Transcatheter patent foramen ovale
closure: review and choice of devices

The foramen ovale is an essential part of the fetal circulation, allowing right-to-left shunt of oxygenated
blood bypassing the nonfunctional lungs in utero. In approximately 20% of individuals, the foramen ovale
remains patent after birth. Several conditions, such as cryptogenic stroke or transient ischemic attack,
decompression sickness in divers, platypnea-orthodeoxia, high altitude pulmonary edema and migraine
headaches have been found to be associated with a patent foramen ovale (PFO). Closure of a PFO may
allow attenuation of symptoms of hypoxemia or recurrence of strokes or migraine headaches. This article
briefly reviews the data supporting transcatheter PFO closure in a variety of clinical scenarios. We also
provide an overview of the different devices available for PFO closure with a focus on device specifics that
are important to the interventional cardiologist.
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The foramen ovale is an essential part of the
fetal circulation, allowing right-to-left shunt of
oxygenated blood derived from the umbilical
vein to bypass the nonfunctional lungs 7z uzero.
It is formed by the septum primum and septum
secundum. After birth, owing to an increase in
the left atrial pressure and a decrease in the right
atrial pressure, the septum primum is pushed
against the thicker septum secundum from the
left atrial side, resulting in closure of this fora-
men ovale. However, in a significant proportion
of individuals, the foramen ovale remains pat-
ent. On autopsy studies, a patent foramen ovale
(PFO) has been identified in 27% of indivi-
duals [1.2]. Such post-mortem ‘probe patency’
may be an overestimate of the prevalence of a
PFO under physiologic conditions in the gen-
eral population, as transesophageal echocardio-
graphic studies have found a PFO to be present
in approximately 10-15% of individuals (3.4].
Owing to its high prevalence, a PFO is mostly
considered to be a benign, incidental finding.
However, several conditions have been found
to be associated with a PFO. Those conditions
include cryptogenic stroke or transient ischemic
attack (TTA), decompression sickness in divers,
platypnea—orthodeoxia syndrome, high altitude
pulmonary edema and migraine headaches [s-11].
The mechanism by which a PFO is believed to be
related to those disease states is secondary to the
resulting right-to-left shunt. This shunting allows
passage of blood low in oxygen content, vasoac-
tive substances or corpuscular material such as
thrombi into the systemic circulation, potentially
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causing hypoxemia, migraine or strokes. Closure
of a PFO in the right context may allow attenu-
ation of symptoms of hypoxemia or recurrence
of strokes or migraine headaches.

This article briefly reviews the data supporting
transcatheter PFO closure in a variety of clini-
cal scenarios, understanding that the majority
of data are available in patients with cryptogenic
stroke or TIA. We will then provide an overview
of the different devices available for PFO closure
with a focus on device specifics that are impor-
tant to the interventionalist when choosing a
device for transcatheter PFO closure.

Evidence for transcatheter closure in

PFO-associated conditions

B Cryptogenic stroke

& transient ischemic attack

In approximately 30-40% of ischemic strokes,
evaluation does not reveal an obvious cause,
referred to as stroke of undetermined etiology,
or cryptogenic stroke [12-14]. Triggered by two
reports describing a higher prevalence of PFO
in patients with cryptogenic stroke, several
case—control studies have confirmed a positive
association between those two conditions [15-17].
Irrespective of age, PFO is approximately three-
to five-times more prevalent in patients with
cryptogenic stroke compared with age-matched
controls [17.18]. A variety of prospective studies
have evaluated the risk of recurrence in medi-
cally treated patients following cryptogenic
strokes or nonselected patients with ischemic
strokes and coexisting PFO [19-22]. Data are
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conflicting, with a wide range of estimated
recurrence rates of ischemic strokes [19,21,23].
However, a recurrent theme is that patients with
PFO and atrial septal aneurysms compared with
patients with PFO alone have a higher risk of
stroke recurrence [20,24].

Several case series of transcatheter PFO clo-
sure using a variety of different devices have
been published [25-34]. With improvement in
device design and deliverability, the procedure
has become exceptionally successful and safe
with technical success rates of 100%, total
closure rates of over 90% and major complica-
tion rates of 1-2% [28,35,36]. Recurrence rates
of stroke or TTA after successful closure ranges
between 0 and 5%, averaging approximately
2% [23]. Khairy ez /. summarized recurrence
rates of stroke and TIA in patients with crypto-
genic stroke and PFO treated medically or
with transcatheter closure prior to 2003 [23].
Acknowledging the nonrandomized nature
and probable patient selection bias, the authors
found a lower risk of recurrent neurologic events
in patients undergoing transcatheter PFO clo-
sure versus medically treated patients (0—4.9 vs
3.8-12.0%, respectively).

