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Patient: PFO and Pregnancy 
(1999)

• 25 year old woman 3 weeks post-partum, 
traveling to see family – came directly from 
Logan Airport after trans-atlantic flight

• PE and found to have a PFO, protein S 
deficiency and May-Thurner Syndrome 
resulting in massive left leg DVT 

• Large cerebellar stroke resulted in herniation

MingMing Ning 
MD, MMSc

“PFO is not associated with increased risk of subsequent stroke…”
-- Practice Parameter: Recurrent stroke with PFO and atrial septal aneurysm: Report of the Quality 
Standards Subcommittee of the American Academy of Neurology.  April, 2004.1042-1050



We have come a long way…



MGH Cardio-Neurology Clinic Experience
• 28 years (1990-2018) – evaluated 8134 stroke patients with cardiac abnormalities
• PFO closure: n= 1342 (16%); Peri-procedure AE <1%; Post-closure stroke recurrence: <0.45% per year
• > 96.7% freedom from recurrent ischemic stroke at 5 yr followup, 91.5% at 10yr followup
Martin, Palacios et al. Circulation 2002; Kiernan, Palacios et al. Stroke 2009; Inglessis, Elmariah, Palacios et al. JACC 2013

PFO – First described in 1877 in a young woman with stroke. “Back door to the brain.” PFO allows persistent 
direct communication between right and left atria, bypassing the lung’s filtration, enabling peripheral clots to 
go to the brain. One-way valve. Highly dynamic 3-dimensional structure. 

Associated with nearly 40% of all cryptogenic strokes (>150,000 strokes per year).  
Major Challenges: High baseline prevalence of PFO in general population: 20-25% in all normal adults; 

only found out AFTER a stroke

Hagen et al. 1984; Lechat et al. 1988; Webster et al. 
1988; Sacco et al. 1989; Adams et al. 1993; Petty et 
al. 1999; Meissner et al. 1999; Handke et al. 2007; 
Homma et al. 2002; Lamy et al. 2002; Overell et al. 
2000; Mas et al. 2001. Messe et al 2004, Kizer et al. 
2005; Hara et al. 2005; Wu et al 2007. Furlan, 
Reissman, Massaro et al 2012; Carroll, Saver, Thaler 
et al 2013.  

MingMing Ning 
MD, MMSc



Approximately 3-15% of ischemic 
strokes come from the large vessels of 
the head and neck (carotid artery and 
intracranial vessels).

15-30% come from the heart (emboli 
from cardiac arrhythmia -Afib etc)

Additional 15-20% come from clots from 
the venous circulation IF there is a 
cardiac structural abnormality (PFO) 
allowing them to travel to the brain.

In all, up to 50% of ischemic strokes 
may involve the heart.

“Stroke from the Heart…”

MingMing Ning 
MD, MMScNing, Gonzalez. NEJM 2013 Oct 31;369(18):1736-48



Controversies in PFO Decision Making

• Q 1. “PFO is so common in healthy people (25%), it CAN’T cause strokes…”  
• “Risk of PFO stroke is low - only 1%” … 

“If they have other vascular risk factors, then PFO isn’t why they had a stroke…”
• -- Risk prediction

• Q 2. “Risk of PFO is the same throughout life” “PFO is an outpatient issue only…” “PFO 
only allows clots to go through”

• Q 3.  “All young stroke patients with PFO should have PFO closure…”
• Q 4. “He is 63 years old, he cannot have a PFO related stroke…”
• Q 5. “Checking hypercoagulable state in PFO stroke patients is expensive and does not 

change management…”
• -- Risk factors

• Q 6.  “Once they have PFO closure, they are safe and no need to see anymore…”
• -- Prevention

MingMing Ning 
MD, MMSc
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The PFO Paradox
First described in 1877 in a young woman with stroke. 
“Back door to the brain.” PFO allows persistent direct 
communication between right and left atria, bypassing the 
lung’s filtration, enabling peripheral clots to go to the brain. 

“Normal variant”   Fetus doesn’t breathe (oxygenated blood via placenta through 
PFO) → In utero, ~3% circulation goes to lungs, rest goes through this “trap door” 
or “one-way valve” (the PFO) and bypasses lungs.  At birth PFO typically closes 
spontaneously; Remains patent in ~ 20-25% adults
 
Associated with nearly 40% of all cryptogenic strokes. 
 
