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ABSTRACT

The patent foramen ovale (PFO) is a flap or tunnel-like communication in the atrial septum present in 20% to 34% of the adult population. In most cases, it is
a benign finding and poses no health risk. However, some PFOs may provide a conduit for bloodborne materials, such as thrombi, vasoactive substances, or
air to pass into the systemic circulation causing a paradoxical embolus. PFOs have been linked with several clinical disease states including cryptogenic
stroke, migraine headache, platypnea-orthodeoxia, and decompression illness. Percutaneous PFO closure provides a practical solution to the problem of
PFO in carefully selected populations. Recent randomized control trials have demonstrated that PFO closure in patients with cryptogenic stroke is associated
with reduced rates of recurrent stroke compared with medical therapy. This translated into a dramatic increase in the number of PFO closure procedures
worldwide, primarily for the indication of cryptogenic stroke, with high procedural success and low complication rates. However, there are no randomized
clinical trials available to support PFO closure in other clinical conditions. This article reviews potential indications, existing data, and management ap-

proaches for PFO closure in disorders other than cryptogenic stroke.

Introduction

The foramen ovale is an obligatory channel between the atria that
allows placental oxygenated blood to reach the arterial circulation
during the embryonic period. When there is incomplete postnatal
fusion of the septum primum and secundum, a patent foramen ovale
(PFO) is formed, which occurs in about a quarter of the adult popu-
lation.” For the majority of people, a PFO will remain undetected or
appear only as an incidental finding during cardiac investigation.
However, some PFOs may result in either transient or continuous
right-to-left shunt (RLS) that can potentially provide a conduit for
bloodborne materials, such as thrombi, vasoactive substances (eg,
serotonin, prostaglandins, or nitric oxide), or nitrogen bubbles to pass
into the systemic circulation. The morphology of PFO tends to be
variable and certain anatomic features such as large defects (>6.5 mm
by transesophageal echocardiogram [TEE]), persistent RLS at rest, and
presence of atrial septal aneurysm or prominent Eustachian valve have
been associated with a greater risk of paradoxical embolism.? The
presence of PFO has been associated with a range of clinical disease
states such as stroke, migraine headache, platypnea-orthodeoxia, and
decompression illness (DCI). With the advent of transcatheter

therapies, PFO device closure emerged as a practical solution to the
problem of PFO-mediated illness. Recent randomized control trials
(RCTs) have demonstrated that PFO closure in patients with crypto-
genic stroke is associated with reduced rates of recurrent stroke in
carefully selected populations.® This translated into a dramatic in-
crease in the number of PFO closure procedures performed world-
wide, primarily for cryptogenic stroke indication, with high procedural
success and low complication rates." However, the outcome of PFO
closure in clinical conditions other than stroke, such as migraine,
decompression sickness (DCS), and desaturation syndromes, remains
largely unknown as many of these clinical scenarios do not lend
themselves to RCT design due to the small number of patients and
events. Given the lack of RCT data on PFO closure in nonstroke in-
dications, prior guidelines from societies were limited to PFO closure
for stroke indication focusing on the RCT data. Recently, the Society
for Cardiovascular Angiography & Interventions (SCAI) expanded on
these guidelines and shed some light into PFO closure in these clinical
scenarios, including migraine, DCS, and desaturation syndromes.’
The discussion of these clinical syndromes that follows will attempt to
characterize our understanding of these conditions and guide sensible
management decisions.

Abbreviations: DCI, decompression illness; DCS, decompression sickness; IAS, interatrial septum; MH, migraine headache; PFO, patent foramen ovale; POS, platypnea-ortho-

deoxia syndrome; RLS, right-to-left shunt.

Keywords: decompression; illness; liver transplantation; migraines with aura; patent foramen ovale closure; platypnea-orthodeoxia syndrome.
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PFO and migraines
Introduction

Migraine headaches (MH) are a common disorder that affects about
6% of men and 18% of women with a high disability rate and heavy
disease burden.” The connection between strokes in young patients
and the presence of an intracardiac RLS was well characterized by the
1990s. Ischemic strokes were also found to have an association with MH
and were considered a risk factor for strokes. In 1998, Del Sette et al
studied the relationship between RLS and migraines using transcranial
Doppler in 44 patients with migraines with aura, 73 young patients with
ischemic strokes, and 50 controls. They found a statistically significant
difference in the presence of RLS in these groups compared with con-
trol. Forty-one percent of patients with migraines with aura showed
evidence of an RLS whereas only 16% of controls showed evidence of
an RLS.®> Further evidence of this association was suggested in a
retrospective study of 37 patients who underwent transcatheter
interatrial shunt closure for nonmigraine-related reasons. Post-
procedural interviews showed that 18/21 of the patients with a history
of migraines reported either complete resolution of migraines (10) or
improvement in migraines (8), with only 3 patients reporting no changes
in symptoms.® This prompted further investigation of this connection
and the possibility of adding PFO closure as a treatment for refractory
migraines.

Pathophysiology

A major limitation of any study regarding MH is the heterogeneity
in the causative mechanisms of migraines. The diagnosis of MH with or
without aura describes a constellation of symptoms rather than a focal
cause. MH may have multiple etiologic mechanisms making a single
treatment approach difficult. One prominent theory is that migraines
are due to triggering of the nociceptive receptors of the meninges
and their blood vessels. This conducts down multiple interconnected
neuronal pathways, the largest of which is the trigeminal neuro-
vascular system resulting in MH with aura. One potential explanation
of the association of MH with PFO is that an RLS allows for vasoactive
substances (eg, serotonin, prostaglandins, and nitric oxide) to bypass
degradation in the pulmonary capillaries and enter the cerebral cir-
culation to trigger this nociceptive pathway. Other theories include

the shunting of microemboli such as platelet aggregates, which
disrupt cerebral circulation and autoregulation. Additionally, the
presence of an RLS has also been thought to cause lower cerebral
blood flow and trigger MH.” More recently, it has been shown that
patients with PFO and MH have higher levels of oxidative stress that
triggers both serotonin and tissue factor pathways leading to higher
levels of thrombin generation and higher risk of microemboli.
Importantly, it has been shown that this upregulation is potentially
reversible with PFO closure.®

Evidence

There have been 3 RCTs to investigate the potential effects of
PFO closure in patients with MH (Table 1). The Migraine Interven-
tion With STARFlex Technology (MIST) trial (2007) was the first RCT
of PFO closure for refractory MH. This double-blinded study
compared transcatheter PFO closure with a STARFlex device (NMT
Medical) to a sham procedure.” The results are controversial with
limited generalizability, and the STARFlex device is no longer
manufactured.'©

The PRIMA trial (2016) was an RCT that included 107 patients with
chronic MH with aura who had failed at least 2 medications and were
found to have a PFO. Patients were randomized to the closure (53 pa-
tients, Amplatzer PFO Occluder [St. Jude Mediical]) or control (54 pa-
tients, no sham procedure) group. A “responder” was defined as a
patient with >50% reduction in migraine days. The study showed no
statistically significant change in the primary end point of monthly
migraine days but did show that PFO closure patients were more often
“responders” (38% vs 15%; P = .02). Further subgroup analysis of mi-
graines with aura showed fewer migraine days (—2.4 vs —0.6; P =.01),
fewer attacks (—2.0 vs —0.5; P =.01), and more complete resolution of
migraines with aura (40% vs 10%; P = .004)."

The Premium Trial-Prospective, Randomized, Investigation to
Evaluate Incidence of Headache Reduction in Subjects with
Migraine and PFO comparing Using the AMPLATZER PFO Occluder
to Medical Management (PREMIUM) trial (2017) was the largest and
most rigorous RCT on this subject. It included 220 patients with MH
who had failed at least 3 different medications and had either grade
4 or 5 RLS on transcranial Doppler (>100 bubbles/min). All patients
were then pretreated with aspirin 325 mg and clopidogrel 600 mg,
sedated, and underwent the initial steps of a closure procedure

Table 1. Summary of major randomized control trials on PFO closure for migraines.

Treatment/control
group (total patients)  used

Notable inclusion
criteria

Trial (Reference, year)

Closure device(s)

Control method Notable outcomes Comments

PRIMA (Mattle et al,'’
2016)

PREMIUM (Tobis et al,?