A nonrandomized study compared treatment
modalities in 308 patients treated with trans-
catheter PFO closure versus medical manage-
ment. The study demonstrated a strong trend
towards a lower recurrence rate of stroke or TTA
at 4-year follow-up in the PFO closure group
(7.8 vs22.2%; p = 0.08) (30]. In a subgroup ana-
lysis of patients with more than one cryptogenic
thromboembolic event at the time of closure,
transcatheter closure outperformed medical
therapy (4-year recurrent rate of stroke/TTA:
7.3 vs 33.2%; p = 0.01). Similarly, in the group
of patients who had complete PFO closure,
recurrence rates of stroke and TIA were sig-
nificantly lower compared with medically
managed patients (4-year recurrence rate of
stroke/TTA: 6.5 vs 22.2%; p = 0.04). A com-
parable nonrandomized study was published
by Schuchlenz ez al., who reported results of
280 patients treated with either aspirin or war-
farin versus transcatheter closure [32]. Annual
recurrence rates of stroke and TTA were lowest
in patients following closure (0.6%), followed
by participants treated with warfarin (5.6%).
Patients treated with aspirin (13%) had the
highest recurrence rates. A finding shared with
all nonrandomized comparisons of transcath-
eter PFO closure with medical therapy is that
the medically treated group of patients has more
competing risk factors for stroke, such as higher
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age and traditional cardiovascular risk factors,
potentially leading to a higher recurrence rate
of stroke or TIA.

Several ongoing randomized controlled trials
are being conducted evaluating medical therapy
versus transcatheter closure in patients with
cryptogenic stroke and PFO. Enrollment and
completion of trials in this field has been dif-
ficult for a variety of reasons. First, transcatheter
PFO closure can easily be accomplished outside
of randomized controlled trials, as devices are
approved for this indication outside the USA.
Within the USA, PFO closure can be carried
out ‘off-label’ using devices approved for atrial
septal defect (ASD) closure [37]. If patients have
the option to undergo PFO closure without
the ‘risk’ of being randomized to the medical
management arm of a randomized trial, the
vast majority will elect to have their PFO closed
directly, outside of a trial. Furthermore, given
the relatively low rate of stroke recurrence, a
fairly large number of participants is needed,
requiring a long follow-up period for those tri-
als. Among the currently ongoing trials are the
Randomized Evaluation of Recurrent Stroke
Comparing Patent Foramen Ovale Closure to
Established Current Standard of Care Treatment
(RESPECT) trial, the Gore HELEX™ Septal
Occluder and Antiplatelet Medical Management
for Reduction of Recurrent Stroke or Imaging-
Confirmed TIA in Patients with Patent
Foramen Ovale (REDUCE) trial, the Patent
Foramen Ovale and Cryptogenic Embolism
(PC) trial and the investigator-initiated Patent
Foramen Ovale Closure or Anticoagulants
Versus Antiplatelet Therapy to Prevent Stroke
Recurrence (CLOSE) trial. The Evaluation
of the STARFlex Septal Occluder System in
Patients With Stroke or TIA Due To the Possible
Passage of a Clot of Unknown Origin Through
a PFO (CLOSURE) 1 trial has finished enroll-
ing its 900 patients and completed its 2-year
follow-up period. The long-awaited results are
expected to be available by the end of 2010.

B Decompression sickness

Patent foramen ovale is approximately five-
times more prevalent in patients suffering from
decompression sickness during diving compared
with age-matched controls [3839]. Caused by a
decrease in pressure during ascent after a dive,
dissolved nitrogen may form bubbles, usually
absorbed and exhaled via the lung circulation.
However, a PFO allows those bubbles to enter
the systemic circulation, leading to decompres-
sion sickness. It is unclear whether PFO closure
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prevents recurrent episodes, as decompression
sickness is a rare event occurring in approxi-
mately one in 10,000 dives [39]. Nevertheless,
since no prophylactic therapy is available, trans-
catheter PFO closure is being performed, par-
ticularly in professional divers. Obviously, no
randomized trials have been and are unlikely to
ever be conducted, given the rare occurrence of
this disease.

B Hypoxemia or
platypnea-orthodeoxia syndrome
Platypnea—orthodeoxia, dyspnea and desatu-
ration occurring in the upright posture and
improvement in the recumbent position is a
rare condition leading to systemic hypoxemia
caused by a PFO and right-to-left shunt [40-42).
There are other conditions that can cause hypox-
emia by the same mechanisms. These conditions
share an increased right ventricular afterload in
common, leading to preferential shunting via
a PFO at the atrial level. Among those situa-
tions are pulmonary hypertension, pulmonary
valve stenosis and right ventricular infarction.
Although PFO closure is an effective means of
therapy, the indication and ability to safely close
an interatrial shunt in those conditions needs to
be decided on an individual basis.

Platypnea—orthodeoxia usually results in
unacceptable lifestyle limitations warranting
therapy. Transcatheter PFO closure in that set-
ting has been proven to be very effective [8,43.44).
Medical therapy is of limited value, as significant
right-to-left shunt persists at the atrial level, even
after aggressive reduction in right ventricular
afterload, given the very low pressure gradient
at the atrial level.

