published in 2017
and another in 2018, resulting in improvements in PFO
management in cryptogenic ischaemic events and
changes in national guidelines [18, 21–23]. These trials
are discussed below.

The RESPECT I and II trials
This was a multicenter open label trial in the United
States and Canada that included people aged 18 to 60
who had had a cryptogenic stroke in the preceding 9
months [17, 18]. The study was event driven. After ran-
domisation, the main outcome was a composite of re-
current nonfatal ischemic stroke, fatal ischemic stroke or
early death. PFO closure had no significant benefit over
medical therapy in the intention-to-treat analysis but
PFO closure was superior to medical treatment in the
as-treated cohort. Individuals with embolic cortical in-
farcts and those with adverse PFO morphology benefited
more with device closure (large shunts or atrial septal
aneurysm). Procedure-related adverse events were mod-
est (4.2 percent) in the RESPECT trial’s initial report,
and there was no increased risk of AF or device throm-
bosis [17]. The results of the analysis of the RESPECT I
trial was not able to influence clinical recommendations
to support PFO closure.
In 2017, the RESPECT II trial was released. The pa-

tients were followed for a median of 5.9 years. Recurrent
ischaemic stroke risk rates were lower in the closure
arm than in the medical therapy arm in the intention-
to-treat analysis [18]. Even though the closure arm had
more venous thromboembolic events, there was a lower
risk of recurrent cryptogenic stroke. The FDA approved
the Amplatzer device for PFO closure in recurrent
strokes after this report. Individuals with an atrial septal
aneurysm and a large right-to-left shunt were more
likely to benefit from closure of PFO, according to sub-
group analysis of the RESPECT II study [18].

CLOSE study
This was a three-arm research that enrolled 663 individ-
uals with PFO and cryptogenic stroke under the age of

60 years [21]. In this study, eleven different kinds of
occluders were employed, with the Amplatzer device ac-
counting for almost 60% of them [24]. The participants
in this study were middle-aged who had experienced a
cryptogenic stroke in the previous 6 months and had a
PFO with significant shunt.
There were no strokes in the PFO closure arm,

whereas there were 14 strokes in the antiplatelet alone
arm. Those with large shunts or an atrial aneurysm
benefited the most from device closure. Despite the fact
that none of the procedural adverse events resulted in
mortality, the PFO closure arm had a substantially
higher risk of new onset AF than the antiplatelet alone
arm. Within the first month after the PFOs were closed,
91 percent of AF occurred. There was no difference in
risk between the antiplatelet and anticoagulation arms in
this trial. It is worth noting that within 6 months, nearly
70% of patients had stopped taking oral anticoagulants.
Unfortunately, no results were reported based on the
type of device closure prosthesis employed in the study.

Gore REDUCE trial
This study randomised 664 individuals with cryptogenic
stroke, 81 percent of whom had moderate or large
interatrial shunts [22]. Patients were randomly assigned
to antiplatelet treatment with device closure (GoreHelex
or Cardioform Septal Occluder) or antiplatelet treatment
alone. There was a lower incidence of ischemic stroke in
the PFO closure group than the antiplatelet-only group
during the median follow-up of 3 years. The incidence
of silent cerebral infarctions, on the other hand, was
similar in both arms. The closure arm had a higher inci-
dence of device-related complications including AF.
The majority of occurrences of post-closure AF oc-

curred within 45 days following device closure, with 59
percent of cases resolving within 2 weeks. Recurrent
stroke occurred more frequently in individuals who de-
veloped AF in the closure arm. Another intriguing dis-
covery was the lack of interaction between shunt size
and the impact of PFO closure therapy in this trial [22].
The trial did not provide clarity on the role of shunt size
in stroke risk after PFO closure.
Concerns have been raised concerning the study spon-

sor’s participation in the trial’s design and analysis. In
addition, during the research, the main endpoint was ad-
justed to include infarcts on MRI. This might explain
why the stroke rates in this study were greater than in
prior PFO studies.