Major Challenges: High baseline prevalence of PFO in 

general population: 20-25% in all normal adults; only found 
out AFTER a stroke

TTE- Courtesy Dr Judy Hung
Julie Corliss, Harvard Heart Letter. 
Vol 31. Number 1. Sept 2020

MingMing Ning 
MD, MMSc
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PFO as a “back door to the brain”

Courtesy of Dr Zoltan Turi

PFO – Congenital condition – in 20-25% adults
ASD – atrial septal defect – bidirectional shunting

PFO as a One way valve 
with unidirectional 

 right- to -left shunting 
(Not a “hole”)

PFO Shunting enhances 
venous/arterial mixing

MingMing Ning 
MD, MMSc



“To Close or Not Close”
The Pendulum Swings

RESPECT (2013 and 2017) 
REDUCE (2017)  
CLOSE (2017)

CLOSURE I (2012) 
PC (2013)  

“PFO cannot cause stroke 
because it happens in a 
quarter of the world’s 
population”

“PFO should never be closed”

“PFO closure should be 
offered to all young stroke 
patients… with the absence 
of vascular risk factors such 
as HTN, diabetes or 
hyperlipidemia”

AAN 2014
AAN 2020 MingMing Ning 

MD, MMSc



Landmark Trials (2017)

N=980 
RESPECT

St Jude/Abbott

N=664
REDUCE

Gore

N=663
French Ministry

Of Health

MingMing Ning 
MD, MMSc

Multiple devices - 
>50% amplatzer  



Summary Data from Large Randomized PFO trials

RESPECT the largest with longest follow-up, highest effective closure rate; 
REDUCE achieved primary endpoint in ITT (NNT 28); 
CLOSE enrollment large shunting only, smallest NNT.  
All trials only enrolled age <=60, no venous hypercoagulability

(44.1) (50)

MingMing Ning 
MD, MMSc



Degree of PFO residual shunting is 
associated with stroke recurrence

Deng et al. Ann Intern Med. 2020 Jun 2;172(11):717-725.

MingMing Ning 
MD, MMSc



Degree of PFO residual shunting is 
associated with stroke recurrence

• N=1078 PFO closure pts

• Residual shunt after PFO closure was 
associated with increased incidence of 
recurrent stroke or TIA 
2.32 vs 0.75 events per 100 patient-years 
(HR 3.05 [95% CI 1.65 - 5.62]; P < 0.001)

• Moderate or large residual shunts were 
associated with a higher risk for stroke 
or TIA recurrence
(HR 4.50 [95% CI 2.20 - 9.20]; P < 0.001)

• Effect of small residual shunts was 
indeterminate 
(HR 2.02 [95% CI 0.87 - 4.69]; P = 0.102).

Deng et al. Ann Intern Med, 2020;172:717-725
doi.org/10.7326/M19-3583

MingMing Ning 
MD, MMSc

https://doi.org/10.7326/M19-3583


Management of Residual Shunt

Shunt size 24 hr 1 m 6 m 1 yr 2 yr 3 yr 4 yr 5 yr

No shunt 53.5% 64.0% 70.5% 80.2% 83.0% 86.4% 88.5% 88.9%
Small shunt 31.4% 24.8% 21.2% 12.6% 11.7% 8.4% 6.3% 6.3%
Moderate/large 
shunt 15.0% 11.1% 8.3% 7.2% 5.4% 5.2% 5.2% 4.8%

Appendix Table 4. Residual shunt rate over time.

Practical Recommendations

Deng et al. Ann Intern Med. 2020 Jun 2;172(11):717-725.

Follow the patient!

MingMing Ning 
MD, MMSc



• Any hypercoagulable disorder requiring 
anticoagulation 

• Venous hyper-coagulability
• Uncontrolled diabetes mellitus or hypertension
• Intracardiac thrombus or tumor
• Acute or recent (within 6 months) myocardial 

infarction or unstable angina
• Left ventricular aneurysm or akinesis
• Mitral valve stenosis or severe mitral 

regurgitation irrespective of etiology
• Aortic valve stenosis (gradient >40 mmHg) or 

severe aortic valve regurgitation
• Mitral or aortic valve vegetation or prosthesis
• Pregnant or desire to become pregnant 

within the next year
• Age <18 years and age >60 years
• Organ failure (kidney, liver or lung)
• Long Term AC requirement
• Stroke with mRS>3
• Aortic arch plaques protruding >4mm into the 

lumen
• Left ventricular dilated cardiomyopathy with 

LVEF <35%

• Subjects with other source of right to left shunts 
identified at baseline, including an atrial septal 
defect and/or fenestrated septum

• Small PFO Shunt
• Etc, etc etc
• NOT EXCLUDED: HTN, DM, Hyperlipidemic

What to do if your patient is not a 
GOOD trial patient (>70% clinic 
patients)? 

