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Abstract

Background:Patent foramen ovale (PFO) has been linked
to cryptogenic stroke, and closure has been reported to
improve clinical outcomes. However, there are no clear
guidelines to direct device sizing. This study sought to
use patient characteristics and echocardiographic find-
ings to create a prediction score for device sizing.
Methods: This was a retrospective review of patients un-
dergoing percutaneous PFO closure at our institution be-
tween July 2010 and December 2014. Demographic and
clinical characteristics were recorded, and all pre- and in-
traprocedural echocardiography results were evaluated.
Results: Thirty-six patients underwent percutaneous
PFO closure during the study period. All procedures
were performed using an Amplatzer Septal Occluder
“Cribriform” (ASOC) device in one of three disc diame-
ters: 25, 30, or 35 mm. Closure was indicated for crypto-
genic stroke/transient ischemic attack in 75% of cases.
Every case (100%) was successful with durable shunt
correction at the 6-month follow-up without complica-
tions of erosion or device embolization. The presence
of atrial septal aneurysm (ASA) (p = 0.027) and PFO
tunnel length >10 mm (p = 0.038) were independently
associated with increased device size. A scoring system
of 1 point for male sex, 1 point for ASA, and 1 point for
PFO tunnel >10 mm long was associated with the size
of closure device implanted (p = 0.006).

Conclusions: A simple scoring system may be used to
select an optimally sized device for percutaneous PFO
closure using the ASOC device.
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Introduction

A patent foramen ovale (PFO) is a remnant of fetal
circulation. In utero, placental blood from the inferior
vena cava is directed toward the interatrial septum
and across the foramen ovale, facilitating flow of
oxygenated blood into systemic circulation. At birth,
decreased pulmonary artery and right heart pressures
result in a reversal of the right atrium-to-left atrium
pressure gradient across the foramen ovale. This
change in pressure pushes the septum primum (left
atrial flap) against the septum secundum (muscular
atrial septum). These structures typically fuse together
in the first two years of life. Incomplete fusion results in
a slit-like defect that is present in approximately 25%
of adults and is referred to as a PFO [1, 2]. The pres-
ence of PFO has been associated with an increased
risk for paradoxical embolism resulting in stroke or ob-
structing peripheral embolism [3-7]. PFO has also been
linked to increased risk for migraine headaches, hy-
poxemia, decompression syndrome in divers, and the
platypnea-orthodeoxia syndrome [8-10]. The severity
of these associated illnesses, particularly the poten-
tially devastating complications of cryptogenic stroke,
has increased interest in PFO closure.
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Transcatheter PFO closure may be performed with
a variety of closure devices, which are manufactured
in multiple sizes. Appropriate sizing of the selected de-
vice is critical to ensure adequate closure of the defect,
minimize the likelihood of embolization, and avoid
erosion of nearby cardiac structures. Too-large devices
have been associated with erosion and an increased
risk of atrial fibrillation [11, 12]. Conversely, devices that
are too small increase the risk of incomplete closure
and are at risk for embolization [13].

While there are clear guidelines for the sizing of
atrial septal defect (ASD) closure devices, including
use of the stop-flow technique, at this time, there is
no consensus regarding the selection of closure de-
vice size for PFO closure when utilizing the Amplatzer
Septal Occluder “Cribriform” (ASOC) device (St. Jude
Medical, SJM; St. Paul, MN, USA) for off-label closure
of symptomatic PFOs. The instructions for the use of
the ASOC, which is intended for ASD closure, sug-
gest device size selection that maximizes device size
such that the radius of the discs does not exceed the
shortest distance from the defect in the septum to ei-
ther the aortic root or superior vena cava (SVC) [14].
These criteria ensure that the device is large enough
to cover fenestrated ASDs without impinging sur-
rounding structures. Sizing balloons may be used to
approximate the diameter of a PFO [15]. However, the
compliant nature of the septum primum and secun-
dum make this technique imprecise, and the use of
a sizing balloon carries the risk of interatrial septum
rupture [16]. Currently, PFO device size is selected at
the discretion of experienced operators, who may
rely on anatomic factors (e.g., presence of interatrial
septal aneurysm, tunnel length, shunt visualization)
and clinical factors (e.g., patient age, sex, and body
mass index (BMI)).

This study sought to identify patient characteris-
tics and echocardiographic findings associated with
size selection of the ASOC for PFO closure.