Korean DEFENSE PFO
This is a small open label superiority trial in which 120
middle aged patients with high-risk PFO characteristics
who had a cryptogenic stroke in the previous 6 months
were randomly assigned to either device closure
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(Amplatzer PFO Occluder) or medical therapy alone
(antiplatelet or anticoagulation) over a median 3 year
follow up [23]. All of the patients had their PFOs closed
successfully. Even though the incidence of silent brain
infarction (on MRI) was similar between the two groups,
the primary endpoint of stroke occurred only in the
medical therapy group, whilst the device closure group
did not experience any of the primary endpoint. In this
study as well, the device closure group had a higher rate
of AF. About 80% of the strokes in the medical arm oc-
curred in those who had an atrial septal aneurysm or
atrial septal hypermobility, confirming the high-risk as-
sociated with PFOs of such morphology.

Why is there discrepancy between the earlier and recent
trials?
The early trials had varying inclusion criteria which did
not allow for recruitment of a homogeneous population
whilst the recent trials had more refined patient selec-
tion and enroled patients whose index strokes were
more likely to be attributed to embolism via a PFO. The
GORE REDUCE trial had very strict inclusion criteria.
CLOSE recruited patients with echocardiographic fea-
tures of large or moderate shunts who were more likely
to benefit from device closure and were thus able to
achieve zero stroke outcome in the device arm during
the long period of follow-up. The initial negative result
in the first report of the RESPECT trial despite the strict
inclusion criteria in this trial could be due to the very
rare recurrent stroke event rate in the first few years of
follow-up. These new trials underscore the need for
good patient selection in clinical trials to identify indi-
viduals who are more likely to benefit from PFO closure.
There is currently no long-term evidence on the advan-
tages of PFO closure, but it is hoped that the stroke re-
duction with device closure would last beyond 10 years.
In the early trials unlike the recent positive trials, many
types of occluders were used and this made it difficult to
ascertain benefit. There was also high loss to follow-up
in the early trials.
A meta-analysis of the six studies indicated that PFO

closure reduced the risk of stroke by 60% [25]. This was
particularly true in people under the age of 60 who had
a large right-to-left shunt. It is uncertain if PFO occluder
implantation benefits people over 60 years old or those
with smaller shunts. Mojadidi et al. [26] conducted an-
other meta-analysis of 3440 patients from all the major
studies, and reported a 58% relative risk reduction in re-
current stroke with PFO closure, even though, there was
a higher risk of AF with PFO closure than medical ther-
apy. This risk of AF was device dependent and was non-
significant in those who had the Amplatzer device
inserted.

The 2017 Canadian guidelines recommend PFO clos-
ure in addition to long term antiplatelet therapy [27]. Al-
though the European Stroke Organisation has been
more liberal with device closure, the NHS England did
not change its national recommendations in favour of
PFO closure until recently following the publication of
favourable cost-effectiveness analysis [27, 28].

Limitations of the trials
Many of the trials were open label in design. The num-
ber of disabling strokes was either very low or not re-
ported. Furthermore, in several of the studies, including
the good trials, the number needed to treat (NNT) to
avoid a stroke was rather high. Many of individuals who
fit the criteria for cryptogenic stroke had other vascular
risk factors that might contribute to stroke in ways other
than through a PFO. The RoPE (Risk of Paradoxical Em-
bolism) score is a valuable tool for predicting the role of
a PFO in stroke risk in such individuals as discussed in
the ‘Patient selection for PFO closure’ section below. A
RoPE score of 7 identifies patients who are more likely
to benefit from closure and indicated good selection of
patients for PFO closure [29, 30]. It is also likely that the
risk of PFO closure is higher under real-world condi-
tions and different from clinical trial conditions.
The recent trials which showed the benefit of PFO

closure developed inclusion criteria that made it possible
to recruit a significant proportion of participants with
adverse PFO anatomy. In the context of unfavourable
PFO anatomy, it appears that young patients with
cryptogenic strokes would benefit more from device
closure. Real-world experience with PFO closure in per-
sons older than the age groups enrolled in the major
PFO studies is needed. Von Klemperer et al. [31] re-
ported that stroke physicians were more likely to con-
sider age as a factor in the association of PFO with
stroke even though many experts support selective PFO
closure in cryptogenic strokes.

