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Five-Year Experience With Percutaneous Closure
of Patent Foramen Ovale

Leo Slavin, MD, Jonathan M. Tobis, MD*, Krishnan Rangarajan, BS, Catherine Dao, MD,

Janine Krivokapich, MD, and David S. Liebeskind, MD

Patent foramen ovale (PFO) has been implicated in the pathogenesis of cryptogenic stroke,
arterial desaturation, decompression illness, and migraine headache (MH). This study
evaluated the safety of percutaneous transcatheter PFO closure in patients with crypto-
genic stroke, transient ischemic attack, or arterial desaturation. Additionally, symptomatic
reduction in MH was determined after interatrial shunt closure. Of the 252 patients
referred to the University of California, Los Angeles, with PFO, 131 underwent closure of
the interatrial communication with a CardioSEAL (n = 30) or Amplatzer (n = 101) device.
PFO morphology was evaluated with transesophageal echocardiography. Follow-up was
conducted at 1 to 2 months with echocardiography, with clinical assessment annually
thereafter. At an average follow-up of 30 months, there was no recurrence of any throm-
boembolic event (transient ischemic attack, stroke, or peripheral). There was a reduction in
MH, defined as the complete resolution of headache or a >50% reduction in the number of
headache days, in 85% of patients after PFO closure. Temporary problems after device
implantation, including chest discomfort and palpitations, were reported in 23% of patients
and occurred more frequently in patients with nickel hypersensitivity (p <0.05). In con-
clusion, transcatheter PFO closure is an effective and safe therapeutic modality in the
prevention of thromboembolic events and MH associated with interatrial shunting in
patients who present with cryptogenic stroke. Pending randomized, controlled trials are
necessary to determine if this invasive approach is preferable to medical therapy for the
prevention of recurrent stroke or as primary treatment for patients with MH. © 2007

Elsevier Inc. All rights reserved. (Am J Cardiol 2007;99:1316-1320)

There are currently 2 randomized clinical trials evaluating
whether the percutaneous closure of patent foramen ovale
(PFO) can prevent the recurrence of cryptogenic stroke
compared with anticoagulation or antiplatelet therapy. In
addition, 4 randomized controlled trials will address the
effectiveness of PFO closure in the management of mi-
graine headache (MH). Patients with documented PFO and
previous embolic events are at increased risk for recurrent
stroke of up to 4.2% per year, even in the context of
therapeutic anticoagulation.!-# Percutaneous transcatheter
closure is a potential option for patients with PFO and
thromboembolic phenomena that avoids the morbidity as-
sociated with surgical closure or lifelong anticoagulation.!
However, long-term data on the effectiveness of transcath-
eter PFO closure in stroke prevention are limited. The
present report details our 5-year experience with percutane-
ous transcatheter PFO closure for the prevention of recur-
rent stroke.

Methods
Patient population: From April 2001 to April 2006, 252
patients were referred for consideration of percutaneous
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closure of PFO to the Interventional Cardiology Program at
the University of California, Los Angeles. The primary
reason for referral was history of cryptogenic stroke (n =
165) initially diagnosed by a neurologist. Cryptogenic
stroke was defined by the presence of a transient or perma-
nent neurologic deficit with associated magnetic resonance
imaging (MRI) evidence of an embolic lesion in the absence
of a clear cause.* There were 43 patients (17.1%) referred
with diagnoses of transient ischemic attack (TIA). These
patients presented with transient focal neurologic deficits
that lasted <24 hours in the absence of lesions on MRIL.>
There were 16 patients (6.3%) referred for closure with
significant arterial desaturation due to right-to-left shunt.
There were 24 patients (9.5%) with primary diagnoses of
MH (Table 1°). Patients underwent diagnostic imaging of
their head and neck vasculature with carotid ultrasound,
computed tomographic angiography or magnetic resonance
angiography, continuous cardiac monitoring, hypercoagula-
ble workup (factor V Leiden, activated-protein C resistance,
homocysteine, protein C, protein S, antithrombin III, lupus
anticoagulant, (2-glycoprotein antibodies, anticardiolipin,
factor VIII, and prothrombin 20210A), and echocardiogra-
phy. A prothrombotic state was determined on the basis of
positive hypercoagulable laboratory workup results or a
clinical predisposition such as malignancy or hormone re-
placement therapy.” A total of 131 patients (52.0%) under-
went percutaneous PFO closure. PFO closure was not per-
formed for MH.