Methods

A retrospective review was performed of patients under-
going percutaneous PFO closure with the ASOC device at our
institution between July 2010 and December 2014. Demo-
graphic and clinical characteristics were obtained. All avail-
able pre- and intraprocedural echocardiography, including

transthoracic echocardiography (TTE), transesophageal
echocardiography (TEE), and intracardiac echocardiography
(ICE) were evaluated. Preprocedure TTE studies were reviewed
for the presence of atrial septal aneurysm (ASA), which was
universally defined as atrial septal excursion >15 mm. Pre-and
intra-procedural TEE and ICE were reviewed for the presence
of ASA and abnormal thickening of the atrial septum (defined
as >4 mm, which is the waist length of the ASOC device used
in this study). In addition, measurements of pertinent atrial
anatomy were also completed, including the presence and
length of any appreciable PFO tract and fossa ovalis diame-
ter. All cases were performed using the ASOC self-expanding,
double-disc device. The device has a double-disc design and
comprises Nitinol mesh and polyester fabric. It is manufac-
tured in four disc diameter sizes: 18, 25, 30, and 35 mm. The
40-mm device is not currently available in the United States.
Device size selection was at the discretion of the attending
interventional cardiologist.

Univariate analyses of each measured variable were per-
formed to assess for association with device size selection.
Fisher’s exact test was used to examine the association be-
tween the individual categorical variables and the size of the
final closure device implanted. One-way analysis of variance
was used for univariate analysis of continuous variables. Cate-
gorical variables that were individually associated with device
size were combined with pertinent clinical variables to create
a total of seven hypothesized prediction scores. These scores
were tested with Kruskal-Wallis H Test and Fisher’s exact test to
assess the association between the proposed scoring system’s
score and the size of final closure device implanted. In addi-
tion, receiver operating characteristic (ROC) curves were gen-
erated to assess the sensitivity and specificity of the scores.
p < 0.05 was considered significant. All statistical analysis was
performed using STATA (StataCorp, College Station, TX, USA).

Results

A total of 36 patients underwent percutaneous
PFO closure during the study period. Patient demo-
graphics, pre- and intraprocedural imaging, and PFO
characteristics are listed in Table 1. The indication for
closure was cryptogenic stroke/transient ischemic
attack in 75% of cases. Refractory hypoxemia and
overwhelming deep vein thrombosis burden ac-
counted for the remaining 25% of cases. Each case
(100%) was successful, with complete resolution of
shunt at the 6-month follow-up. No cases were com-
plicated by erosion or device embolization. In three
cases, a smaller device was initially delivered across
the PFO before it was determined to be too small and
then removed prior to the delivery and deployment of
a larger device. Two of these cases resulted in chang-
es from 25- to 30-mm diameter devices. One case
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Table 1: Summary characteristics of patients studied

No. of Patients 36

Patient Characteristics Mean (STD)
Age 56.7 (13.8)
Male 13 (36%)
Height (cm) 168.7 (11.1)
Weight (kg) 86.3 (25.5)
BSA 1.9 (.28)

Size of Device Implanted
25 mm Cribriform 18 (50%)
30 mm Cribriform 16 (44%)
35 mm Cribriform 2 (6%)

Indication for Procedure
Cryptogenic Stroke/TIA 27 (75%)
High DVT Burden 3 (8%)
Refractory Hypoxia 6 (17%)
TTE, Pre-Procedure, no. 26 (72%)
TEE, Pre-procedure, no. 19 (53%)

ICE, Intra-procedure, no. 12 (33%)

BSA = Body Surface Area, calculated by DuBois criteria.
TIA = transient ischemic attack.

DVT = deep venous thrombosis.

TTE = trans-thoracic echocardiography.

TEE = transesophogeal echocardiography.

ICE = intra-cardiac echocardiography.

was a change from a 30- to a 35-mm diameter device.
These cases were categorized by the final device size
implanted. All procedures were performed using the
ASOC device in one of three disc diameters: 25 mm
(18 patients, 50%), 30 mm (16 patients, 44%), or
35 mm (2 patients, 6%).

The results of univariate analysis are listed in
Table 2. The presence of ASA (p = 0.027, Fisher’s exact
test) and PFO tunnel length >10 mm (p = 0.038, Fish-
er's exact test) were independently associated with
increased device size.