What do the trials tell us about the different closure
devices?
The Starflex occluder, the Amplatzer PFO occluder and
the Helex occluder were the most often employed occlu-
ders in the six RCTs. In a study published in 2013, Hor-
nung et al. [32] compared these three occluders. The
rate of closure approached 100% after 5 years of follow-
up. The Helex occluder had a lower closure rate than
the other two occluders. The use of the Helex occluder
resulted in a higher rate of second occluder implant-
ation. When the Helex system was used, there were
more embolisms. The Starflex occluder was associated
with a higher rate of AF than the other two occluders
(12.3 percent vs. 3.6 percent for Amplatzer and 2.3 per-
cent for Helex, p < 0.001). With the use of the Starflex
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device, there were more occluder related thrombi (15
percent vs. 6 percent with Amplatzer and 0.5 percent
with Helex, p < 0.001). The Amplatzer device, on the
other hand, outperformed the other devices in terms of
preventing recurrent cerebral ischaemia, mortality from
a neurologic cause or paradoxical embolism.
Stortecky et al. [20], in a network metanalysis of the

CLOSE, PC and RESPECT trials compared the three de-
vices. After 6 months of device implantation, the rate of
closure with the different devices was 85.9-95.9% for
Amplatzer, 93.5-95.9% for Starflex and 86.1-94.5% for
Helex device. The risk of atrial fibrillation was likewise
greater with the Starflex device compared with the other
devices. The rate of ischemic strokes following device
closure was considerably lower with the Amplatzer de-
vice in this study. In comparison to the other two occlu-
ders, Amplatzer was the most successful in preventing
ischemic strokes. In this same study, successful device
implantation was achieved in close to 100% of device
closure procedures, with the Helex and Amplatzer de-
vices performing better than the Starflex device. In terms
of efficacy and safety, these studies imply that disc occlu-
ders are superior than non-disc occluders. They also
show that the Amplatzer device has a lower risk of de-
vice failure and AF which has made it popular globally.

Concerns with device closure and device safety
Despite the close link between PFOs and cryptogenic
strokes, not all cryptogenic strokes associated with a
PFO are caused by the PFO. The occurrence of a PFO in
middle-aged people with traditional cardiovascular risk
factors or minor subcortical infarcts does not mean that
the PFO is a causal factor for the stroke. There are clues
which suggest the likelihood of a PFO being the cause of
a paradoxic embolic event. Stroke at high altitude or
during decompression or diving points to a PFO being a
likely cause [24]. Stroke that occurs shortly after Valsalva
manoeuvre or during sleep may also be a pointer. The
trials have shown that the risk of cerebral ischaemic
events is higher in the presence of atrial septal aneurysm
or a large PFO with significant shunt.
However, device closure is not without its risks. In

both the CLOSE trial [21] and GORE-REDUCE trial
[22], there was increased risk of device complications
and AF following PFO closure. Incidence of transient
palpitations, vascular access bleeding, infection, erosion
of device into the pericardium or aorta and thrombosis
on devices (very low, < 1% with Amplatzer device) have
been reported. In the CLOSURE I trial [15], there was
increased incidence of device thrombosis. Vascular ac-
cess complications have been reported in 3.2% of cases.
In the Gore REDUCE trial, serious device-related ad-
verse events including AF occurred more frequently in
the PFO closure arm [22].