www.AJConline.org
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Table 1
Clinical characteristics of patients referred for percutaneous transcatheter
closure of patent foramen ovale

Table 2
Clinical characteristics of patients referred for patent foramen ovale with
the diagnosis of transient ischemic attack or migraine headache

Variable Entire Cohort PFO Closure Variable TIA MH P
(n = 252) (n = 131) (n = 23) (n = 48) Value
Mean age (yrs) 50.0 = 12.9 524 = 135 Mean age (yrs) 50491 457 =*115 0.09
Women 137 (54.4%) 65 (49.6%) Women 13 (43.5%) 36 (75.0%) NS
Reason for referral Hypercoagulable predisposition 4 (30.8%) 16 (72.7%) 0.025
Embolic events 208 (82.6%) 116 (88.5%) Hypercoagulable state™® 2 (15.4%) 5(22.7%) NS
TIA 43 (17.1%) 13 (9.9%) Estrogen therapy! 2 (15.4%) 11 (50%) <0.05
Stroke 165 (65.5%) 102 (77.9%) Hypertension 8 (34.8%) 13 (28.3%) NS
Arterial desaturation® 16 (6.3%) 13 (9.9%) Diabetes mellitus 1 (4.5%) 3(6.3%) NS
MHT 24 (9.5%) 0 (0%) Smoker? 1 (4.8%) 3(7.3%) NS
Other 4 (1.6%) 3(2.3%) Hyperlipidemia* 10 (45.5%) 19 (39.6%) NS
Risk factors Aortic atherosclerosis® 4 (40.0%) 10 (55.6%) NS
Hypertension 74 (31.2%) 39 (32.8%) Carotid atherosclerosis! 0 (0%) 2 (9.6%) NS
Diabetes mellitus 23 (9.5%) 14 (11.4%) . : ;
Smoker® 30 (14.0%) 20 (19.2%) Hypercoagulable sta}te was .determl.ned on the bas1§ of laboratory
Hyperlipidemia® 88 (37.3%) 45 (37.5%) wprkup (protein C, protein S, antlthror.nbm IIL' factgr .V.Lelde'n, prf)throm-
Hypercoagulable predisposition 67 (42.9%) 32 (35.2%) bin 2()21().A, fa(.:tor .VIH, horflocysteme, an.tlcardlohpm antibodies, [2-
Hypercoagulable statel 34 (21.8%) 20 (22%) gl);coprotem antibodies, an'd dilute Russel'l viper ve{lom test. '
Estrogen therapy! 33 (21.2%) 12 (13.2%) . Refers to current smokmg status or hlstoryb of cigarette smoking. .
Incidence of MH 109 (46.6%) 51 (42.9%) . Keir.led tt;ly the Il\Iatlo.nal Ch?(;EStngldEdu?g;n Program Expert Panel.
MH with aura 94 (86.2%) 41 (80.4%) | C° 1¢ atherosclerosis was identied on TEE. -
MH without aura 15 (13.8%) 10 (19.6%) arotid atherosclerosis was determined by carotid duplex, computed

* Refers to patients with either platypnea-orthodeoxia syndrome or re-
fractory hypoxemia.

T Refers to patients with the primary diagnosis of MH.

# Refers to current smoking status or history of cigarette smoking.

¥ Defined by the National Cholesterol Education Program Expert Panel.s

I Hypercoagulable state was determined on the basis of laboratory
workup (protein C, protein S, antithrombin III, factor V Leiden, prothrom-
bin 20210A, factor VIII, homocysteine, anticardiolipin antibodies, 2-
glycoprotein antibodies and dilute Russell viper venom test.