To guide sizing, a list of hypothesized sizing scores
and their included variables is available in Table 3.
A scoring system of 1 point for male sex, 1 point for
ASA, and 1 point for PFO tunnel >10 mm in length
was significantly associated with the size of closure

device implanted (p = 0.007 and p = 0.006, Kruskal-
Wallis H Test, STATA; Figure 1). ROC curves were
created for each prediction score to assess sensitivi-
ty and specificity. Because of the limited number of
35-mm devices implanted in the study period (n = 2),
30- and 35-mm devices were grouped together for
the ROC analysis. The area under the curve for the
proposed sizing score was 0.8846 (STATA, Figure 2).
The cutpoint score of =22 had 75% sensitivity and 92%
specificity for a device diameter =30 mm.

Discussion

Percutaneous PFO closure has been proposed as
a safe alternative or adjunct therapy to antiplatelet
medication and anticoagulation in patients with cryp-
togenic stroke or peripheral embolism [10, 17-19].
Observational studies have suggested a substantial
benefit to PFO closure in the secondary prevention
of neurologic and vascular events when compared to
medical therapy [20, 21]. Three randomized controlled
trials assessing PFO closure for secondary prevention
of cryptogenic stroke failed to reach their primary ef-
ficacy endpoints [22-24]. However, per-protocol and
as-treated analysis of one of the randomized trials
did show a significant benefit of closure over medical
therapy in the prevention of recurrent ischemic stroke
and death [22]. At this point, percutaneous closure of
PFOs in the U.S. is considered “off-label,” and there is a
wide heterogeneity in device size selection.

Our study suggests that patients undergoing per-
cutaneous PFO closure who display certain echocar-
diographic findings will likely require closure devices
with larger disc diameters. The presence of ASA and
increasing length of PFO tunnel on TEE or ICE were
independently associated with larger device size. In
addition, our findings suggest that a sizing score may
be used to facilitate identification of patients that
are likely to require larger devices. A scoring system
consisting of 1 point for the presence of ASA, 1 point
for PFO tunnel length >10 mm, and 1 point for male
sex was statistically associated with increasing de-
vice size. Scores of 0 and 1 were associated with the
25 mm device. A score of 2 was associated with the
30 mm device, and a score of 3 was associated with
the 35 mm device.
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Table 2: Univariate Analysis of Patient Characteristics and Echocardiographic Findings
25 mm Device 30 mm Device 35 mm Device
Variable
No. of patients 18 16 2
No. Male 7 (39%) 5(31%) 1 (50%) p =087
Age 57(12.5) 55(16.2) 61.5 (4.9) p =082
Height (cm) 170 (12) 166 (9) 176 (16) p=043
Weight (kg) 89.7 (31) 83.7 (19) 76 (8) p=068
BSA 20(0.3) 1.9(0.2) 1.95 (0.2) p=0.75
Tunnel Length (mm) 8.7 (3.2) 14.2 (6.5) 22 p =0.007
Percent with:
ASA 3(17%) 9 (56%) 1 (50%) p=0.027
Long Tunnel 4 (31%) 6 (86%) 1 (100%) p=0.038
Thickened Septum 7 (39%) 5(31%) 1 (50%) p=0.871

BSA = Body Surface Area. ASA = Atrial Septal Aneurysm, defined as atrial septal excursion of >15 mm.

Long Tunnel = PFO Tunnel Length on TEE or ICE >10 mm in length.
() denote stand deviation, unless otherwise noted.

Table 3: List of hypothesized sizing scores tested

Score Variables Included in Score

A p=0.26 1 point each for male sex and presence of ASA

B p=0.08 1 point each for male sex, presence of ASA, and thickened septum

C p=041 1 point each for male sex, tall height, and presence of ASA

D p=0.29 1 point each for presence of ASA and thickened septum

E p=021 1 point each for thickened septum, tall height, and presence of ASA

F p=10.03 1 point each for male sex, presence of ASA, thickened septum, and long tunnel
G p =0.007 1 point each for male sex, presence of ASA, and long tunnel

ASA = Atrial Septal Aneurysm, defined as atrial septal excursion of >15 mm.
Long Tunnel = PFO Tunnel Length on TEE or ICE >10 mm in length.
P values listed are results of Fisher’s Exact Test using STATA.

At this time there is no consensus regarding the se-
lection of device size for PFO closure. A method utiliz-
ing a sizing balloon to estimate appropriate device
size has been described previously [15]. However, the
use of sizing balloons carries some risk and may not
provide meaningful information due to the relative
compliance of the tissues of the intra-atrial septum
[16]. A sizing balloon sitting across a slit-like or oval-
shaped PFO may not adequately measure defect

length; therefore, operators typically select the size of
closure device based on personal experience. This
practice was reflected in the clinical trials assessing
percutaneous PFO closure. In the RESPECT trial, the
choice of device size was made at the discretion of the
operator with the guidance of the Amplatzer PFO Oc-
cluder instructions for use [22]. This device has a larger
right atrial (RA) disc than left atrial (LA) disc with a cen-
tral pin. Specifically, the instructions suggest measur-
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Figure 1. Percent of patients in study receiving each device size
and their sizing score.The score includes 1 point for male sex,
1 point for an atrial septal aneurysm (septal excursion >15 mm
on echocardiography), and 1 point for a patent foramen ovale
tunnel >10 mm in length.