AF was 2-5 times more likely to occur after device
closure. Post closure AF is a real concern and is device
dependent with the risk higher in Gore devices, followed
by Starflex and is least with the Amplatzer device [19].
This was more common in the GORE REDUCE trial
(6.6%) and the CLOSURE I study which used the STAR-
Flex device (5.7%), and in the RESPECT trial, AF oc-
curred in 0.25% in 3141 patient-years after device
implantation in contrast to 0.15% in 2669 patient-years
in the medical therapy arm [17]. Most AF occurred in
the early postoperative period (within first 6 weeks) and
usually resolved spontaneously or with medical therapy
[33]. In one study, only 3.9% of AF post-closure pro-
gressed to permanent AF [34].
Even though the procedural risk of new onset AF has

been reported as transient, it remains unclear whether
this risk might be more durable in some patients. This
will have an influence on young patients’ decision-
making when it comes to avoiding antithrombotic medi-
cation. Furthermore, the significance of anticoagulation
in cryptogenic stroke and the duration of dual anti-
platelet treatment following device closure are still un-
known. The ADAPTABLE trial [35] is poised to answer
some of these questions. Staubach et al. [34] have pro-
posed that the mechanisms of atrial arrhythmogenesis
may be due to intrinsic patient-related factors (e.g. older
age, hypertension and obesity), and irritation of the atrial
wall by the device (most commonly observed with the
Starflex occluder which is now rarely used) with attend-
ant electrical obstruction that may facilitate reentry cir-
cuits in either of the atria.
There is need for prolonged cardiac monitoring be-

yond 30 days post closure so that hitherto undiagnosed
AF can be easily picked and treated [19]. It is also un-
clear whether such AF predated device closure or not.
The value of electrocardiographic monitoring preferably
loop recording for 1-3 months or a 24-h Holter cannot
be overemphasised since unmasking occult AF would re-
quire long-term anticoagulation and not PFO closure.
Extended cardiac monitoring is superior to 24-h electro-
cardiographic monitoring for detecting co-existing AF in
cryptogenic strokes. Sadly, the use of prolonged electro-
cardiographic monitoring to rule out undiagnosed AF in
cryptogenic strokes was not a criterion in any of the
PFO closure trials. There is need for more research to
aid the understanding of the long-term prognostic out-
comes of AF after device closure and the value of pro-
longed cardiac monitoring in this setting.
Chest pain has been reported in observational studies

on device closure [36, 37]. This is probably due to en-
hanced inflammatory response to the devices or may
even be due to allergy to nickel in the devices (especially
the Amplatzer occlude) resulting in excessive scar tissue
formation. Interestingly, in the PC and RESPECT trials,
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there was no increased incidence of chest pain in the
PFO closure arm when compared with the medical ther-
apy arm. In a survey of more than 14,000 PFO closure
procedures, the incidence of device removal due to per-
sistent chest pain was 1:500 [19]. Other reported compli-
cations of PFO closure include cardiac tamponade,
pulmonary embolism, device migration and access site
vascular bleeding.

Evolution of guidelines
In the German DGN guidelines of 2018, the recommen-
dation for PFO closure with occluders was moved to
level A, Evidence level I [38]. Percutaneous PFO closure
is recommended by European guidelines in carefully se-
lected patients aged 18 to 65 years who have had a con-
firmed cryptogenic stroke, transient ischaemic attacks,
or systemic embolism and a high probability of the PFO
playing a causal role as determined by clinical, anatom-
ical, and imaging features [6]. In individuals with high
risk PFO morphology, the evidence is stronger for PFO
closure [6]. In such settings, the risk-benefit ratio is
more in favour of the Amplatzer device for percutaneous
closure.
Until 2012, The National Institute for health and Care

Excellence (NICE) approved PFO closure for those with
paradoxical embolism. However, uncertainty about the
benefit of PFO closure in the earlier trials and its cost ef-
fectiveness led to the withdrawal of routine commission-
ing of PFO closure by NHS England until 2019 when a
recent cost-effectiveness analysis in the UK showed that
PFO closure is cost-effective in preventing recurrent
cryptogenic strokes [28].