B Migraine headaches

Similarly to patients with cryptogenic stroke,
PFO has been shown to be two- to three-times
more prevalent in patients with migraine head-
aches, in particular in the subgroup of patients
with aura [10,38,45-47]. By contrast, a recent
case—control study including 288 patients with
and without migraine headache documented
an equal prevalence of PFO in approximately
a quarter of the participants in each group [48].
In patients undergoing PFO closure for crypto-
genic strokes and coexisting migraine head-
aches, it was observed that transcatheter PFO
closure resulted in resolution or improvement
of migraine. Triggered by the first report by
Wilmshurst ez /. in 2000, several case series
and small case—control studies have confirmed

those initial findings (65-91% reported either
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improvement or resolution of migraine) [49-54].
Possible explanations for the relationship
between PFO and migraine headaches may stem
from the ability to shunt vasoactive substances,
such as serotonin or substance P [55]. Otherwise
filtered in the lung vasculature, those substances
may cause vasospasm followed by vasodilation
of arteries if circulating to the cerebrovascular
system, resulting in migraine headaches. The
topic of PFO and migraine headaches is heav-
ily debated among the different subspecialists
involved. The discussion is complicated by
cross-links with other conditions such as white
matter lesions observed on brain MRI as well
as ischemic strokes, found to be more prevalent
in patients with migraine, suggesting a pos-
sible common denominator, such as the PFO
for certain migraine types and strokes [56-58].
The only completed randomized controlled
trial comparing PFO closure with a sham pro-
cedure in patients with migraine headaches and
PFO is the Migraine Intervention with Starflex
Therapy (MIST) 1 study. This 147 patient trial
failed to reach its primary end point, defined
as complete freedom from migraine during
3—6-month follow-up [59]. The trial’s failure was
probably related to an overambitious end point,
as complete resolution of migraine headaches in
patients with prior refractory migraine headaches
used as inclusion criteria seems unlikely [60].
At present, ongoing trials comparing PFO
closure with medical management include
the Prospective Randomized Investigation to
Evaluate Incidence of Headache Reduction in
Subjects With Migraine and PFO Using the
AMPLATZER PFO Occluder Compared To
Medical Management (PREMIUM) trial in
North America and the PFO Repair In Migraine
with Aura (PRIMA) trial in Europe. Other tri-
als designed to evaluate the role of PFO closure
in migraine patients, such as MIST 2 and the
Effect of Septal Closure of Atrial PFO on Events
of Migraine With Premere (ESCAPE) trial have
failed to enroll patients and were terminated.

Overview & comparison of PFO
closure devices

B Background of transcatheter

PFO closure

Prior to the availability of percutaneous tech-
niques, PFOs were closed surgically [61]. At pres-
ent, with the development of closure devices,
isolated surgical PFO closure is rarely, if ever,
performed. The first-in-man percutaneous clo-
sure of an interatrial communication was per-
formed in the 1970s by King and colleagues [¢2].
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The defect closed was a secundum ASD. Over
the course of the following years, a variety of
different devices were designed for percutane-
ous ASD closure. Owing to safety concerns
or to their cumbersome deployment tech-
niques [63.64], the vast majority of these devices
are no longer in use. However, until now, some
devices initially designed for closure of ASDs
have been used to close PFOs. The first trans-
catheter PFO closure was reported in 1992 by
Bridges er al. [65]. More recently, devices spe-
cifically designed for PFO closure have been
introduced into clinical practice, owing to the
anatomical differences between PFO and a
secundum ASD.

Procedural technique, outcome & safety

Although there are minor differences in the
deployment techniques, the vast majoriy of
devices used for PFO closure are deployed in
a similar fashion. Following administration
of conscious sedation, femoral venous access
and placement of a delivery sheath across the
PFO, the left atrial component (disk, umbrella
or retention hook) of the device is placed in

the left atrium. Then, the right atrial compo-
nent is deployed, wedging the interatrial sep-
tum (septum primum and septum secundum)
inbetween. Deployment of the device is carried
out either under fluoroscopic guidance (Ficure 1)
with concurrent intracardiac (Ficures 2 & 3) or
transesophageal echocardiographic guidance
or under fluoroscopic guidance alone [31,35.66].
In experienced hands, the procedure should not
take longer than 30—-60 min. Acetylsalicylic
acid is administered a day prior to the proce-
dure. Following PFO closure, antiplatelet
therapy is continued for 6 months with acetyl-
salicylic acid 81-325 mg daily. Frequently,
clopidogrel 75 mg daily is administered for
1-3 months, mainly to reduce potentially tran-
siently occurring migraine headache following
closure of interatrial shunts [67]. Technical suc-
cess rates approach 100% [68.69]. Major peri-
procedural complications such as device embo-
lization, tamponade, a need for emergency
surgery or death are rare, occuring in less than
1% of cases (36.70.71). Early postprocedurally,
transient atrial fibrillation may occur [72,73).
Long-term complications are rare, with erosion