2017)

Pooled analysis (Mojadidi

etal,’® 2021)

Chronic migraines
sometimes with aura,
failed at least 2
classes of
medications

Chronic migraines
sometimes with aura,
failed at least 3
classes of
medications

PRIMA (2016) and
PREMIUM (2017)
trials

53/54 (107)

123/107 (220)

176/161 (337)

Amplatzer PFO
Occluder

Amplatzer PFO
Occluder

Amplatzer PFO
Occluder

Aspirin/clopidogrel

Sham procedure
(complete procedure
including placement
of guide wire in left
atrium without PFO
closure)

See above

No statistical
differences in
monthly migraine
days (with and
without aura).
Closure patients
were more often
“responders”
Closure group with
more reduction in
migraine days and
complete cessation
of attacks

Reduction in monthly
migraine days,
attacks, and
complete cessation

Subgroup analysis:
significantly fewer
attacks and days of
migraines specifically
with aura

Large number of
“responders” in both
groups, subgroup
analysis: higher
responder rate of
migraines with aura
Subgroup analysis:
statistical reduction
was driven by a
decrease in
migraines with
frequent aura

PFO, patent foramen ovale.
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including femoral venous access and the probing of the interatrial
septum (IAS) with a J-tipped guide wire. Only those patients in
whom a PFO was proven by the presence of the guide wire in the
left atrium and confirmed on intracardiac echo were then random-
ized to closure (123 patients, Amplatzer PFO Occluder) or control
(107 patients, procedure concluded without intervention). The pri-
mary efficacy end point was the “responder rate” which was defined
equivalently to the Percutaneous Closure of Patent Foramen Ovale
in Migraine with Aura (PRIMA) trial as a patient with >50% reduction
in migraine attacks. A large number of patients in both groups were
characterized as “responders” (38.5% vs 32%; P = .32) without
statistical differences between the groups. However, the PFO
closure group had a significantly larger reduction in number of
migraine days (—=3.4 vs —2.0; P = .03) and complete cessation of
migraine attacks (8.5% vs 1.0%; P =.01). Further subgroup analysis
of migraines with frequent aura vs the control group showed a
significantly higher responder rate (49% vs 23%; P = —015) and
complete cessation of attacks (15.4% vs 2.5%; P = .04)."2

Importantly, although all RCTs did not meet statistical significance
with respect to their primary efficacy end points, the secondary analysis
of migraines with aura suggests a strong signal with PFO closure. A
pooled analysis of patient level data from the PRIMA and PREMIUM
trials revealed interesting observations. This larger dataset (337 total
patients: 176 closure, 161 control) demonstrated decreased monthly
migraine days (—3.1 vs —1.9; P =.02), decreased number of attacks
(—=2.0vs —1.4; P=.01), and higher rates of complete migraine cessation
(9% vs 0.7%; P < .001). Further subgroup comparisons between sub-
groups with frequent aura (>50% attacks with aura), infrequent aura,
and without aura showed that this statistical reduction was driven by
those with frequent aura receiving closure.'®

The platelet aggregation pathway for MH was initially evaluated
in a small cohort prospective analysis in 2005. In patients who
experienced postprocedural migraines after PFO closure for
nonmigraine-related reasons, the addition of clopidogrel to aspirin
was effective in reducing migraine symptoms.14 A subsequent study
by Sommer et al'® in 2018 analyzed data from 136 patients from a
single physician’s office with migraines (with and without aura) and a
PFO. Patients were treated with clopidogrel 75 mg daily without
aspirin. A total of 80 patients had improvement of >50% reduction
in migraines and were considered “responders” to clopidogrel. Of
the remaining 56 patients, 45 consented to platelet reactivity
testing and 19 were found to have inadequately inhibited platelets.
These patients were switched to prasugrel with another 10 patients
then classified as responders. All the responders were offered PFO
closure. Fifty-six patients underwent PFO closure with either the
GORE HELEX Septal Occluder (W.L. Gore & Associates) or GORE
CARDIOFORM Septal Occluder (W.L. Gore & Associates). Of the
PFO closure patients, 94% had persistent symptomatic improve-
ment after 3 months when antiplatelet therapy was discontinued.'
A similar study using ticagrelor yielded similar positive results.’® The
RELIEF trial is an RCT currently undergoing enrollment for P2Y12
inhibitor migraine responsiveness patients with a PFO and
randomizing them to PFO closure using GORE Cardioform Septal
Occluder or sham procedure."’

Conclusion

PFO closure as a treatment for refractory MH remains a promising
idea but is not ready for widespread adoption because of a lack of RCT
data demonstrating its benefit. The FDA will generally not adjudicate
the efficacy of a procedure based solely on a meta-analysis. In-
vestigations into the effectiveness of PFO closure have largely yielded
positive results in subgroup analyses, while primary outcomes in these
few studies show no benefit. Studies are limited by the multifactorial

causes of migraines and the heterogeneity of clinical presentations. Use
of PFO closure as a treatment for migraines appears to be most
promising in patients with frequent aura or those who are responsive to
P2Y12 inhibitors. Ongoing clinical trials hope to identify particular pa-
tient subsets with MH who might benefit from PFO closure. Both the
2022 Guidelines from SCAI (conditional recommendation, moderate
certainty of evidence) and the 2021 Guidelines from the European
Society of Cardiology (ESC) (conditional recommendation) recommend
against the routine use of PFO closure as a treatment for migraines but
remark that it may be considered in compassionate use cases for re-
fractory debilitating migraine treatment. '8

PFO closure for systemic conditions (platypnea-orthodeoxia
syndrome and other conditions)

Platypnea-orthodeoxia syndrome

Introduction. Platypnea-orthodeoxia syndrome (POS) is a rare condi-
tion in which patients are dyspneic and hypoxic in an upright position
but experience relief with supine positioning. Described predominantly
by case reports and case series, the condition is typically attributed to
an intracardiac RLS. However, given the scarcity of data on this condi-
tion, there is no robust clinical trial data to support a standardized
approach to diagnosis, prevention, or treatment. For more than 20
years, treatment has focused on management of intracardiac shunts.
With the growth of transcatheter-based procedures, closure of these
shunts has yielded promising results.

Furthermore, certain changes in a patient's physiologic state
throughout their life can precipitate a symptomatic RLS. Many patients
warrant consideration of PFO closure despite the lack of randomized
control data to support their specific diagnosis.

Pathophysiology. There are 2 main mechanisms theorized for POS.
The first involves transient increases in venous return/pressures that
may increase the interatrial pressure gradient and enhance an RLS. This,
however, does not adequately explain the positional nature of the
condition. The second mechanism suggests a positional anatomic
distortion of the PFO that increases blood flow across the IAS in the
upright position. The multiple subtypes of each anatomic subcategory
have case reports to support their inclusion in this characterization.
However, owing to the heterogeneity of the underlying mechanisms,
there is no consensus on the causative mechanism for this condition.'’

POS is sometimes noted during failed attempts to wean patients
from mechanical ventilation. Coughing, sneezing, Valsalva maneu-
vers, and mechanical ventilation can alter venous return and right
atrial pressures to cause an RLS across the IAS and lead to hypoxemia.
Furthermore, respiratory failure and hypoxemia can alter pulmonary
resistance and lead to increased right heart pressure. Diagnosis of this
mechanism is often difficult due to the transient nature of the RLS but
can sometimes be visualized on echocardiogram during these periods
of time. However, pressure gradients by themselves do not
adequately describe this condition.’”?% Interestingly, pulmonary
pressures in most patients with POS are either normal or minimally
elevated. Careful attention must be given to the location of the shunt
in these patients as a similar aggregate of symptoms may be present
in patients with only intrapulmonary shunts leading to the diagnosis of
hepatopulmonary syndrome that would not benefit from atrial septal
interventions.

Positional anatomic distortion of the IAS and surrounding anatomic
structures offers an explanation for the positional differences in this
condition. A 2014 study on the effects of varying fraction of inspired
oxygen (FiOy) and patient positioning on PFO recruitment and shunting
showed that at hypoxic levels of FiOy, supine positioning led to
increased PFO recruitment and shunting. This was thought to be due to
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Table 2. Summary of largest retrospective studies on PFO closure for platypnea-orthodeoxia syndrome (POS).