1 Estrogen therapy includes oral contraception and hormone replacement
therapy.

Echocardiography: Transesophageal echocardiography
(TEE) was performed using standard methods (TE-V5M,
Acuson, Mountain View, California), and measurements
were made using the Kinet-X echocardiographic imaging
station (Siemens AG, Munich, Germany). An agitated sa-
line bubble study was conducted to evaluate the degree of
right-to-left shunt at rest and after the Valsalva maneuver.
Patients received agitated saline injections into either the
antecubital or femoral vein, and the maximum number of
bubbles seen in the left atrium after 3 cardiac cycles was
recorded.® No visible bubbles was classified as grade 0, 1 to
9 as grade I, 10 to 20 as grade II, and >20 as grade III.

Implantation procedure: The implantation technique
has been previously described.® Currently, mild sedation
and intracardiac echocardiography allow transcatheter
PFO closure to be done on an outpatient basis. General
anesthesia and TEE are reserved for occasional compli-
cated cases. The description of the Amplatzer occluder
device (AGA Medical Corporation, Golden Valley, Min-
nesota) and the CardioSEAL device (Nitinol Medical
Technologies, Inc., Boston, Massachusetts) has been pro-
vided previously.”10

Follow-up: All patients underwent TEE approxi-
mately 1 to 2 months after the procedure to confirm

tomographic angiographic, or magnetic resonance angiographic imaging.
1 Estrogen therapy includes oral contraception and hormone replacement
therapy.

adequate location of the device and to document the
absence of residual shunt or thrombus formation on the
device. Frequent clinical follow-up at 6- to 12-month
intervals was performed with a questionnaire to evaluate
symptoms, evidence of recurrent thromboembolic events,
and the frequency and severity of MH. The Migraine
Disability Assessment score was used to quantify the
degree of disability.!'! A subset of patients who received
the Amplatzer device underwent testing with the Thin-
layer Rapid-Use Epicutaneous (TRUE) skin test (Mekos
Laboratories AS, Denmark) for nickel hypersensitivity.!?

Statistical analysis: Continuous data are presented as
mean * SD. The 2-tailed Student’s 7 test was used to
determine the equivalence of the means for continuous
variables. The chi-square test was used to determine equiv-
alence for ordinal variables. Analysis was conducted using
SPSS version 11.5 (SPSS, Inc., Chicago, Illinois). A p value
<0.05 was considered significant.

Results

Patient characteristics: The clinical variables of the
referred cohort and the PFO closure group are listed in
Table 1. The primary reasons for referral included stroke in
165 patients (65.5%), TIAs in 43 patients (17.1%), arterial
desaturation in 16 patients (6.3%), and MH in 24 patients
(9.5%). After evaluation, 20 patients were reclassified from
the TTA group to the MH group on the basis of their clinical
presentations, neurologic assessments, and MRI findings.
The clinical data of the 2 groups are listed in Table 2. There
were no significant differences in age, traditional risk fac-
tors for atherosclerosis, or PFO morphology in patients with
TIA compared with those with MH. However, there was a
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Table 3
Transesophageal echocardiographic structural and functional parameters
of patent foramen ovale

Table 4
Effect of patent foramen ovale closure on the incidence of migraine
headaches

Variable PFO Closure* P
Value
No Yes
(n =121) (n = 131)
Patients with TEE 37 (31%) 82 (64%) 0.001
PFO width (mm) 25+21 32+23 0.09

Maximum PFO length (mm) 115+ 4.6 124 =49 0.4
Minimum PFO length (mm) 73 %35 7.4 +40 0.9
Septum secundum width (mm) 9.0 £2.6 10.0 = 3.0 0.08
Total septal excursion (mm) 59*6.1 6.1 +6.7 0.8
Atrial septal aneurysm 3 (8.1%) 15 (19.7%) 0.2
Bubble grade 1.7 1.8 0.8

* The PFO closure group included Amplatezer (n = 101) and CardioSEAL
(n = 30) devices.

significant increase in the number of patients receiving
estrogen replacement (oral contraception or hormone re-
placement therapy) in the MH group (p <0.05).