Figure 1. Cine fluoroscopic images of a patient with patent foramen ovale who sustained
cryptogenic stroke demonstrating closure steps. Images (A-D) were taken in straight frontal
projection and images (E & F) were taken in four-chamber view (35° left anterior oblique/35° cranial).
(A) Cine fluoroscopy in straight frontal projection demonstrating passage of a catheter through the
patent foramen ovale (PFO) into the left upper pulmonary vein (arrow). (B) Balloon sizing of the PFO
shows the waist of the balloon (arrows). (C) Passage of the Gore Helex™ delivery catheter over a wire
(arrow) through the PFO into the left atrium. (D) Deployment of the left atrial disk (arrow) of a
30-mm Gore Helex device in the left atrium. (E) Deployment of the right atrial disk (arrow) in the
right atrium and (F) demonstrates the effectiveness of the device after final release.
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Figure 2. Intracardiac echocardigraphic images in a patient with patent foramen ovale who
underwent device closure demonstrating closure steps. (A & B) Long-axis view without and
with color Doppler demonstrating the patent foramen ovale (PFO) tunnel and left-to-right shunt
(arrow). (C & D) Short-axis view without and with color Doppler demonstrating the PFO tunnel and
left to right shunt (arrow). (E) Contrast bubble study at rest demonstrating passage of bubbles from
right to left atrium. (F) Balloon sizing of the PFO.
AQO: Aorta; LA: Left atrium; RA: Right atrium.

of the device into surrounding structures being
the most serious complication. The exact
incidence of this feared complication is diffi-
cult to determine, but is probably well below
0.1% [74]. Thrombus formation on the closure
device (Ficure 4), if occurring on the left atrial
side, can have catastrophic consequences [75].
Occurrence of device-related thrombus for-
mation may be device design-related, as fur-
ther discussed later. Possible complications of
transcatheter PFO closure need to be weighed
up against potential benefits of the procedure,
which in turn depend on the indication for
PFO closure. Published complication rates
are largely derived from case series of experi-
enced operators. Improved outcome and lower
complication rates have been documented to
depend on experience and number of cases
performed by the operator and center in other
settings of interventional cardiology, such as
primary percutaneous coronary interventions
for acute myocardial infarctions [76]. Although
the same may hold true in the area of PFO
closure, low complication rates have been docu-
mented in ‘low-volume centers’ performing less
than 15 transcatheter PFO closure procedures
per year [77].
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Types of PFO closure device

B Double disk devices
CardioSEAL/STARFlex/Biostar

The first device to be used in clinical practice
consisting of two opposing, self-expanding
umbrellas was the clamshell. The closure mecha-
nism of a PFO by these umbrella devices is by
clamping the interatrial septum inbetween.
The clamshell occluder was first implanted in
1988 and was designed for closure of secundum
ASDs [78]. Several modifications of this original
device have resulted in the CardioSEAL® sep-
tal occluder NMT Medical, MA, USA). The
CardioSEAL septal occluder consists of two
squared dacron patches mounted onto wire spring
arms. The successor of the CardioSEAL was the
STARFlex® (NMT Medical Inc.) occluder. The
added feature of this next-generation device is a
self-centering mechanism, provided by a nitinol
microspring, attached in between the umbrella
arm tips, allowing an automatic, central align-
ment of implant within the defect [79]. The most
recent development in this family of occluders
is the BioSTAR® device (NMT Medical Inc.)
(80]. It is similar in design to the STARFlex,
except for the umbrella material that consists
of bioabsorbable collagen material made of the
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Figure 3. Intracardiac echocardiographic images of final steps of patent
foramen ovale closure. (A) Deployment of the left atrial desk of a 30-mm Gore
Helex™ device (arrow). (B) Deployment of the right atrial desk of the device
(arrow). (C) Image in long-axis view with color Doppler after the device has been
released demonstrating good device position and no shunt at rest. (D) Image in
short-axis view demonstrating good device position.
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submucosal layer of porcine small intestine. This
collagen matrix is incorporated into the atrial
septum following implant and leaves only the
metallic framework behind.

Atriasept PFO occluder

The Atriasept PFO occluder is the most
recent development of prior generations of
devices, including the Intrasept and PFO-Star
(Cardia, MN, USA) [31,81]. This device is made
of two Ivalon® (polyvinyl alcohol; Fabco, CT,
USA) umbrellas mounted onto nitinol arms.
Unlike the Atriasept ASD occluder, the PFO
occluder is purposefully not self-centering. The
centerpost has a joint, allowing the umbrellas
to align to the interatrial septum independently
of each other.

Amplatzer® family of devices

Various Amplatzer® devices (AGA Medical,
MN, USA) can be used for PFO closure [5,71,82].
All devices consist of two self-expanding disks
made of a thin nitinol wire mesh. Inside these
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disks are polyester patches sewn to the wires to
allow more rapid, controlled thrombosis of the
device, followed by endothelialization. In the
Amplatzer septal occluder, the two disks are
connected by a 3—4-mm connecting waist. The
device is available in a wide range of diameters
(4—40 mm). This connecting waist is designed
to stent the hole of an ASD [83]. The Amplatzer
PFO device only has a 3-mm diameter connect-
ing waist, irrespective of the size of the occluder
disk diameter. In the PFO occluder, the right
atrial disk is larger than the left atrial disk.
The Amplatzer Cribriform (multifenestrated)
occluder, designed for closure of multifenes-
trated ASDs, is similar in design to the PFO
occluder, except that the two disks are equal
in diameter.