Reference, year Data source Total patients

Major causative mechanisms

Notable outcomes Comments

Guérin et al,>! 2005 Nine French centers 76 Pneumonectomy (46%),
(1993-2001) ascending aortic aneurysm
(14%)
Mojadidi et al,* UCLA (2001-2012) 17 Underlying lung pathology

2015 (59%), advanced treatment for
pulmonary hypertension

(24%)
Shah et al,”® 2016 Toronto General 52
Hospital (1997-2015)
Castro et al,?? 2022 CHUPorto (Portugal) 14

(2010-2020)

Pneumonectomy (19%), aortic
dilation (15%), mixed
pulmonary pathology (14%)
Atrial septal aneurysm (71%),
aortic enlargement (57%)

Complete resolution of hypoxia in
78% of patients

Only patients with a history of
underlying lung pathology had
persistent hypoxia

24% of patients had residual mild-
moderate RLS after closure

65% of patients had either
improvement or complete
resolution of hypoxia

23% of patients were closed with a
non-PFO closure device for

All patients had resolution of
hypoxia

various anatomic reasons

Larger portion of patients with a
history of stroke (43%)

All patients had improvement in
dyspnea, and only 1 patient had
persistent nocturnal hypoxia due
to obstructive sleep apnea

PFO, patent foramen ovale; RLS, right-to-left shunt.

increased pulmonary pressures. However, at normoxic levels of FiO,
upright positioning led to the highest frequency of PFO recruitment. It
was suspected that upright positioning stretched the atrial septum and
positioned the inferior vena cava in such a way that venous return was
preferentially directed toward the atrial septum. This increase in PFO
recruitment was independent of right atrial pressures as well.?' Further
subsets of anatomic variations that have previously been shown to
contribute to POS include a prominent eustachian valve/Chiari network
that diverts blood to the superior septum,? dilated aortic root or
ascending aortic aneurysm that alters the position of the IAS,>>%*
vertebral changes including severe kyphosis,25 diaphragmatic paraly-
sis, 2 mediastinal shift from thoracic changes including after pneumo-
nectomy,?’ or severe tricuspid regurgitation with jet directed toward
1AS.2%27 Further evidence suggests that anatomic and pressure differ-
ences may only explain a component of the shunting. The specific
pattern of vortical blood flow in the right and left atria contributes to not
only the likelihood of shunting but also the overall maintenance of PFO
|oatency.30 POS is likely a heterogeneous disorder caused by any of the
aforementioned abnormalities. "%

Evidence. Clinical data on management of POS with shunt closure
largely come from case series. These observational studies retrospec-
tively describe the treatment course and outcomes of a small subset of
patients over time (Table 2). Due to the infrequent nature of this dis-
order, it is unlikely that a prospective RCT could ever be accomplished.

The largest case series of percutaneous closure of PFO with RLS for
POS consisted of 78 patients from multiple different centers in a French
registry from 1993 to 2001. The most common causative mechanisms
were recent pneumonectomy (46%) and ascending aortic aneurysm
(14%). All patients experienced documented hypoxemia with upright
positioning (oxygen saturation [SpO,] dropping from 84.5% (supine) to
>79.9% [upright]). Seventy-six patients underwent PFO closure (5
different devices used), and a total of 65 patients completed follow-up.
After closure, baseline supine SpO; increased to 95.1% with upright
cyanosis now only present in 24% of patients, all of whom had under-
lying lung pathology. Furthermore, dyspnea severity grade decreased
significantly after closure (2.7 to >1.0).%'

A similar retrospective single-center study of patients treated from
1997 to 2015 found 52 patients in whom PFO closure was performed
for POS. Prior to closure, average supine SpO3 was 93% and worsened
to 81% with upright positioning despite 19 patients being on oxygen at
the time of measurements. Pneumonectomy was the most common
causative finding (19.2%), followed by aortic dilation (15.4%), and mixed
pulmonary pathologies (13.5%). Of the patients, 38.5% had no specific
causative mechanism identified. TEE confirmed an RLS by either color
or agitated saline injection in all patients. Of the patients, 65.9% had an
atrial septal aneurysm and about one-quarter of patients were noted to

have prominent eustachian valve/Chiari network. Preprocedural right
heart catheterization showed normal right heart and pulmonary pres-
sures in all patients, and closure was performed with 5 different devices.
Immediately after closure, upright SpO, improved to 95.1% on room air
on average for all patients. On follow-up, all patients remained
asymptomatic without postural changes affecting SpO,.%°

Two smaller case series have also been published. The first reported
14 patients at a single Portuguese center diagnosed with POS and a
PFO between 2010 and 2020. Unlike the prior studies, many of the
patients had concurrent strokes (42.8%). All patients had RLS noted on
TTE. Aortic root enlargement/ascending aortic aneurysm was found in
57.1% of patients, and an atrial septal aneurysm was present in 71% of
patients. Three different closure devices were used. All patients expe-
rienced improvement in dyspnea with upright SpO, improving from
91.5% to >95.1% and resolution of need for supplemental oxygen in all
but 1 patient.'”

Mojadidi et al®? reported 17 patients between 2001 and 2012
diagnosed with POS and a PFO with RLS in whom follow-up was
available. Unlike other studies, 58.8% of patients had significant un-
derlying lung pathologies including chronic obstructive pulmonary
disease and pulmonary hypertension with 4 patients on bosentan or
sildenafil, and 23.5% of patients had diaphragmatic paralysis. Of note,
after PFO closure, 23.5% had mild-moderate residual RLS on imaging.
After closure, 64.7% of patients had either resolution of symptoms
(34.5%) or an improvement in symptoms and oxygen requirements
(29.4%). Surprisingly, there were no differences in pulmonary function
testing between the responders and nonresponders. However, of the 4
patients on either bosentan or sildenafil for pulmonary hypertension,
only 1 experienced complete resolution of symptoms while the
remaining 3 had no change in symptoms.*” Overall, this study had a
population with significantly more pulmonary comorbidities and did not
have as many causative anatomic findings for POS.

Conclusion. POS is rare, and management is unclear given the het-
erogeneity of causative mechanisms and the lack of specific diagnostic
criteria. However, in patients with POS, a PFO with RLS is commonly
found. Other frequently found possibly causative anatomic findings
include pneumonectomy/mediastinal shift, aortic root/ascending aortic
enlargement, or atrial septal aneurysm. Although the data are limited, in
the absence of significant pulmonary pathologies and the presence of
normal pulmonary pressures, percutaneous transcatheter PFO closure
appears to be an effective treatment method. The 2021 ESC guidelines
(strong recommendation, level of evidence: C) and 2022 SCAI guide-
lines (conditional recommendation, very low certainty of evidence)
support PFO closure in this patient population.®'® In patients with
concurrent pulmonary pathologies such as chronic obstructive pulmo-
nary disease or pulmonary hypertension, the data are even more
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limited, and no clear recommendation can be made. Focus should be
placed on atrial septal anatomy in these patients given the high prev-
alence of anatomic variants such as atrial septal aneurysms which can
complicate transcatheter closure.*

Hypoxemia due to RLS

Patients with a PFO and arterial desaturation syndromes may not
meet all the criteria for POS but, nonetheless, have a mechanistically
similar condition that causes intermittent shunting of deoxygenated
blood across the IAS. Although large trials do not exist to support PFO
closure in these cases, there have been numerous instances in which it
has been performed successfully including but not limited to the
following:

1. Carcinoid heart disease causing eccentric severe tricuspid regurgi-
tation has been seen to cause significant RLS and hypoxemia that
can be treated with PFO closure.>*3°

2. Traumatic tricuspid valve chordal rupture causing severe regurgita-
tion and shunt across a PFO was treated with PFO closure with
resolution of the cyanosis.*®

3. Exertional hypoxemia with a large Chiari network and large RLS has
been successfully treated with PFO closure.®’

4. Refractory hypoxemia and cardiogenic shock after an inferior ST
elevation myocardial infarction with an right ventricular infarct and
large PFO had significant improvement with PFO closure 8

The 2021 ESC guidelines give a conditional recommendation (Level
of evidence: C) for PFO closure when it has been shown to “unequiv-
ocally and critically contribute to the arterial desaturation and
symptoms."18

Cryptogenic nonstroke systemic circulation thromboembolism

The etiology of systemic circulation thromboembolism conditions
including limb ischemia, organ infarct, and type 2 myocardial infarction
is often unclear. In the presence of a PFO with the absence of atrial
fibrillation, a left ventricular thrombus, or another clear etiology, the
condition is often attributed to an RLS through the PFO. There have
been no RCTs and no large observational trials regarding management
of a PFO in these conditions. The 2019 ESC guidelines combined the
recommendations for stroke with the recommendations for other sys-
temic thromboemboli due to similar pathophysiologic mechanisms.>”
However, they predominantly rely on data from stroke management
including use of the Risk of Paradoxical Embolism score (RoPE score)
which has only been validated with stroke as the associated condition.*°
The 2022 SCAI recommendations more specifically address systemic
thromboembolism without a history of PFO-associated stroke by giving
a conditional recommendation supporting PFO closure (very low cer-
tainty of evidence).®