Patient selection for PFO closure
It is often difficult to conclude that a PFO is the cause
of a stroke. Furthermore, the risk of recurrent stroke is
frequently modest (1 to 2%), and the number of people
who need to be treated to avoid a stroke is substantial
(about 40 to 45) [38]. The diagnosis of cryptogenic
stroke in the presence of a PFO should be made by a
multidisciplinary team that includes a neurologist, cardi-
ologist, physiotherapists and imaging experts. It is pref-
erable to refer children under the age of 15 to a
children’s cardiac surgery centre, where they may be
evaluated by multidisciplinary teams (MDTs). Bubble
contrast transthoracic echocardiography, with provoca-
tive procedures to open a PFO that has no right-to-left
shunt at rest, should be performed in strokes and transi-
ent ischaemic attacks (TIAs) when a PFO is suspected
[6]. Diagnoses can also be made with transoesophageal
echocardiography and bubble contrast transcranial
Doppler.
The difficulties in attributing PFO as the true cause of

unexplained stroke led to the creation of a prediction

score for cryptogenic stroke, the RoPE (Risk of Paradox-
ical Embolism) score. The RoPE score is used for triag-
ing patients in this case to determine individuals whose
stroke is most likely caused by PFO [24]. The develop-
ment of this score is based on data of more than 3600
patients with cryptogenic stroke who had transoesopha-
geal echocardiography or transcranial Doppler con-
firmed PFO [39]. PFO prevalence has been consistently
linked to younger age, the absence of typical cardiovas-
cular risk factors and the presence of a superficially
placed lesion [39, 40]. A high score indicates a high pos-
sibility of the index stroke being caused by a PFO. Indi-
vidualised assessment is required for those with a RoPE
score of less than 7. Hypercoagulable conditions, athero-
sclerotic disease, cardioembolic disease and unexplained
AF must all be ruled out. The RoPE score does not make
any assumption about PFO features, e.g. shunt size or
anatomy. The RoPE score calculator is shown in Table
1.
Selection of appropriate patients is critical when plan-

ning PFO closure. These are young individuals (under
60 years old) who have had a prior cryptogenic stroke
and have significant shunts, septal aneurysms, eustachian
valves or Chiari networks. Such strokes or TIAs must
have clinical and imaging evidence to support the diag-
nosis [28]. Imaging usually shows multifocal cerebral le-
sions. A modified Rankin scale of 3 or less is commonly
used by clinicians when selecting those who may benefit
from PFO closure [28]. There must also be no significant
background atrial fibrillation warranting anticoagulation
[28]. Individuals with other indications for long-term
anticoagulation, e.g. pulmonary embolism are less likely

Table 1 Risk of Paradoxical Embolism Score (RoPE) calculator
[39, 41]

Patient characteristic Points

No history of hypertension 1

No history of diabetes mellitus 1

No history of stroke or TIA 1

Nonsmoker 1

Cortical infarct on brain imaging 1

Age, years

18–29 5

30–39 4

40–49 3

50–59 2

60–69 1

≥ 70 0

Total RoPE score possible 0-10

A ROPE score of 7 identifies patients who are more likely to benefit from
closure and indicated good selection of patients in studies. Clinical judgement
is still required in decision-making
TIA Transient ischaemic attacks
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to be considered good candidates for PFO closure. In
the elderly above 60 years old, the benefit of PFO clos-
ure remains uncertain and an individualised approach is
recommended. A suggested algorithm for PFO closure is
shown in Fig. 1 below.

Other PFO closure indications
In a case series, PFO closure was demonstrated to be ef-
fective in the platypnoaea-orthodeoxia syndrome with
right-to-left shunt [42]. In a cohort of 683 patients,
Mojadidi et al. [43] have shown the effectiveness of PFO
closure in such individuals, with almost two-thirds of
the patients seeing improvement in hypoxaemia after
PFO closure. In the absence of strong evidence from
randomised trials, PFO closure can be considered using
an individualised approach especially in the setting of se-
vere hypoxia once primary lung disease has been
excluded.