The Gore Helex™ device

Designed for closure of secundum ASDs,
the Helex™ septal occluder (WL Gore &
Associates, AZ, USA) is made of a single spi-
ral-shaped nitinol wire attached to a polytetra-
fluoroethylene membrane [84]. Upon exit out of
the delivery sheath of the stretched occluder,
the wire assumes the double disk shape. After
placement, the two disks are locked and the sys-
tem is released. The locking system fixes the two
discs in place and stabilizes the occluder within

the defect.

Figulla-—Occlutech®

This is a double disc device (Occlutec AB,
Sweden), similar in design to the Amplatzer
PFO device without the hub in the left atrial
disc. There are two different PFO devices avail-
able: a single- and double-layered device. On the
single-layer device, the left atrial disk is single
layered, which forms a very flat disk, reducing
the amount of metal needed. The double-lay-
ered device is available for the so-called long-
track PFO defects. This device consists of a
double-layered disk on the left atrial side.

Premere™ occluder

The Premere™ occluder (St Jude Medical, MN,
USA) is specifically designed for PFO closure
(85]. It consists of a right-sided ‘anchor’ made of
a cross-shaped frame of nitinol. Mounted onto
this anchor are two layers of polyester. The left
atrial disk consists of a similar cross-shaped
frame, but without the polyester mount. The
two disks are connected by a flexible tether. The
length of this tether can be adjusted, allowing
individualization of device placement based on

the PFO morphology.
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Solysafe® septal occluder

The Solysafe® occluder (Swissimplant, Switzer-
land) consists of two polyester patches attached
to wires made of a memory metal termed
phynox (86]. It is designed for ASD and PFO clo-
sure. The device is low-profile, self-centering and
fully retrievable, even after release. It is delivered
over a guidewire without the need for a deliv-
ery sheath, theoretically reducing the risk of air
embolization during placement.

B In tunnel devices

Coherex FlatStent™

The most recent development in PFO closure tech-
nology is the FlatStent™ PFO occluder system
(Coherex, UT, USA) [87]. The occluder is made of
nitinol with its central portion wrapped into poly-
urethane foam. This device sits inside the PFO.
The polyurethane foam is intended to stimulate
tissue in-growth leading to closure of the tunnel.
The FlatStent is anchored with two small arms
each in the left and right atrium, leaving minimal
foreign material exposed to the blood stream.

B Radiofrequency-generated devices
The idea of radiofrequency-generated devices
consists of a suction cup that approximates sep-
tum primim to the septum secundum, the radio-
frequency is then applied to weld the two septae
together. The initial application of the PEX™
system (Cierra, CA, USA) resulted in closure
rates of approximately 60% in patients with
suitable anatomy. Therefore, with such low clo-
sure rates, the manufacturer decided to withhold
further development.

B Suture-based techniques

Similar in concept to vessel closure devices,
suture-based techniques use similar technology
in order to suture septum primum with septum
secundum to achieve closure. The advantage of
this technique is the lack of any metal insertion
in the heart. Limited clinical trials are being
conducted outside of the USA.

Comparison of devices & techniques
Most contemporary case series of PFO closure
report results predominantly derived from one
device, while early case series commonly described
results based on the use of a variety of largely
out-dated different occluders. The Premere and
Solysafe occluders have not been included in
case series comparing results of various devices.
A small number of publications are available spe-
cifically comparing performance characteristics
of the different occluders available.
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The largest and probably methodologically
most sound series is from Sievert et al. [69]. This
trial compared three different devices: Amplatzer
occluders, Helex and CardioSEAL/STARFlex.
Patients were randomized to PFO closure with one
of the three occluders, with 220 patients in each
group. Baseline characteristics revealed the Helex
group to include the oldest patients and most com-
monly had an atrial septal aneurysm, while patients
in the CardioSEAL/STARFlex group more com-
monly had diabetes and arrhythmias prior to PFO
closure. Procedural success was 100% in all three
groups and periprocedural complications were
similar. However, most placement attempts were
necessary with the Helex device (17 vs two with
Amplatzer and CardioSEAL/STARFlex). The
longest procedural and fluoroscopy times were
noted in the Helex group. Further embolizations
only occurred with the Helex, further underscor-
ing the more complex deployment technique of
this device, compared with the other occluders.
However, the authors point out that in case of
embolization, retrieval and replacement of the
Helex occluder were considerably simpler than
with the other occluders. Furthermore, the most
common technical problem leading to repeat
placement attempts with the Helex were caused
by difficulties in locking the right atrial disk. This
problem was addressed by the manufacturer as the
Helex now has a modified locking system.