There have been some suggestions that obstructive sleep apnea has
a higher incidence rate of PFO and that episodes may lead to transient
hemodynamic shifts that can facilitate RLS, hypoxemic episodes, and
left circulation thromboembolic disease including strokes. Although,
large studies are lacking in this area, PFO closure has been used in this
area to mixed results.*"™*/

PFO closure for DCS
Introduction

Decompression illness describes the multiple different detrimental
effects due to rapid depressurization most commonly during Self-

Contained Underwater Breathing Apparatus diving (SCUBA). It can
be split into 2 main entities, DCS and arterial gas embolism (AGE).
DCS involves the release of gas dissolved into blood, joints, and
various tissues creating tiny bubbles leading to tissue-specific injuries.
AGE describes the process in which these released gas bubbles
become venous gas emboli (VGE) and are shunted by various pro-
cesses to the arterial circulation to cause a variety of deleterious ef-
fects. DCI was first described in miners and tunnel workers as “the
bends” but has since been more commonly associated with divers,
high-altitude aviators, and astronauts.'®“® With the rapid growth of
SCUBA diving, there has been a search for methods for the primary
and secondary prevention of DCI. A variety of denitrogenation,
depressurization, and repressurization protocols have been estab-
lished to help mitigate this risk.*” Given the pathophysiologic impli-
cations of an AGE, closure of PFO has been a focus of much of this
investigation and treatment, with the prevalence of a PFO in divers
with a history of DCI being reported as high as 97%.°

Pathophysiology

Humans have evolved to function at normal atmospheric pressure (1
atm, 760 mm Hg). However, in modern times, hyperbaric and relatively
hyperbaric conditions are widely prevalent including underwater rec-
reational and construction activities, tunnel/mining activities especially
when fed by an air compressor, high-altitude aircraft, or during extra-
vehicular maneuvers in space flight. DCS is common in these fields, with
75% of military high-altitude U-2 pilots experiencing DCS at some point
during their careers.*®

The law of partial pressures describes that when transitioning to a
relatively low-pressure environment, a portion of dissolved gases
will exit the solution and turn into microscopic or macroscopic
bubbles. These bubbles can then cause local trauma including joint
disruption, pulmonary barotrauma, nerve/central nervous system
damage, and skin damage (cutis marmorata). This condition can
even progress to shock, circulatory collapse, or death. There are 3
categorizations of DCS. Type 1 involves pain in the muscles and
joints with localized paresthesia. Type 2 involves systemic effects
including central nervous system impairment (impaired conscious-
ness, vestibular symptoms, paralysis), cardiopulmonary effects,
shock, and death. The third type is cutis marmorata which is a bruise-
like reticular pattern on the skin that can be extremely painful and
may indicate severe underlying damage. Typically, VGE are filtered
by the lungs, and in the absence of a large burden of venous gas, the
body compensates without significant ill effects. However, in pa-
tients with RLS, the systemic effects can be more onerous, especially
considering the high prevalence of PFO in the general population
(~25% of the general population).wg'sw'52 NASA has developed
methods of prevention of DCl including protocoled denitrogenation
of astronauts prior to extravehicular activities and operating their
extravehicular suits at specific hypobaric pressures to limit the
pressure differential. The goal of this process is to eliminate VGE,
which has a 98% negative predictive value for the subsequent
development of DCS.%'*? As an alternative to these denitrogenation
protocols, which are not broadly available, percutaneous PFO
closure has been proposed as a way of lowering the risk of DCI,
especially in secondary prevention.

There are 2 important points to note regarding DCS. First, DCl is
largely a clinical diagnosis defined by a history of recent high-risk ac-
tivity and multiple clinical factors. There are no specific, widely
accepted diagnostic criteria for this disorder. This fact complicates any
study focused on treatment modalities for DCI. Furthermore, PFO
closure is theorized to specifically prevent AGE that are most commonly
responsible for type 2 systemic effects. As a result, PFO closure may not
prevent all types of DCI.
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Table 3. Summary of limited studies on PFO closure for decompression illness and sickness. (DCI/DCS).

Reference, year Data source Total patients

Subgroups

Notable outcomes Comments

Not closed, no history

Honék et al,>* Single center, 183 47 with grade 3 PFO
2014 consecutive divers DCS: 20
(2006-2013)
DCS: 13
of DCS: 14
DIVE-PFO,* Single center, 829 702 available for analysis
2022 consecutive divers PFO: 55
(2006-2018) Not closed,

conservative diving:
-grade 3 PFO: 98
-grade 1/2 PFO: 128
Unrestricted dive
profile, No PFO
controls: 421

PFO closed, history of

Not closed, history of

PFO closed, grade 3

Two dive protocols followed The study showed that PFO closure
(A/B) prevents AGE, but did not examine the
(Closure dive A/B vs Control subsequent development of DCS rates
dive A/B)

Similar rates of VGE:
80%/100% vs 74%/88%,
P=1.0/1.0

Lower rates of AGE:

0%/0% vs 32%/88%, P = .02/
<.01

Rates of DCS per 1000 dives
(Before vs >After
intervention)

(Mean follow-up 6.5 y)
Conservative dive profile:
-grade 3 PFO: 5.23 vs >0.75,
P < .0001

-grade 1/2 PFO: 1.76 vs
>0.28, P = .0005

PFO Closure with grade 3
PFO:

4.13 vs >0.00, P < .0001

The presence of PFO was found to be a
major risk factor for DCS

Conservative dive profiles effectively
lower rates of DCS

PFO closure may be able to drastically
lower the risk of DCS

AGE, arterial gas emboli; PFO, patent foramen ovale; VGE, venous gas emboli.

Evidence

Studies have previously shown that simulated depressurization
events lead to the appearance of arterial gas.>® For decades, physicians
have been performing transcatheter closure of PFO as a treatment for
secondary prevention of DCI given the intuitive logic of this treatment in
such patients. However, published data on PFO closure for DCI largely
consists of small case series, most of which lack an adequate control
group.49 A meta-analysis of small studies demonstrated that there is an
odds ratio of 5.63 for DCS in the presence of an RLS."® However, pro-
spective RCT data are lacking (Table 3).

Asmall 2014 study looked at the presence of venous and arterial gas
emboli in 47 grade 3 PFO patients (shunted bubbles which were too
numerous to count) undergoing simulated dives in a hyperbaric
chamber. Twenty patients with a history of DCS underwent PFO closure
with either Amplatzer Septal Occluder or Occlutech Figulla PFO
Occluder N (Occlutech International AB). Twenty-seven grade 3 PFO
patients were used as controls of which 13 had a history of DCS. They
followed 2 different diving protocols and measured the presence of
VGE and AGE using TTE and transcranial doppler. Venous bubbles were
widely present at similar rates between the closure group and the
control group in the 2 dives (80%/100% vs 74%/88%; P = 1.0/1.0)
indicating predictable production of VGE with dives. However, arterial
bubbles were completely absent in the closure group compared with
the control group in both dives (0%/0% vs 32%/88%; P = .02/<.01).
Fewer symptoms of DCS were present in the closure group, although
this difference did not reach significance (0% vs 25%; P = 49).>* This
study provided direct evidence that not only does decompression
cause venous and arterial gas emboli, but that AGE are preventable
with PFO closure. However, it did not provide direct evidence that
closure prevents DCS.

The DIVE-PFO registry is the largest prospective nonrandomized
study of PFO for the prevention of DCI. The registry screened 829
divers for the presence of an RLS. One hundred fifty-three patients
were found to have a grade 3 PFO and considered a high-grade
shunt whereas 128 patients were found to have a grade 1 or 2
shunt (low-grade). Patients with a high-grade shunt were offered PFO
closure of which 55 underwent closure (either Amplatzer Septal
Occluder or Occlutech Figulla PFO Occluder N). The remaining pa-
tients (98 with high-grade RLS and 128 with low-grade RLS) were

managed with a conservative diving profile that limits ascent rates,
maximum depth, dive time, and number of dives per day. Conser-
vative diving profiles have been previously shown to lower VGE for-
mation.”>> Mean follow-up was 6.5 years. Groups were compared
with 421 control patients without an RLS using an unrestricted dive
profile. The results showed that a conservative diving profile effec-
tively lowered but did not eliminate the incidence rate (per 1000
dives) of DCS in low-grade (1.76 vs >0.28, P =.0005) and high-grade
(5.23 vs >0.75, P <.0001) RLS patients. No DCS events occurred after
PFO closure (4.13 vs >0.00, P <.0001).%° This is the largest study to
date that provides evidence that a conservative diving profile can
lower the incidence rate of DCS and PFO closure may be able to
eliminate that risk.