Exclusion Criteria of Various PFO RCTs 

MingMing Ning 
MD, MMSc



From Mechanism to Clinical Trial 
 Individualization

Sacco et al. 1989; Hagen et al. 1984; Lechat et al. 1988; Webster et al. 1988; Adams et al. 1993; Petty et al. 1999; Meissner et al. 1999; Handke et al. 2007; 
Homma et al. 2002; Lamy et al. 2002; Overell et al. 2000; Mas et al. 2001. Messe et al 2004, Kizer et al. 2005; Hara et al. 2005; Wu et al 2007; Furlan et al 
2012, Messe SR et al 2004. Florez JC et al. 2003. Cramer SC et al 2004.Greer DM, Buonanno FS. 2001. Ning et al. Stroke 2008. Kiernan TJ et al. Stroke 2009. 
Kent , Thaler et al . Neurology 2013. Saver et al 2013 

Ning, Lo  Buonanno et  al. Pharmacol Ther. 2013 Aug;139(2):111-23
Ning, Gonzales. NEJM. 2013 Oct 31;369(18):1736-48

Mechanism of PARADOXIAL EMBOLISM 

1. Shunting as conduit of clot (Clinical 
trial and Cohort study) – “Back door 
to the brain”

2. WHERE DID THE CLOT COME 
FROM? HOW DID THEY FORM?

http://bja.oxfordjournals.org/content/96/4/467/F2.large.jpg


Greer, Buonanno 2002, Cramer et al 2004; 
Kiernan, Palacios et al. Stroke. 2009

Congenital Anatomical Variant - Pelvic Venous Abnormality 
May-Thurner Syndrome
(MTS) as a risk factor for PFO related stroke
6.3% of PFO stroke pts have MTS on pelvic MRV
- More in women, smokers, diabetics…
- Importance of additional risk factors

Where do clots come from?

MingMing Ning 
MD, MMSc

http://bp3.blogger.com/_nFuCC8zhFBc/Rozq-QvUFzI/AAAAAAAAADM/YxExjrjoAvI/s1600-h/11f6.jpg


Where do clots come from?

“Economy class syndrome” or “Traveler’s Stroke” has been associated with 
long-distance flights (>6h/5000km), where prolonged immobility increases the 
chance of thrombosis in lower extremities resulting in pulmonary embolism.

Back-of-envelope math for stroke related to travel:

Baseline incidence of severe Pulmonary Embolism approx 
0.01 cases per million passengers for <5,000 km traveled; 
increases 150-fold in >5,000 km or >6 hours in flight. 

10% of healthy air travelers develop asymptomatic deep vein 
thrombosis (DVT) after prolonged flights. 

High prevalence  >25% PFO in the normal population

Cruickshank et al. Lancet 1988; Lapostelle et all. NEJM. 2001; Perez-Rodriguez E et al. Arch Intern Med 2003; Scurr et al. Lancet. 2001; 
Isayev Y et al. Neurology 2002; Foerch C et al. Neurology. 2002;Ayo-Martín et al. Cerebrovasc Dis 2008. Ning et al. Neurology 2012.

Long distance travel increased risk of PFO-related stroke. Additional risk 
factors such as concurrent hypercoagulable state, May-Thurners Anatomy, 
and migraine with aura heightened risk of “economy class stroke.” 

MingMing Ning 
MD, MMSc

http://thumbs.dreamstime.com/z/idiom-back-envelope-calculation-23965296.jpg


How did the CLOT FORM?

• What is the FULL thrombophilia (hypercoagulable) panel? 

• Venous > Arterial: 
    Protein C/S, Factor V Leiden
    Prothrombin Gene Mutation, ATIII

• Arterial = Venous 
   Antiphospholipid Antibodies (IgG, IgM, Lupus 

Anticoagulant (LA), anti-beta2glycoprotein…)

• Arterial > Venous
   Homocysteine COST???