Immediate complete closure of the PFO
was most frequently accomplished with the
Amplatzer devices (52.3 vs 41.8% Helex vs 44.1%
CardioSEAL/STARFlex). Similarly, at 30-day

Figure 4. Transesophageal echocardiographic images of a 22-year-old
female who underwent patent foramen ovale closure with a 30 mm
Amplatzer® Cribriform device 2 years prior. (A) Four-chamber view
demonstrates the presence of a thrombus (arrow) on the left atrial disc.

(B) Repeat transesophageal echocardiography 3 months later after treatment with

anticoagulation, demonstrating resolution of the clot. Notably, this patient
presented with hematuria and nephrotic syndrome.
LA: Left atrium; LV: Left ventricle; RA: Right atrium; RV: Right ventricle.
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Figure 5. Patient with a long tunnel patent foramen ovale. (A) An intracardiac
echocardiographic image demonstrating long tunnel patent foramen ovale measuring 13 mm
(arrow). (B) An intracardiac echocardiographic image after placement of a 30-mm Amplatzer
Cribriform device, demonstrating the separation of the two disks of the device. (C) Corresponding
cine fluoroscopic image showing the separation of the disks (arrow).

LA: Left atrium; RA: Right atrium.

follow-up, residual shunt was observed to be the
least with the Amplatzer (65% complete closure)
and the lowest with the Helex occluder (52.7%
complete closure). The CardioSEAL/STARFlex
had a complete closure rate of 62.3%. An expla-
nation for the lower closure rates with the Helex
is its soft construction and the fact that this group
had more atrial septal aneurysms at baseline.
Although the soft nature of the Helex device may
result in less complete closure rates immediately
after closure, it is probably the least traumatic of
all devices available.

During the 30-day follow-up period, throm-
bus was not observed on the Amplatzer or Helex
occluders. However, in eight patients (3.6%),
thrombus on the CardioSEAL/STARFlex was
documented. This finding is consistent with
results of the largest case series evaluating the
incidence of thrombus formation on atrial septal
occluders, although the patient population of the
two publications overlaps [75]. Krumsdorf ez al.
reported on 1000 consecutive patients undergoing
PFO or ASD closure using nine different devices.
At 1-month follow-up, thrombus was seen on
seven of 119 implanted CardioSEAL/STARFlex
devices (5.9%). A high thrombus formation rate
was observed with the early generation of Cardia
device (6.6%). As the majority of thrombi were
noted on uncoated metal arms of the umbrellas,
the Cardia devices were modified by placing the
nitinol arms at the inner side of the left atrial
umbrella, not exposing it to the bloodstream.
The lowest rate of thrombus formation within 1
month was observed with the Amplatzer devices
(0%), followed by the Helex, with one event of
thrombus formation documented (0.8%).

In the randomized trial comparing the three
different devices for PFO closure, atrial fibrillation
following device placement was most commonly
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documented in the CardioSEAL/STARFlex
group, where ten patients developed atrial fibril-
lation (4.5%), compared with only two in the
Helex group (0.9%) and three in the Amplatzer
group (1.4%). However, at baseline, the
CardioSEAL/STARFlex group more commonly
had atrial arrhythmias. Our series evaluating
the incidence of atrial fibrillation in more than
1000 patients undergoing PFO or ASD closure
showed no impact of the occluder type or size on
the occurrence of atrial fibrillation [72]. Despite
the periprocedural differences identified among
the three different occluders in the randomized
trial by Sievert ez 4l., no clinical differences in
terms of stroke or TIA recurrence were noted.
However, the trial was designed to provide only
30-day follow-up information, a time period too
short to truly identify clinical differences.
Braun et al. described results of the non-
randomized comparison of the early-generation
Cardia device, Amplatzer PFO occluder and
CardioSEAL/STARFlex 33). All 307 implants
were successful and no relevant differences with
respect to periprocedural complications, echo-
cardiography and clinical midterm follow-up
results were observed. Annual recurrence rate
of thromboembolic events ranged between 0.7
and 1.0%. Complete closure was documented in
53% of patients closed with the Cardia device,
59% in the Amplatzer PFO group and 61% in
patients receiving the CardioSEAL/STARFlex
(p = not significant). There was no difference in
the prevalence of atrial or ventricular arrhythmias
among the three groups as noted by 24-h Holter
monitoring 6 months after device implantation.
Findings by Schwerzmann ez al., comparing
the results of 100 patients either undergoing PFO
closure with the early-generation Cardia device

or the Amplatzer PFO occluder, differed from
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Braun’s findings [88]. The authors found that
although placement of all devices were successful,
more placement attempts were necessary with the
Cardia occluder (more placement attempts: five
vs one). They also found a higher periprocedural
complication rate with the Cardia device, with two
device embolizations and four air embolizations
compared with no device embolization and one
air embolism with the Amplatzer PFO occluder.
At 6-month follow-up, more patients were found
to have complete PFO closure with the Amplatzer
(94%) than the Cardia (66%) device. Although
not statistically significant, the authors found
a trend for higher event-free survival with the
Amplatzer device than with the Cardia occluder.