Conclusion

DCl and arterial gas emboli are characterized by both local and sys-
temic effects. Type 2 DCS can lead to profound cardiopulmonary
collapse and even death. Despite the rarity of circumstances that would
expose a typical patient to a risk of decompression, certain high-risk
occupations and recreational activities can carry a high lifetime risk of
DCI. As in most disease processes, prevention is paramount including
activity avoidance, the use of conservative dive profiles, prebreathing
high concentrations of oxygen, and denitrogenation. Some studies also
suggest that lifestyle and behavioral changes such as smoking/alcohol
cessation, weight loss, and adequate hydration can also mitigate risk. '8
There is not enough data to recommend primary screening for PFO in all
patients undergoing high-risk activities such as diving or high-altitude
flights. However, the limited data does suggest that PFO closure may
be a reasonable option for secondary prevention of DCI in patients who
wish to continue high-risk activities. The 2022 SCAI guidelines give a
conditional recommendation (very low certainty of evidence) against
routine closure for DCI due to the lack of randomized data and the po-
tential benefits of nonclosure-related changes as discussed above.® The
2021 ESC guidelines however do note that in patients who cannot real-
istically perform or are unwilling to perform low-risk dive maneuvers, PFO
closure may be proposed, and unrestricted diving should not be resumed
until the PFO has been sealed (strength of statement: strong, level of
evidence: C).18
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Table 4. Summary of largest retrospective studies on outcomes of liver transplantation with a PFO. All trials used a control cohort for comparison.

Reference, year Data source PFO patients/ PFO Notable outcomes Comments
Total patients prevalence in
the cohort
Alba et al Toronto General 271736 3.7% No significant differences in stroke, 30-day Lower than expected PFO prevalence,
2011 Hospital (2000-2008) mortality, days of mechanical ventilation, only 1 stroke occurred (hemorrhagic/
dialysis, delirium, or APACHE I scores nonembolic)
Werlang et al,*® Mayo Clinic (Florida) 97/935 10.4% No significant differences in stroke, length of ~ Surgeons used “piggyback” technique to
2016 (2008-2013) ICU stay, days of mechanical ventilation, lower the risks of embolism
postoperative oxygen requirements, and 30-
day mortality
Gertsvolf et al,®*  USC (2010-2016) 46/350 13.1% No significant differences in stroke, major Only 1 stroke occurred in a PFO patient
2018 adverse cardiovascular events, death, (hemorrhagic/nonembolic). 2/5 strokes in
myocardial infarction, congestive heart non-PFO patients were likely due to
failure, or arrhythmia embolism

PFO, patent foramen ovale.

Ala

Platypnea Orthodeoxia Chronic Migraines
Syndrome (POS)

Decompression lliness Prior to Liver
or Sickness (DCI / DCS) Transplantation

N
Platypnea Decompression
Chronic migraines Orthodeoxia illness or sickness Liver transplantation
Syndrome (POS) (DCI/DCS) ‘
J

DCI/DCS with high
POS without lung grade PFO when
pathology unable to avoid high
risk dives

PFO Closure Indicated

Consider PFO closure
under certain conditions

Asymptomatic PFO
prior to liver
transplanation

No data to support Chronic migraines Primary prevention of

PFO closure without aura

DCI/DCS

Central lllustration.
A summary of recommendations for patent foramen ovale (PFO) closure for nonstroke indications. PFO closure indicated (green); consider PFO closure under certain conditions

(yellow); no data to support PFO closure (red).
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PFO closure prior to liver transplantation
Introduction

Cardiovascular complications are the second highest cause of
nongraft-related death in the first year after liver transplantation.®’
Given the high prevalence of a PFO in the general population, a portion
of patients undergoing liver transplantation evaluation for end-stage
liver disease (ESLD) will be incidentally noted to have a PFO. During
liver transplantation, there are hemodynamic shifts that theoretically
increase the likelihood of a transient RLS in the presence of a PFO. This
in turn can conceptually increase the risk of a perioperative stroke.
Large studies on the subject have not been performed, but case reports
have demonstrated the possibility of these paradoxical emboli.*®>?
Only retrospective analyses have investigated the risks associated with
PFO prior to liver transplantation. As a result, when a PFO is discovered
in this patient population, the question is raised of pretransplant pre-
ventive closure to lower stroke risk.

Pathophysiology

End-stage liver disease patients have increased levels of periph-
eral nitric oxide. This leads to both splanchnic and peripheral vaso-
dilation which causes relative splanchnic hypervolemia and central
hypovolemia, which is the driving force behind the decreased sys-
temic vascular resistance and a hyperdynamic circulatory state in ESLD
patients. This hyperdynamic state causes increased pulmonary and
systemic blood flow. Liver transplantation requires clamping of the
hepatic vein. This process causes a significant drop in cardiac preload.
However, once the transplant has been secured and the hepatic vein is
allowed reperfusion, there subsequently is a marked increase in
venous return. In patients with a PFO, this drastic transition to a
hypervolemic right heart state is enough to cause an RLS, although
often transient.®’

Furthermore, during transplantation, there is a risk of air, debris, and
clot formation in this venous system which can potentially travel to the
heart. The sudden reperfusion of the right heart leads to a risk of pul-
monary embolism or, in the case of an RLS, systemic embolism and
stroke. Ellis et al published a case series of 16 patients who underwent
TEE at the time of liver transplantation and found evidence of transient
right heart congestion, 2 patients with paradoxical embolism, and 1
patient with a right atrial thrombus.®’

Evidence

There have been 3 relatively small retrospective analyses of
outcomes in liver transplant patients with a PFO (Table 4). Alba et al
retrospectively studied 736 liver transplant patients between 2000
and 2008 and found 27 to have a PFO (3.7%). When compared with
a control cohort from the same period, there were no significant
differences in outcomes with respect to stroke, 30-day mortality,
days of mechanical ventilation, dialysis, delirium, or Acute physi-
ology and Chronic Health Enquiry score Il (APACHE II) scores. The
only stroke in a PFO patient was a hemorrhagic nonembolic stroke.
No pulmonary emboli were noted in the study population. A sig-
nificant criticism of this study was the low prevalence of PFO in this
patient population compared with the general population.62

Werlang et al performed a similar retrospective analysis of 935 liver
transplant patients between 2008 and 2013 and found 97 to have a
PFO (10.4%). The prevalence of PFO in this study was higher than in the
Alba et al study but remained lower than in the general population.
When compared with a matched control group from the same period,
both groups had similar rates of stroke, length of ICU stay, days of
mechanical ventilation, postoperative oxygen requirements, and

30-day mortality. Of note, the surgeons in their program used a “pig-
gyback” technique for their liver transplantations which preserved the
native retrohepatic vena cava and theoretically lowered the risks of
embolism.®®

Gertsvolf et al published the most recent study of 350 liver
transplant patients between 2010 and 2016 of which 46 had a PFO
(13.1%). When compared with a non-PFO control cohort, there were
no significant differences in outcomes. A total of 6 in-hospital strokes
occurred, 1ina PFO patient and 5 in non-PFO patients. The stroke in
the PFO patient was a hemorrhagic nonembolic stroke and 2/5
strokes in non-PFO patients were likely due to embolism. Mortality
rates and other long-term clinical events were similar between the 2
groups.®*

Conclusion

The reperfusion phase of liver transplantation theoretically leads to a
risk of paradoxical embolism in patients with a PFO, given the rapid
change in right heart pressures and the likelihood of air and other debris
entering the right heart. Although case reports have shown this possi-
bility, the 3 largest retrospective studies on liver transplantation patients
with PFOs do not show any significant differences in outcomes espe-
cially strokes when compared with control patients without PFOs. These
studies, however, only comprise a combined 170 PFO patients with only
2 strokes noted in PFO patients, both of which were hemorrhagic and
nonembolic 6?44

Percutaneous PFO closure carries risks that are quite small in the
general population but are elevated in patients with coagulopathic
ESLD." Some authors suggest an algorithmic approach to PFO closure
prior to liver transplantation.””*® However, the literature does not
support routine closure of asymptomatic PFO prior to liver trans-
plantation. It is reasonable though to consider PFO closure in a patient
prior to liver transplantation if they have other indications for PFO
closure such as history of paradoxical embolism, cryptogenic stroke, or
POS. These findings are consistent with the available data on the risks
associated with an incidentally discovered PFO during and after lung
transplantation that have not shown clear benefit of intervention prior to
or during surgery.®®

Other considerations

The FDA has given approval to multiple devices for PFO closure
in the setting of cryptogenic stroke from presumed paradoxical
embolism.®¢®” However, the expansion of PFO closure to nonstroke
indications has not yet received FDA approval, and the pursuit of
closure in these circumstances should be considered off-label
(Central Illustration). Care must be taken to ensure the patient has
an adequate understanding of the risks, benefits, and complications
associated with PFO closure for these indications in addition to the
occasional difficulties associated with health insurance coverage of
the procedure.