Decompression illness is five times more likely in di-
vers with PFO than those without PFO, and the risk in-
creases with the size of the PFO [14]. The occurrence of
decompression illness despite slow ascent in divers is a
pointer to a PFO. PFO closure has been performed in
such individuals with symptomatic decompression ill-
ness who have neurologic sequelae especially if the indi-
viduals planned to continue diving at deeper depth. In a
case control study in which the Occlutech Figulla PFO
occluder (Occlutech GmBH, Jene, Germany) was used
for PFO closure in divers, after a test dive, there was no
change in the appearance of venous bubbles on trans-
thoracic echocardiography in either cases or controls
[44]. A longitudinal randomised study of divers who had
PFO closure compared with divers without PFO closure
showed reduction in neurological events and brain le-
sions in those who had their PFO closed [45]. It may
thus be sensible to advise divers with PFO and decom-
pression sickness to stop diving whilst taking an

Fig. 1 Suggested algorithm for closure of PFO in individuals with cryptogenic stroke
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individualised approach to PFO closure. This can be ex-
plored further in future trials.
PFO closure for migraine with aura remains contro-

versial. Even though it is unclear if there is a causative
association between PFOs and migraine headaches, non-
randomised retrospective studies of PFO closure in such
situations have indicated improvement in symptoms fol-
lowing PFO closure [46–49]. There is a theoretical bene-
fit of PFO closure in migraineurs especially those with
aura in reducing cognitive impairment and stroke risk
[48]. In the MIST [50], PRIMA [51] and PREMIUM [52]
trials, there was no remarkable benefit.

Common PFO closure devices
PFO closure device technology and use has spanned
about 3 decades. Three PFO occluders featured in the
initial clinical trials. These are the Starflex Septal occlu-
der (NMT Medical Inc., Boston, Massachusetts), the
Gore Septal Occluder and the Amplatzer device.
The Amplatzer occluder is a self-centering nitinol

mesh double disc which has polyester fabric inside the
two discs. Within the delivery sheath, these devices are
folded like two umbrellas joined at the tip. They are
transcatheter-based devices and are deployed under
echocardiographic guidance or intracardiac ultrasound.
The Amplatzer and Gore Cardioform septal occluders
are particularly suitable for long tunnel-shaped PFOs.
The three devices are compared in Table 2 below. The

devices are shown in Fig. 2.

Novel PFO closure technologies
The development of novel ‘deviceless’ PFO closure tech-
nology may help to limit the amount of foreign material
used for closure especially in those with complex PFO
morphologies and other intracardiac shunts. Self-
centering devices like the SolySafeTM Septal occluder

(delivered over a guidewire), Occlutech PFO occluder
(has no atrial limb) and the Atriasept IITM PFO occluder
(new generation Cardia occluder family) can be used for
simultaneous PFO and atrial septal defect (ASD) closure.
The Occlutech Figulla Flex II device was tested in the

OPPOSE registry of 100 predominantly middle-aged pa-
tients in 8 UK centres [53]. The primary endpoint in this
study was PFO closure at 6 months. Implantation was
successful in all the patients. The primary endpoint oc-
curred in 79.3% of the patients. There was a single case
of each of device embolization, major bleeding and need
for vascular surgery. This device is thus, safe and
effective.
Bio-absorbable devices, such as the Biostar device, are

gaining popularity in Canada and Europe. The polyester
material scaffold that forms the two atrial discs is re-
placed with acellular collagen that is resorbed over time
in this case. Intramural closure technique, in which the
septum primum is maintained against the septum secun-
dum by a device that remains in the tunnel, is another
alternative. There is no double disc design here, and the
inter-atrial septal morphology is preserved with mini-
mum device exposure to native atrial tissue. The Coher-
exStentTM EF PFO closure system (Coherex medical
Inc., UT, USA) is an example of this and has a self-
expanding nitinol wireframe that is held within the PFO
tunnel by anchors in both atriums. It contains a polyur-
ethane foam intra-tunnel portion that is meant to en-
courage endothelialisation inside the tunnel. Another
new device for PFO closure is Nit-Occlud. It features a
nitinol double disc and a synthetic patch on both atrial
sides to help close the defect. It comes in a variety of
sizes.
Noble Stitch (Noble’s Medical Technology, CA, USA)

is a ‘device-less’ closure device that uses transcatheter
suture technology reminiscent of vascular access

Table 2 Comparison of common PFO closure devices [3, 4, 32]

Features Amplatzer CardioSEAL STARflex Gore devices

Country/region of use Most used worldwide USA USA, UK, Canada, Finland, Norway and
Sweden

Hybrid function No No Yes

Device material Double disc with nitinol mesh. Has
polyester fabric inside the discs.