Echocardiography: TEE data were available in 82 pa-
tients (64.1%) from the PFO closure group and 37 patients
(30.6%) without PFO closure. Table 3 lists the relevant PFO
parameters from the PFO closure group and the nonclosure
group. There were no significant differences in PFO param-
eters between the 2 groups. There were 18 patients (15.9%)
with atrial septal aneurysms in the entire cohort. Analysis of
the PFO morphology in patients with atrial septal aneu-
rysms compared with those without demonstrated no sig-
nificant differences in the PFO width or length or the width
of the septum secundum between the 2 groups. The average
bubble grade was greater in patients with atrial septal an-
eurysms (2.1 vs 1.7) but did not reach statistical significance
(p = 0.12).

Procedural outcomes: Of the 131 patients who under-
went percutaneous PFO closure, the Amplatzer device was
used in 101 (77%) and the CardioSEAL in 30 (23%). The sizes
of the Amplatzer devices used were 18 mm (n = 7), 25 mm
(n = 49), and 35 mm (n = 44). The sizes of CardioSEAL
devices used were 23 mm (n = 7), 28 mm (n = 13), 30 mm
(n=1),33 mm (n = 7), and 40 mm (n = 4). In 2 patients,
2 CardioSEAL devices were required to completely occlude
the fenestrated septum. Procedural success was attained in
100% of patients with the 2 devices. Transseptal puncture
was required in 10 patients (10%) in the Amplatzer group
and 10 patients (33%) in the CardioSEAL group.'3 Intra-
cardiac echocardiography was used in 59 patients (45%),
and TEE was used in 72 patients (55%). Procedural com-
plications, including retroperitoneal hematoma, occurred in
3 patients (2%). One patient (3%) in the CardioSEAL group
had a right coronary artery air embolism without clinical
sequelae.

Follow-up: Follow-up TEE data were available in 104
patients (79%) at 1 to 2 months after the procedure. In the
Amplatzer group, 10 patients (12.2%) had minor residual
shunting, but no patient had a thrombus on the device. In the
CardioSEAL group, 1 patient (5%) had residual shunting,
and 6 patients (23%) had moderate thrombi on the devices,

Variable PFO Closure”

Incidence of MH before closure
Any MH
MH with aura
MH without aura
>50% reduction in MH after closure*
Any MH
MH with aura
MH without aura
Complete resolution after closure
Any MH
MH with aura
MH without aura
>50% reduction in MH, but no resolution*®
Any MH
MH with aura
MH without aura

50/120 (41.7%)
40/50 (80.0%)
10/50 (20.0%)

40/47 (85.1%)
31/37 (83.8%)
9/10 (90.0%)

30/47 (63.8%)
25/37 (67.6%)
5/10 (50.0%)

10/47 (21.3%)
6/37 (12.8%)
4/10 (40.0%)

* Improvement was defined as a > 50% reduction in the number of
headache days in a 3-month period.

 Follow-up migraine questionnaire was not administered to 3 of the 50
patients with MHs.

Table 5
Pattern of headache improvement in patients after transcatheter patent
foramen ovale closure

Variable Before After p
(n = 41) (n = 41) Value

MH episodes’ 19.4+£292 2.6 +6.0 0.003
MH severity (1-10) 6.8 33 28*32 0.001
Migraine Disability Assessment score* 23.2 559 14*+42 0.01

* Migraine Disability Assessment data were available for 41 of the 51
patients with MHs.

T MH episodes represent the number of headache days in a 3-month
period.

leading to 1 device explantation by surgery.'# Clinical fol-
low-up at a mean of 30 = 16 months (range 3 to 65) was
acquired in 105 patients (80.2%). There were no recurrent
episodes of embolic events (stroke, TIA, or peripheral em-
bolization). Of the 131 patients who underwent PFO clo-
sure, there were 5 deaths (3.8%). The causes of mortality
included metastatic pancreatic carcinoma (n = 1), septic
shock (n = 2), ischemic cardiomyopathy (n = 1), and
unknown (n = 1). There were no deaths caused by compli-
cations of the device. Minor adverse events, including chest
discomfort (23%), palpitations (23%), and dyspnea (7%)
were reported within a few weeks of the procedure. These
symptoms disappeared after 1 to 3 months in most patients.