Declaration of competing interest

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding sources

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.



A.P. Honasoge et al. / Journal of the Society for Cardiovascular Angiography & Interventions 2 (2023) 101135 9

Ethics statement and patient consent

The research discussed in this manuscript adhered to all relevant
ethical guidelines and patient consent was obtained whenever
necessary.

References

1. Krittanawong C, Yue B, Khawaja M, et al. Readmission in patients undergoing
percutaneous patent foramen ovale closure in the United States. Int J Cardiol.
2023;370:143-148. https://doi.org/10.1016/}.ijcard.2022.10.135

2. De Castro S, Cartoni D, Fiorelli M, et al. Morphological and functional characteristics
of patent foramen ovale and their embolic implications. Stroke. 2000;31(10):
2407-2413. https://doi.org/10.1161/01.STR.31.10.2407

3. Kavinsky CJ, Szerlip M, Goldsweig AM, et al. SCAI guidelines for the management
of patent foramen ovale. J Soc Cardiovasc Angiogr Interv. 2022;1(4):100039.
https://doi.org/10.1016/j.jscai.2022.100039

4. Ailani J, Burch RC, Robbins MS, Board of Directors of the American Headache
Society. The American Headache Society Consensus Statement: update on
integrating new migraine treatments into clinical practice. Headache. 2021;61(7):
1021-1039. https://doi.org/10.1111/head.14153

5. Del Sette M, Angeli S, Leandri M, et al. Migraine with aura and right-to-left shunt on
transcranial doppler: a case-control study. Cerebrovasc Dis. 1998;8(6):327-330.
https://doi.org/10.1159/000015875

6. Wilmshurst PT, Nightingale S, Walsh KP, Morrison WL. Effect on migraine of closure
of cardiac right-to-left shunts to prevent recurrence of decompression illness or
stroke or for haemodynamic reasons. Lancet. 2000;356(9242):1648-1651. https://
doi.org/10.1016/50140-6736(00)03160-3

7. Cao W, Shen Y, Zhong J, Chen Z, Wang N, Yang J. The patent foramen ovale and
migraine: associated mechanisms and perspectives from MRI evidence. Brain Sci.
2022;12(7):941. https://doi.org/10.3390/brainsci12070941

8. Trabattoni D, Brambilla M, Canzano P, et al. Migraine in patients undergoing PFO
closure: characterization of a platelet-associated pathophysiological mechanism:
the LEARNER study. JACC Basic Transl Sci. 2022;7(6):525-540. https://doi.org/
10.1016/j.jacbts.2022.02.002

9. Dowson A, Mullen MJ, Peatfield R, et al. Migraine Intervention With STARFlex
Technology (MIST) trial: a prospective, multicenter, double-blind, sham-controlled
trial to evaluate the effectiveness of patent foramen ovale closure with STARFlex
septal repair implant to resolve refractory migraine headache. Circulation. 2008;
117(11):1397-1404. https://doi.org/10.1161/CIRCULATIONAHA.107.727271

10. Gornall J. A very public break-up. BMJ. 2010;340:c110. https://doi.org/10.1136/
bmj.c110

11. Mattle HP, Evers S, Hildick-Smith D, et al. Percutaneous closure of patent foramen
ovale in migraine with aura, a randomized controlled trial. Eur Heart J. 2016;37(26):
2029-2036. https://doi.org/10.1093/eurheartj/ehw027

12. Tobis JM, Charles A, Silberstein SD, et al. Percutaneous closure of patent foramen
ovale in patients with migraine: the PREMIUM trial. J Am Coll Cardiol. 2017;70(22):
2766-2774. https://doi.org/10.1016/j.jacc.2017.09.1105

13. Mojadidi MK, Kumar P, Mahmoud AN, et al. Pooled analysis of PFO occluder device
trials in patients with PFO and migraine. J Am Coll Cardiol. 2021;77(6):667-676.
https://doi.org/10.1016/j.jacc.2020.11.068

14. Wilmshurst PT, Nightingale S, Walsh KP, Morrison WL. Clopidogrel reduces
migraine with aura after transcatheter closure of persistent foramen ovale and
atrial septal defects. Heart. 2005;91(9):1173-1175. https://doi.org/10.1136/
hrt.2004.047746

15. Sommer RJ, Nazif T, Privitera L, Robbins BT. Retrospective review of thienopyridine
therapy in migraineurs with patent foramen ovale. Neurology. 2018;91(22):
1002-1009. https://doi.org/10.1212/WNL.0000000000006572

16. Reisman AM, Robbins BT, Chou DE, et al. Ticagrelor for Refractory Migraine/patent
foramen ovale (TRACTOR): an open-label pilot study. Neurology. 2018;91(22):
1010-1017. https://doi.org/10.1212/WNL.0000000000006573

17. GORE® CARDIOFORM septal occluder migraine clinical study: A study to evaluate
the safety and efficacy of transcatheter closure of patent foramen ovale for relief of
migraine headaches. Clinicaltrials.gov identifier: NCT04100135. Accessed
November 9, 2022. https://clinicaltrials.gov/ct2/show/NCT04100135

18. Pristipino C, Germonpré P, Toni D, et al. European position paper on the
management of patients with patent foramen ovale. Part Il — decompression
sickness, migraine, arterial deoxygenation syndromes and select high-risk clinical
conditions.  Eur Heart J. 2021;42(16):1545-1553.  https://doi.org/10.1093/
eurheartj/ehaa1070

19. Gama E Castro A, Luz A, Oliveira F, et al. Platypnoea orthodeoxia syndrome and
patent foramen ovale closure: single-centre experience and long-term follow-up.
Heart Lung Circ. 2022;31(11):1547-1552. https://doi.org/10.1016/j.hlc.2022.
07.003

20. Shah AH, Osten M, Leventhal A, et al. Percutaneous intervention to treat
platypnea—orthodeoxia syndrome: the Toronto experience. J Am Coll Cardiol
Intv. 2016;9(18):1928-1938. https://doi.org/10.1016/}.jcin.2016.07.003

21. Moses KL, Beshish AG, Heinowski N, et al. Effect of body position and oxygen
tension on foramen ovale recruitment. Am J Physiol Regul Integr Comp Physiol.
2015;308(1):R28-R33. https://doi.org/10.1152/ajpregu.00263.2014

22. Cai Q, Ahmad M. Eustachian valve, interatrial shunt, and paradoxical embolism.
Echocardiography. 2020;37(6):939-944. https://doi.org/10.1111/echo.14682

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Medina A, de Lezo JS, Caballero E, Ortega JR. Platypnea-orthodeoxia due to aortic
elongation. Circulation. 2001;104(6), 741-741. https://doi.org/10.1161/hc3101.
093603

Agdamag AC, Gomez JM, Collado FM, Kavinsky C. Patent foramen ovale and
ascending aortic aneurysm causing the platypnea-orthodeoxia syndrome. Proc
(Bayl Univ. Med Cent). 2019;32(2):242-244. https://doi.org/10.1080/08998
280.2018.1559387

Teupe CHJ, Groenefeld GC. Platypnea-orthodeoxia due to osteoporosis and severe
kyphosis: a rare cause for dyspnea and hypoxemia. Heart Int. 2011;6(2):e13. https://
doi.org/10.4081/hi.2011.e13

Sakagianni K, Evrenoglou D, Mytas D, Vavuranakis M. Platypnea-orthodeoxia
syndrome related to right hemidiaphragmatic elevation and a “stretched” patent
foramen ovale. BMJ Case Rep. 2012;2012:bcr—2012. https://doi.org/10.1136/bcr-
2012-007735

Roos CM, Romijn KH, Braat MC, van Leeuwen AM. Posture-dependent dyspnea
and cyanosis after pneumonectomy. Eur J Respir Dis. 1981;62(6):377-382. https://
doi.org/10.1097/MAJ.0b013e31816740f9

Borgaonkar SP, Lam WW, Razavi M, Parekh DR. Platypnea-orthodeoxia syndrome
caused by an intracardiac shunt. Tex Heart Inst J. 2020;47(4):298-301. https://
doi.org/10.14503/THIJ-16-6094

Uchihashi M, Makino M, Kaimoto S, et al. Platypnea-orthodeoxia syndrome
associated with spontaneously ruptured chordae tendineae of tricuspid valve.
CASE  (Phila). 2020;4(2):90-92. https://doi.org/10.1016/j.case.2019.10.006.
Phila.