Comparing the Amplatzer PFO occluder
with the early-generation (first and second)
Cardia and the third-generation Cardia device
(Intrasept), we were not able to reproduce the
findings by Schwerzmann ez al. (3¢). In a com-
parison of almost 800 patients, periprocedural
complications were similar among the three

Dist =0.97 cm
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devices. Complete closure rate accomplished with
the different devices was identical. In addition,
recurrence rates of thromboembolic events during
follow-up were independent of the device used in
a stratified Kaplan—Meier analysis. With the ori-
entation of the nitinol arms on the inner surface
of the third-generation umbrellas, device-related
thrombus formation was no longer detected.

A few smaller case series have compared
PFO closure devices. Meier ez al. compared a
total of 40 patients undergoing closure with
either the early-generation Cardia device or
the STARFlex [89]. At 6-month follow-up,
the authors found a significantly higher com-
plete closure rate with the STARFlex (90%)
compared with the Cardia occluder (50%). In
another study comprising 100 patients with an
interatrial communication treated with either
the CardioSEAL or Amplatzer device revealed a
higher complete occlusion rate at 6 months with
the Amplatzer device (71%) compared with the
CardioSEAL (48%) [90].

Figure 6. Intracardiac echocardiographic images in a patient with patent foramen ovale and
lipomatous septum secundum. (A) Long-axis view with color Doppler demonstrating thick septum
secundum. (B) Short-axis view showing the thick septum secundum. (C & D) Images in long- and
short-axis view after placement of a 30-mm Helex device showing good device position.

AQO: Aorta; LA: Left atrium; RA: Right atrium; SVC: Superior vena cava.

future science group

www.futuremedicine.com

609



610

Spies, Cao & Hijazi

Device-specific PFO closure
considerations

m Overview of device selection

Device selection for PFO closure in clinical
practice is largely operator-dependent and also
depends on geographical location, as approval
of some devices is country-dependent. Several
devices are unavailable in the US market due to
lack of US FDA approval. Among those are the
Occlutech, Premere, Amplatzer PFO occluder,
Solysafe and FlatStent. Only the Amplatzer PFO
occluder and the Gore Helex devices are cur-
rently being evaluated in the setting of random-
ized trials in the USA and are theoretically avail-
able if the individual operator is an investigator
participating in the RESPECT or REDUCE
clinical trials.

Assuming availability of all devices and no
operator preference, certain devices have spe-
cific advantages. These advantages are either
theoretical, being based on the device’s design, or
practical, being based on operators’ experience.
However, it is important to realize that only the
very basic characteristics of a small number of
devices have been compared with each other, as
previously summarized. Choosing a device in a
specific clinical setting is rather subjective and,
for the most part, based on theoretical consid-
erations and not firm evidence. Nevertheless, we
attempt to summarize treatment options based
on PFO morphology and patient characteristics.

Long PFO tunnel

The length of the PFO is variable. The aver-
age length is approximately 10-12 mm [91].
There is no standardized methodology to mea-
sure the PFO tunnel length. Transesophageal
or intracardiac echocardiography can estimate
the total length of the tunnel in two distinct
views, the short-axis and the long-axis (bicaval)
views, while balloon sizing of the PFO provides
information about both PFO tunnel length and
diameter. The problem with particularly long
tunnels is that double disk or double umbrella
devices may not align to the interatrial septum
as their connecting centerpost is tilted, due to
the long tunnel (Ficure 5). In an attempt to over-
come this problem, trans-septal puncture in
the fossa ovalis and placement of the occluder
through the puncture, rather than the PFO
itself, has been described [92]. This technique
has not found broad acceptance among inter-
ventional cardiologists. The Premere occluder
has a theoretical advantage in this setting, since
the length of the tether connecting the two disks
of the occluder can be adjusted. Especially in

Interv. Cardiol. (2010) 2(4)

patients with a large diameter PFO as estimated
by balloon sizing, most operators would agree
that an Amplatzer septal occluder is preferable
over use of the dedicated PFO or Cribriform
occluder from AGA Medical. The benefit of
the Amplatzer septal occluder is that the PFO
tunnel is stented by the waist of the occluder,
rather than relying on PFO closure by tight
alignment of the two disks to the interatrial
septum as needed in the case of the Amplatzer
PFO or Cribriform occluders. The CardioSEAL
or STARFlex devices are deemed suboptimal in
patients with long tunnel; owing to the softness
of the devices, the disk may be pulled inside
the PFO tunnel leading to protrusion off the
umbrella into the left or right atrium and poor
alignment to the interatrial septum. Owing to
its soft nature, the Helex device often does not
result in good alignment of the disks to the sep-
tum in the setting of long PFOs, since the stiffer
centerpost inside the tunnel tilts the device.