Of the 13 patients who underwent device closure for
arterial desaturation, follow-up data were available in 9
patients. Three of the 13 patients died from underlying
illnesses. There was symptomatic reduction in 5 patients
(56%), with an average absolute increase of 7.5% on pulse
oxymetry (85.2 = 4.1% to 92.7 £ 3.5%). The 4 patients
(44%) without improvement on pulse oxymetry did not
report any symptomatic benefit.
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Of the 50 patients (42%) in the PFO closure group who
had MH, 40 (80%) had MH with aura, and 10 (20%)
reported MH without aura. Tables 4 and 5 demonstrate the
effect of percutaneous PFO closure on the incidence, fre-
quency, and severity of MH. Postoperatively, MH disap-
peared completely in 30 of 47 patients (64%): in 25 of 37
patients (68%) with aura and in 5 of 10 patients (50%)
without aura. A reduction in MH, defined as a >50%
reduction in the number of headache days, was observed in
an additional 10 of the 47 patients (21%): in 6 of 37 patients
(13%) with aura and in 4 of 10 patients (40%) without aura.
In total, 40 of 47 patients (85%) with MH had >50%
reductions in the number of headache days. The average
number of MH days during a 3-month period was signifi-
cantly reduced, from 19.4 to 2.6 (p = 0.003). There was a
significant decrease in the severity of MH, from 6.8 to 2.8
(on a scale ranging from 1 to 10; p <0.001). There was a
concomitant reduction in the degree of disability, quantified
by the Migraine Disability Assessment score, from 23.2 to
1.4 (p = 0.01).

Nickel sensitivity: The exacerbation of MH after device
implantation in a patient who developed atrial fibrillation
and pericardial effusion prompted an investigation of the
association of nickel hypersensitivity and MH.!> The TRUE
test for nickel sensitivity was conducted in 47 patients
(46.5%) with the Amplatzer device; the results were posi-
tive in 8 (17%). The presence of MH was described by 5 of
the 8 patients, all with aura, before PFO closure. Two of the
5 patients reported no reductions in their MHs. One patient
without a history of MH developed MH with aura postop-
eratively that resolved after 6 months. There was a signifi-
cant increase in the incidence of MH or palpitations (p =
0.025) and MH or chest discomfort (p = 0.05) in patients
with nickel allergies.

Discussion

This retrospective analysis of 131 patients who underwent
percutaneous closure with CardioSEAL or Amplatzer de-
vices demonstrates the relative safety of percutaneous trans-
catheter PFO closure for patients who present with crypto-
genic stroke. Over the course of 5 years, 252 patients were
referred for PFO closure. The primary reason for referral
was a history of embolic events in 208 (82.6%), defined by
the clinical diagnosis of TIA or cryptogenic stroke con-
firmed by MRI. The association between PFO and crypto-
genic stroke has been described from observational clinical
trials.!®-!7 However, appropriate therapy for these patients is
still undetermined. The rate of recurrent TIA and stroke in
patients with cryptogenic stroke is estimated at 3.8% to
5.5% per year despite adequate anticoagulation or antiplate-
let therapy.'3-20 Some data also suggest that specific PFO
parameters, such as the degree of right-to-left shunting, the
presence of atrial septal aneurysm, and PFO tunnel length,
may increase the risk for thromboembolic events and may
represent the cohort of patients who will receive the greatest
benefit from device closure.?!-22