Parikh JD, Kakarla J, Keavney B, et al. 4D flow MRI assessment of right atrial flow
patterns in the normal heart — influence of caval vein arrangement and
implications for the patent foramen ovale. PLOS ONE. 2017;12(3):e0173046.
https://doi.org/10.1371/journal.pone.0173046

Guérin P, Lambert V, Godart F, et al. Transcatheter closure of patent foramen ovale
in patients with platypnea-orthodeoxia: results of a multicentric French registry.
Cardiovasc Intervent Radiol. 2005;28(2):164-168. https://doi.org/10.1007/s00270-
004-0035-3

Mojadidi MK, Gevorgyan R, Noureddin N, Tobis JM. The effect of patent foramen
ovale closure in patients with platypnea-orthodeoxia syndrome. Catheter
Cardiovasc Interv. 2015;86(4):701-707. https://doi.org/10.1002/ccd.25953
Zavalloni D, Lisignoli V, Barbaro C, et al. Platypnoea-orthodeoxia syndrome
secondary to patent foramen ovale (PFO): a challenging subset for PFO
percutaneous closure. Heart Lung Circ. 2013;22(8):642-646. https://doi.org/
10.1016/}.hlc.2013.01.007

Alghamdi A, Malibari AA, Al-Husayni F, Jabri A, Albugami S. Relentless hypoxia in a
patient with carcinoid syndrome. Cureus. 2021;13(12):e20497. https://doi.org/
10.7759/cureus.20497

Hammersley D, Shamsi A, Zaman MM, Berry P, Sturridge L. An unusual cause of
hypoxia: getting to the heart of the matter. Echo Res Pract. 2017;5(1):K7-K11.
https://doi.org/10.1530/ERP-17-0055

Teng P, Zhao H, Yuan S, Lou G, Wu S. Tricuspid-regurgitation-mediated flow-driven
right-to-left cardiac shunting caused systemic hypoxemia in a patient with patent
foramen ovale without elevated right atrial pressure. Heliyon. 2023;9(2), e13556.
https://doi.org/10.1016/j.heliyon.2023.e 13556

Garg R, Wark T, Dudley J, Robertson J. Obstructing Chiari network facilitating
blood flow across a patent foramen ovale causing hypoxia. JACC Case Rep.
2020;2(7):1025-1028. https://doi.org/10.1016/j.jaccas.2020.04.030

Pankert M, Cuisset T, Aldebert P, et al. Unusual cause of hypoxemia in myocardial
infarction: interventional management. Int J Cardiol. 2014;172(3):e436-e437.
https://doi.org/10.1016/j.ijcard.2013.12.177

Pristipino C, Sievert H, D'Ascenzo F, et al. European position paper on the
management of patients with patent foramen ovale. General approach and left
circulation thromboembolism. Eur Heart J. 2019;40(38):3182-3195. https://
doi.org/10.1093/eurheartj/ehy649

Kent DM, Ruthazer R, Weimar C, et al. An index to identify stroke-related vs
incidental patent foramen ovale in cryptogenic stroke. Neurology. 2013;81(7):
619-625. https://doi.org/10.1212/WNL.0b013e3182a08d59

Beelke M, Angeli S, Del Sette M, et al. Prevalence of patent foramen ovale in
subjects with obstructive sleep apnea: a transcranial Doppler ultrasound
study. Sleep Med. 2003;4(3):219-223. https://doi.org/10.1016/s1389-9457(02)
00256-3

Hoole SP, Herndndez-Sanchez J, Davies WR, et al. Effects of patent foramen ovale
closure on obstructive sleep apnea syndrome: PCOSA study. Can J Cardiol. 2017;
33(12):1708-1715. https://doi.org/10.1016/j.cjca.2017.09.005

Beelke M, Angeli S, Del Sette M, et al. Obstructive sleep apnea can be provocative
for right-to-left shunting through a patent foramen ovale. Sleep. 2002;25(8):
856-862. https://doi.org/10.1093/sleep/25.8.21

White JM, Veale AG, Ruygrok PN. Patent foramen ovale closure in the treatment of
obstructive sleep apnea. J Invasive Cardiol. 2013;25(8):E169-E171.

Mojadidi MK, Bokhoor PI, Gevorgyan R, et al. Sleep apnea in patients with and
without a right-to-left shunt. J Clin Sleep Med. 2015;11(11):1299-1304. https://
doi.org/10.5664/jcsm.5190

Rimoldi SF, Ott S, Rexhaj E, et al. Patent foramen ovale closure in obstructive sleep
apnea improves blood pressure and cardiovascular function. Hypertension. 2015;
66(5):1050-1057. https://doi.org/10.1161/HYPERTENSIONAHA.115.06303

Tur S, de la Pena M, Vives B, et al. Sleep apnea syndrome and patent foramen
ovale: a dangerous association in ischemic stroke? Sleep Med. 2016;25:29-33.
https://doi.org/10.1016/j.sleep.2016.07.014

Bendrick GA, Ainscough MJ, Pilmanis AA, Bisson RU. Prevalence of decompression
sickness among U-2 pilots. Aviat Space Environ Med. 1996;67(3):199-206.


https://doi.org/10.1016/j.ijcard.2022.10.135
https://doi.org/10.1161/01.STR.31.10.2407
https://doi.org/10.1016/j.jscai.2022.100039
https://doi.org/10.1111/head.14153
https://doi.org/10.1159/000015875
https://doi.org/10.1016/S0140-6736(00)03160-3
https://doi.org/10.1016/S0140-6736(00)03160-3
https://doi.org/10.3390/brainsci12070941
https://doi.org/10.1016/j.jacbts.2022.02.002
https://doi.org/10.1016/j.jacbts.2022.02.002
https://doi.org/10.1161/CIRCULATIONAHA.107.727271
https://doi.org/10.1136/bmj.c110
https://doi.org/10.1136/bmj.c110
https://doi.org/10.1093/eurheartj/ehw027
https://doi.org/10.1016/j.jacc.2017.09.1105
https://doi.org/10.1016/j.jacc.2020.11.068
https://doi.org/10.1136/hrt.2004.047746
https://doi.org/10.1136/hrt.2004.047746
https://doi.org/10.1212/WNL.0000000000006572
https://doi.org/10.1212/WNL.0000000000006573
https://clinicaltrials.gov/ct2/show/NCT04100135
https://doi.org/10.1093/eurheartj/ehaa1070
https://doi.org/10.1093/eurheartj/ehaa1070
https://doi.org/10.1016/j.hlc.2022.07.003
https://doi.org/10.1016/j.hlc.2022.07.003
https://doi.org/10.1016/j.jcin.2016.07.003
https://doi.org/10.1152/ajpregu.00263.2014
https://doi.org/10.1111/echo.14682
https://doi.org/10.1161/hc3101.093603
https://doi.org/10.1161/hc3101.093603
https://doi.org/10.1080/08998280.2018.1559387
https://doi.org/10.1080/08998280.2018.1559387
https://doi.org/10.4081/hi.2011.e13
https://doi.org/10.4081/hi.2011.e13
https://doi.org/10.1136/bcr-2012-007735
https://doi.org/10.1136/bcr-2012-007735
https://doi.org/10.1097/MAJ.0b013e31816740f9
https://doi.org/10.1097/MAJ.0b013e31816740f9
https://doi.org/10.14503/THIJ-16-6094
https://doi.org/10.14503/THIJ-16-6094
https://doi.org/10.1016/j.case.2019.10.006
https://doi.org/10.1371/journal.pone.0173046
https://doi.org/10.1007/s00270-004-0035-3
https://doi.org/10.1007/s00270-004-0035-3
https://doi.org/10.1002/ccd.25953
https://doi.org/10.1016/j.hlc.2013.01.007
https://doi.org/10.1016/j.hlc.2013.01.007
https://doi.org/10.7759/cureus.20497
https://doi.org/10.7759/cureus.20497
https://doi.org/10.1530/ERP-17-0055
https://doi.org/10.1016/j.heliyon.2023.e13556
https://doi.org/10.1016/j.jaccas.2020.04.030
https://doi.org/10.1016/j.ijcard.2013.12.177
https://doi.org/10.1093/eurheartj/ehy649
https://doi.org/10.1093/eurheartj/ehy649
https://doi.org/10.1212/WNL.0b013e3182a08d59
https://doi.org/10.1016/s1389-9457(02)00256-3
https://doi.org/10.1016/s1389-9457(02)00256-3
https://doi.org/10.1016/j.cjca.2017.09.005
https://doi.org/10.1093/sleep/25.8.21
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref44
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref44
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref44
https://doi.org/10.5664/jcsm.5190
https://doi.org/10.5664/jcsm.5190
https://doi.org/10.1161/HYPERTENSIONAHA.115.06303
https://doi.org/10.1016/j.sleep.2016.07.014
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref48
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref48
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref48