Atrial septal aneurysm

Being present in up to 10% of patients with
PFOs, the atrial septal aneurysm may also rep-
resent a challenge if PFO closure is considered.
An aneurysmal or floppy septum may not allow
stable positioning of an occluder. For this rea-
son, operators commonly choose a slightly over-
sized device. Alternatively, an Amplatzer septal
occluder may allow more stable positioning as
it wedges the device inside a slightly stretched
PFO. In addition, the CardioSEAL/STARFlex
occluder may be a good choice as the umbrella’s
tips are overlapping and comparably stiff, theo-
retically allowing better stabilization of an aneu-
rysmal septum. In comparison, devices such
as the Amplatzer PFO or Cribriform occluder
may be suboptimal, as they potentially allow the
aneurysmal septum to move in between the two
parallel disks, potentially leading to higher rates
of residual shunt.

Lipomatous septum

A very thickened or lipomatous septum secun-
dum may lead to misalignment and protrusion
of the device. The two disks or umbrellas of the
occluder placed within the PFO are normally
more separated on the aortic and inferior aspect
of the PFO, caused by the thicker septum secun-
dum, compared with the thin septum primum,
wedged inbetween the device. However, in case
of a lipomatous septum (Ficure 6), this asymme-
try becomes more prominent. All double disk
or double umbrella devices have the potential
to protrude into the left and right atrium in this
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setting. Devices should neither be too large, as
this may potentially result in device protrusion,
nor too small, or this may lead to incomplete
closure or unstable positioning. Occasionally,
the centerpost may be too short, leading to
deformation of the disks or umbrellas as they
are not able to entirely expand. Theoretically,
the Coherex FlatStent may have an advantage
in closure of PFOs with a lipomatous septum, if
the morphology and overlap of septum primum
and secundum allows.

Thrombophilia

Patients with thrombophilia and PFO are at
a particularly high risk for stroke. In patients
with prior stroke and documented thrombo-
philia, PFO closure has been performed [93].
Although clinicians may elect to continue oral
anticoagulation despite PFO closure in this set-
ting, it is desirable to use devices with the least
thrombogenic potential in this setting. As previ-
ously noted, the occluders with the most solid
data documenting the lowest rate of thrombus
formation are the Amplatzer devices. In addition,
the Helex appears to only rarely cause device-
related thrombosis. Limited data are available
for the FlatStent; however, given the design of
the device, thrombus formation on the surface
of the FlatStent appears unlikely.

Atrial fibrillation

Placement of a PFO occluder may trigger atrial
fibrillation. Whether the type of device influences
the likelihood of recurrence of atrial fibrillation,

Epidemiology

The prevalence of patent foramen ovale (PFO) is 27% at autopsy studies and 10-15% under physiologic conditions based on

echocardiographic studies.

Transcatheter patent foramen ovale closure

following PFO closure is still unclear. Sievert ez
al. found the highest incidence of atrial fibrilla-
tion occurring after placement of the STARFlex
devices [73], while our analysis showed no impact
of the choice of device on the incidence of atrial
fibrillation [72]. The mechanism by which the
occluders cause atrial fibrillation is speculative. If
local inflammatory response is the cause for atrial
fibrillation, then the smallest possible device may
be beneficial as it may theoretically result in less
inflammation, given its smaller contact area with
myocardial tissue.

Future perspective

Results of one randomized controlled trial,
the CLOSURE T trial, comparing medical
management with transcatheter closure of PFO
in 900 patients with cryptogenic stroke will
be available soon. If the trial turns out to be
in favor of transcatheter closure, catheter-based
PFO interventions for patients with stroke will
probably increase significantly, since possibly as
many as 100,000 North Americans with a PFO
suffer a cryptogenic stroke each year [94). If the
trial results are in favor of medical therapy, it
seems likely that transcatheter PFO closure will
continue to be practiced in selected patients, as
the argument will be made that the trials con-
ducted are limited by inclusion criteria that are
too broad. The third possible and most likely
scenario is that only high-risk subgroups, such
as patients with atrial septal aneurysm, will be
found to benefit from transcatheter PFO closure,
leading to a selected strategy of PFO closure.

Evidence for transcatheter closure in PFO-associated conditions

The prevalence of PFO appears to be higher in patients with certain conditions such as cryptogenic stroke, migraine headache and

decompression sickness.

PFO closure has been successfully performed in a variety of PFO-associated conditions.

Overview & comparison of PFO closure devices

PFO closure can be accomplished safely and effectively with different occluders.

Types of PFO closure devices

The majority of occluders used for PFO closure are double disk/umbrella devices.
A newer technique used for PFO closure utilize ‘in-tunnel’ devices.

Comparison of devices/techniques

Limited data are available that directly compare different occluders.

Differences regarding complete closure rates and incidence of device-related thrombus formation between different devices have

been documented.
Device-specific PFO closure considerations

Device selection for PFO closure is largely operator- and country-dependent, as several devices are unavailable on the US market.
Based on theoretical considerations and operator experience, some devices may be preferred in specific settings depending on the
morphology of the PFO and patient characteristics.

future science group www.futuremedicine.com
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Furthermore, indications for PFO closure
may expand if planned randomized controlled
trials evaluating PFO closure in patients with
migraine headaches are found to be in favor of
closure. With the number of patients suffering
from migraine headache compared with crypto-
genic stroke, the impact of potentially beneficial
therapy is much larger from a socioeconomic
point of view.
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