Figure 2. Receiver operating characteristic curve of the sizing
score for association with implantation of an Amplatzer Septal
Occluder “Cribriform” device =30 mm diameter. The score in-
cludes 1 point for male sex, 1 point for an atrial septal aneurysm
(septal excursion >15 mm on echocardiography), and 1 point for
a patent foramen ovale tunnel >10 mm in length.

ing the shortest distance from the PFO to the aortic
root and SVC. The recommendations call for implanta-
tion of the 35 mm device if this distance is >17.5 mm,
the 25 mm device if the distance is 12.5-17.4 mm, and
a 1-8 mm device if the distance is 9-12.4 mm. If the
shortest distance from the PFO to the aortic root or

SVCis <9 mm, the instructions prohibitimplanting the
Amplatzer PFO Occluder device. The instructions do
allow for the use of a larger device in the setting of
ASA, but there are not specific recommendations for
device size selection when ASA is present. These rec-
ommendations rely on obtaining echocardiographic
measurements from the PFO to both the aortic root
and SVC. These measurements may be difficult to re-
produce, especially in mobile, aneurysmal atrial septa.
In addition, the instructions do not account for BMI or
tunnel length, which could contribute to device slid-
ing if smaller devices are chosen. It should be noted
that the Amplatzer PFO Occluder has a larger RA disc
than LA disc, for example, the 35 mm device has a 25
mm left atrial disc. The difference in disc size may also
contribute to device sizing, especially compared to the
ASOC device that has discs of equal sizes. The CLO-
SURE 1 trial protocol called for sizing balloon estima-
tion of PFO size prior to closure but did not delineate
how this would inform device size selection [24]. Bal-
loon-sizing was optional in the PC trial, and device size
selection was at the discretion of the treating physi-
cian [23].

This study identified two echocardiographic find-
ings that were independently associated with larger
device requirements for PFO closure: the presence of
ASA and a long PFO tunnel. Aneurysm of the interatri-
al septum is characterized by mobile atrial tissue that
has a large distance of excursion during the cardiac
cycle. This floppy tissue provides very little support
for a closure device deployed across a PFO. There-
fore, a larger device may be beneficial in such cases
to provide additional support of septal architecture
and continuously occlude the PFO. Long-tunnel PFO
tracts are challenging for device closure because they
require devices with either variable waist-length or
large, strong discs to effectively shorten the tunnel
length. All of the closures completed in our study
were performed with the ASOC device, which is a
strong double-disc device. Larger disc diameters of
the ASOC device could provide additional strength to
effectively shorten the long PFO tunnel length, which
may explain why larger disc devices were used in the
patients with longer tunnels. Interestingly, both ASA
and long-tunnel length have been associated with
risk for embolization, which may indicate that pa-
tients with these findings would benefit from larger

Venturini, J.M. et al.
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devices to avoid embolization [13]. There was no cor-
relation between the presence of a right atrial Chiari
network and device size selection.

Objective selection of device size with the pro-
posed scoring system could potentially improve both
the safety and cost of percutaneous PFO closure. For
example, three patients in our cohort required ex-
tended procedure times to remove a device that was
too small before implanting an appropriately sized
device. Two of these patients had ASA on preproce-
dure TTE, and were, therefore, more likely to require
a larger device size. Prediction of device size require-
ments with the sizing score could have limited flu-
oroscopy time and prevented the waste of a device
that was too small.

Limitations

This was single-center, retrospective review of
36 patients who underwent percutaneous PFO clo-
sure with the ASOC device. No other devices were
studied. Alternative devices may need additional as-
sessment for sizing. Only 21 patients had either TEE or
ICE images available for retrospective review, further
limiting the functional sample size of the study. Only
two patients received the largest device (35 mm),
which limits any conclusions regarding association
with this device size. The choice of closure device size
was made at the discretion of the interventional car-
diologist; therefore, our findings may be confounded
by any subjective bias the operator applied in select-
ing a closure device. In addition, the retrospective
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