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

A.P. Honasoge et al. / Journal of the Society for Cardiovascular Angiography & Interventions 2 (2023) 101135

Apostolos A, Drakopoulou M, Trantalis G, et al. The management of patent foramen
ovale in divers: where do we stand? Ther Adv Neurol Disord. 2022;15,
17562864221103460:17562864221103459. https://doi.org/10.1177/17562864221
103459

Honék J, Sramek M, Sefc L, et al. High-grade patent foramen ovale is a risk factor of
unprovoked decompression sickness in recreational divers. J Cardiol. 2019;74(6):
519-523. https://doi.org/10.1016/}.jjcc.2019.04.014

Conkin J, Human Adaptation and Countermeasures Division. Preventing
Decompression Sickness Over Three Decades of Extravehicular Activity. Johnson
Space Center; 2011. NASA Technical Publication NASA/TP-2011-216147.

Conkin J, Norcross JR, Wessel 3rd JH, et al, Evidence report: risk of decompression
sickness (DCS). Human Research Program, Human Health Countermeasures
Element. NASA report JSC-CN-29896; 2013.

Pilmanis AA, Meissner FW, Olson RM. Left ventricular gas emboli in six cases of
altitude-induced decompression sickness. Aviat Space Environ Med. 1996;67(11):
1092-1096.

Honék J, Srdmek M, Sefc L, et al. Effect of catheter-based patent foramen ovale
closure on the occurrence of arterial bubbles in scuba divers. J Am Coll Cardiol
Intv. 2014,7(4):403-408. https://doi.org/‘l0.1016/j.jcin.2013.‘|2.199

Klingmann C, Rathmann N, Hausmann D, Bruckner T, Kern R. Lower risk of
decompression sickness after recommendation of conservative decompression
practices in divers with and without vascular right-to-left shunt. Diving Hyperb
Med. 2012;42(3):146-150.

Honék J, Srémek M, Honék T, et al. Screening and risk stratification strategy reduced
decompression sickness occurrence in divers with patent foramen ovale. J Am Coll
Cardiol Img. 2022;15(2):181-189. https://doi.org/10.1016/}.jemg.2021.06.019

Luca LD, Westbrook R, Tsochatzis EA. Metabolic and cardiovascular complications
in the liver transplant recipient. Ann Gastroenterol. 2015;28(2):183-192.

Thiéry G, Le Corre F, Kirstetter P, Sauvanet A, Belghiti J, Marty J. Paradoxical air
embolism during orthoptic liver transplantation: diagnosis by transoesophageal

59.

60.

61.

62.

63.

64.

65.

66.

67.

echocardiography. Eur J Anaesthesiol.
10.1046/}.1365-2346.1999.00479.x
Yerlioglu E, Krishnamoorthy V, Jeon H, Gustin A, Nicolau-Raducu R. Patent foramen
ovale and intracardiac thrombus identified by transesophageal echocardiography
during liver transplantation. J Cardiothorac Vasc Anesth. 2012;26(6):1069-1073.
https://doi.org/10.1053/j.jvca.2011.05.003

Garg A, Armstrong WF. Echocardiography in liver transplant candidates. J Am Coll
Cardiol Img. 2013;6(1):105-119. https://doi.org/10.1016/j.jcmg.2012.11.002

Ellis JE, Lichtor JL, Feinstein SB, et al. Right heart dysfunction, pulmonary embolism,
and paradoxical embolization during liver transplantation. A transesophageal two-
dimensional echocardiographic study. Anesth Analg. 1989;68(6):777-782.

Alba AC, Verocai Flaman F, Granton J, Delgado DH. Patent foramen ovale does not
have a negative impact on early outcomes in patients undergoing liver
transplantation. Clin  Transplant. 2011;25(1):151-155. https://doi.org/10.1111/
j.1399-0012.2010.01210.x

Werlang ME, Palmer WC, Boyd EA, et al. Patent foramen ovale in liver transplant
recipients does not negatively impact short-term outcomes. Clin Transplant.
2016;30(1):26-32. https://doi.org/10.1111/ctr. 12643

Gertsvolf N, Andersen E, Othman T, et al. Patent foramen ovale and neurologic
events in patients undergoing liver transplantation. Cardiovasc Revasc Med.
2018;19(6S):53-55. https://doi.org/10.1016/j.carrev.2018.06.020

Hess NR, Esper SA, Awori Hayanga JW, Tuft M, Morrell M, D'Cunha J. Patent
foramen ovale repair at the time of double lung transplantation: necessary or
not? Clin Transplant. 2018, €13201. https://doi.org/10.1111/ctr.13201

United States Food and Drug Administration. Premarket Approval (PMA)
AMPLATZER PFO OCCLUDER. Accessed September 14, 2023 https://www.acc
essdata.fda.gov/scripts/cdrh/cfdocs/cfoma/pma.cfm?id=P120021.

United States Food and Drug Administration. Premarket Approval (PMA) GORE
CARDIOFORM Septal Occluder. Accessed September 14, 2023 https://www.
accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P050006S060.

1999;16(5):342-345.  https://doi.org/


https://doi.org/10.1177/17562864221103459
https://doi.org/10.1177/17562864221103459
https://doi.org/10.1016/j.jjcc.2019.04.014
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref51
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref51
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref51
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref52
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref52
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref52
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref53
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref53
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref53
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref53
https://doi.org/10.1016/j.jcin.2013.12.199
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref55
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref55
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref55
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref55
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref55
https://doi.org/10.1016/j.jcmg.2021.06.019
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref57
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref57
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref57
https://doi.org/10.1046/j.1365-2346.1999.00479.x
https://doi.org/10.1046/j.1365-2346.1999.00479.x
https://doi.org/10.1053/j.jvca.2011.05.003
https://doi.org/10.1016/j.jcmg.2012.11.002
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref61
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref61
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref61
http://refhub.elsevier.com/S2772-9303(23)00844-X/sref61
https://doi.org/10.1111/j.1399-0012.2010.01210.x
https://doi.org/10.1111/j.1399-0012.2010.01210.x
https://doi.org/10.1111/ctr.12643
https://doi.org/10.1016/j.carrev.2018.06.020
https://doi.org/10.1111/ctr.13201
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P120021
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P120021
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P120021
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P050006S060
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P050006S060
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P050006S060

	Patent Foramen Ovale Closure for Nonstroke Indications
	Introduction
	PFO and migraines
	Introduction
	Pathophysiology
	Evidence
	Conclusion

	PFO closure for systemic conditions (platypnea-orthodeoxia syndrome and other conditions)
	Platypnea-orthodeoxia syndrome
	Introduction
	Pathophysiology
	Evidence
	Conclusion

	Hypoxemia due to RLS
	Cryptogenic nonstroke systemic circulation thromboembolism

	PFO closure for DCS
	Introduction
	Pathophysiology
	Evidence
	Conclusion

	PFO closure prior to liver transplantation
	Introduction
	Pathophysiology
	Evidence
	Conclusion

	Other considerations
	Declaration of competing interest
	Funding sources
	Ethics statement and patient consent
	References