Two nitinol cross bars fixed to
square Ivalon patches

Polytetrafluoroethylene patch material
with hydrophilic coat
Protection offered by a nitinol elastic
wire frame on a double disc

Self-centering Yes No No

PFO closure success 98.6% 96.8% 91.8%

Thrombosis risk ↓ ↑ ↓

Atrial fibrillation risk ↓ ↑ ↓

Recurrent neurological
events post closure

↓ ↑ ↓

Suitability for long tunnel-
shape PFOs

Yes No Yes
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suturing devices. To close the septum, this requires
puncturing each septum independently and tying a knot
with a needle to approximate the septum primum to the
septum secundum. This has only been used in a few
places in the USA. The HeartStitchTM is a device com-
parable to the Noble Stitch that consists of polypropyl-
ene sutures and two separately deployed needles.
The PFxTM Closure System brings the septum primum

and secundum together using radiofrequency. It is really
‘device-free’, and closure rates of up to 90% have been
observed in PFOs smaller than 4 mm. Another device

for PFO closure is the SeptRxTM occluder. It lengthens
the septum primum to bring it closer to the septum
secundum. It requires very little material and does not
change the shape of the septum primum. It is also
radiopaque, so imaging can quickly confirm its success-
ful deployment. In pre-clinical investigations, the Bio-
TREKTM is a totally bio-absorbable septal device. It
employs bioabsorbable polymers and is less
inflammatory.
The details of these novel devices are summarised in

Table 3.

Fig. 2 Common PFO closure devices. A Amplatzer device. B Gore CARDIOFORM Septal occluder. C STARflex device

Table 3 Novel PFO closure technologies [3]

Novel devices and countries Features

A. Bio-absorbable devices

Biostar (Europe and Canada)
First human trial done in the UK

The polyester material scaffold of the two discs in traditional devices is replaced with acellular collagen.

BioTREKTM

Still in preclinical phase
Fully bio-absorbable septal device. Less inflammatory and uses bioabsorbable poly-4-hydroxybutyrate poly-
mers produced by recombinant DNA technology

B. Intramural device

Coherex FlatStentTM EF (Coherex
Medical Inc., UT, USA)
Animal studies ongoing.

The intra-tunnel unit holds the septum primum and septum secundum together. Preserved septal anatomy.
Low thrombosis risk.

C. Single wire device

Nit-Occlud PFO device
Available in Poland and the US

Reduced thrombosis Rapid endothelialisation. Pre-mounted, retrievable, and easy to use. Closure is effected
by a synthetic patch on both atrial sides.

D. ‘Device-less’ technologies

Noble Stitch (Noble’s Medical
Technology, CA, USA)
Reported experience in Italy and the
US

Transcatheter suture technology.

HeartStitchTM

Used in US, approved in Europe
Sutures made of polypropylene and two needles that may be deployed separately

PFxTM Closure device
Available in Europe

Septum primum and secundum are apposed using radiofrequency. Real device-less technology.

SeptRxTM Occluder (SeptRx, Inc.,
Fremont, California)
First human trial in Germany

Ideal for long tunnel PFOs.
Inserted within PFO tunnel. Brings both septum primum and septum secundum together. Correct
placement can be verified with imaging as it is radioopaque.
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Conclusion
PFOs increase the risk of cryptogenic strokes in young
individuals and the recent trials have demonstrated that
PFO device closure is more effective than traditional
medical therapy in preventing recurrent strokes, particu-
larly in individuals with large shunts or accompanying
atrial septal aneurysms. The ROPE score is crucial for
achieving excellent results in individuals undergoing
PFO closure evaluations. There is an increased incidence
of periprocedural AF, which merits additional investiga-
tion. New ‘device-less’ devices are increasingly being
employed in conjunction with minimal material implant-
ation, decreasing the requirement for long-term
anticoagulation.

Abbreviations
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