Of the 43 patients referred with the diagnosis of TIA, we
suspect that 20 patients had complex MHs with transient
neurologic deficits but no headaches. Differentiating be-
tween these 2 diagnoses remains a clinical dilemma because

transient neurologic deficits such as paresthesia, hemipare-
sis, or aphasia can occur in patients with complex MHs.23-2>
In the comparison of patients with MHs and TIAs, there was
no significant difference in age, traditional risk factors,
evidence of atherosclerosis, hypercoagulable states, or PFO
parameters. There was a greater incidence of estrogen ther-
apy in the MH group. We hypothesize that TIAs and MH
may be causally related to the presence of a PFO. In 1 case,
a small embolus passes through the PFO to produce a TIA,
and in the second case, a chemical substance bypasses the
lungs and enters the cerebral circulation to trigger the MH,
with neurologic deficit that can occur with or without head-
ache.’> If TIAs or complex MH cannot be distinguished
clinically, it is difficult to justify PFO closure for a diagnosis
of TIA alone with negative MRI results. However, if ran-
domized, controlled trials demonstrate the safety and effi-
cacy of PFO closure for MH, this distinction will be irrel-
evant from a practical basis. The corollary to this is the
recognition that patients with MH have a 13% incidence of
abnormal MRI findings.?®6 We hypothesize that these un-
identified bright objects on MRI will be found to be asso-
ciated with PFO and are the result of multiple small emboli.
The 40% incidence of MH in patients with cryptogenic
stroke is significantly greater than the 12% expected in the
general population. We suspect that the higher rate of MH
in patients with cryptogenic stroke and the higher rate of
stroke in patients with MH are due to similar mechanisms,
the right-to-left passage of chemical triggers or thrombus
through a PFO or pulmonary shunt.

Previous trials with transcatheter PFO closure (a total of
538 patients) have documented a stroke or embolic recur-
rence rate of 0% to 3.2% at 1-year follow-up, depending on
the device used.?’-3! Studies involving the newer devices,
including the Amplatzer PFO occluder, have demonstrated
a rate of recurrence of <1% and an occlusion rate of 96%
to 100%.28-3! Our experience revealed a 0% recurrence of
embolic events in 115 patients with stroke who underwent
PFO closure, with a mean follow-up of 30 months (range 3
to 65). Comparable with previous trials, there was a 100%
procedural success rate, with a combined complication rate
of 2%. The introduction of intracardiac echocardiographi-
cally guided implantation facilitates the procedure and is
better tolerated than TEE. The frequency of residual shunt-
ing (10.8%) is greater compared with those found in previ-
ous studies.??-3! A potential explanation for this discrep-
ancy is that most of the patients were evaluated by TEE at
1 month, as opposed to the 6 months used in other trials.
One month may be an insufficient time for fibrous tissue
formation to completely seal the septum.® The significant
increase in thrombus formation on the CardioSEAL device
(23%) in comparison with the Amplatzer device (0%) led us
to stop using the CardioSEAL device in 2003. The preferred
use of the Amplatzer device may explain the 0% recurrent
stroke rate. In our cohort, there was 0% periprocedural
mortality and 5 deaths (3.8%) during follow-up. These pa-
tients died from their underlying diseases, and none were
associated with the implantation procedure, an inflamma-
tory response to the device, or recurrent thromboembolic
phenomena. If PFO closure is to be extended to otherwise
healthy patients with MH, the procedural complication rate
and the rate of emboli from the device must approach 0%.
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Clinically, 23% of patients reported mild chest discom-
fort, and 23% reported palpitations that appeared 2 to 4
weeks after closure and resolved by 6 months. The presence
of a foreign object within the heart stimulates an inflamma-
tory response that could produce the chest discomfort and
premature atrial complexes accounting for the palpitations.
In addition, nickel allergy predisposes to an exaggerated
inflammatory response, which can stimulate MH, presum-
ably by releasing chemical triggers directly into the left
atrium.

Study limitations: This study was a retrospective anal-
ysis and was therefore subject to selection bias. Another
limitation is that echocardiographic data were not obtained
at short- and long-term follow-up. The assessment of MH
was conducted with an MH survey and disability assess-
ment questionnaire, which is dependent on the patient’s
subjective response, but these are the standard tools for
assessing MH.
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