Ning, Gonzalez. NEJM 2013 Oct 31;369(18):1736-48

MingMing Ning 
MD, MMSc



– PFO closure was superior to 
medical therapy in overall 
patients (HR: 0.16; 95% CI: 0.09 
to 0.30; p < 0.001) 

– ? Closure + Anticoagulation 

• Pts with hypercoagulable state have highest risk of 
recurrence (N=591; HR: 1.85; CI:1.09 to 3.16; p=0.024) 

• (4-15% per year stroke recurrence on med alone)

• In hypercoagulable pts, risk for recurrence was lower with 
PFO closure than medical therapy alone (HR: 0.25; CI: 0.08 
to 0.74; p = 0.012)

PFO with hypercoagulable state has higher risk of 
stroke recurrence and responds to closure 

Liu, Song, Palacios et al. JACC -Int. 
2020 Dec 14;13(23):2745-2752 



PFO is a Multi-Organ System Disease with 
PFO-specific Risk Factors - OPPORTUNISTIC

Sacco et al. 1989; Hagen et al. 1984; Lechat et al. 1988; Webster et al. 1988; Adams et al. 1993; Petty et al. 1999; Meissner et al. 1999; Handke et al. 2007; 
Homma et al. 2002; Lamy et al. 2002; Overell et al. 2000; Mas et al. 2001. Messe et al 2004, Kizer et al. 2005; Hara et al. 2005; Wu et al 2007; Furlan et al 
2012, Messe SR et al 2004. Florez JC et al. 2003. Cramer SC et al 2004.Greer DM, Buonanno FS. 2001. Ning et al. Stroke 2008. Kiernan TJ et al. Stroke 2009. 
Kent , Thaler et al . Neurology 2013. Saver et al 2013 

Ning, Lo  Buonanno et  al. Pharmacol Ther. 2013 Aug;139(2):111-23
Ning, Gonzales. NEJM. 2013 Oct 31;369(18):1736-48

MingMing Ning 
MD, MMSc
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Blood - COVID and CLOTTING
“DVT was detected in 
almost half of the 
hospitalised COVID 
patients who had 
been systematically 
screened for 
thrombosis using 
ultrasound.”

• Meta-analysis: 66 studies (n= 28,173) to estimate risk of 
VTE in COVID-19

• Overall VTE risk in hospitalized patients with COVID-19 
is 14%, “despite rigorous thromboprophylaxis”

• ICU highest - 23% ; Non-ICU 8%; Risk of potentially life-
threatening pulmonary embolism:  10 and 18%

• “patients who developed DVT/PE had significantly 
higher D-dimer… indicates an activated coagulation 
system. This finding might be used to help develop 
personalized, risk-stratified thromboprophylaxis 
strategies in the future”

Nopp, Moik, Ay et al.Thrombosis and Haemostasis, 2020
Ma, Kase, Nguyen et al.  JSCVD. Oct 2020

Courtesy of Dr Thanh Nguyen MingMing Ning 
MD, MMSc



Role of the Lung in PFO – Silent Hero

right 
atrium
(venous)

left 
atrium
(arterial)

right 
atrium

(venous)

left 
atrium

(arterial)

peripheral
venous

PRE-OP FOLLOW-UPINTRA-OP
Pre Post

peripheral
venous

 Serotonin (5-HT) decreased 
immediately post PFO closure. 

 Oxidized cholesterol particles also 
decreased rapidly.

 This suggests that prior to closure, 
neurovascular mediators had been 
avoiding lung filtration via PFO.

Neurovascular Mediators Decrease 
in Arterial Blood Post PFO Closure

AHA ISC Siekert Lecture 2011; Ning et al  Stroke, 
2011, Stroke 2015; Deng et al. Neurology, 2021 MingMing Ning 

MD, MMSc



Risk of Clotting
    Established

• Venous > Arterial: 
    Protein C/S, Factor V Leiden
    Prothrombin Gene Mutation, ATIII

• Arterial = Venous 
   Antiphospholipid Antibodies (IgG, 

IgM), Lupus Anticoagulant (LA), anti-
beta2glycoprotein

• Arterial > Venous
  Homocysteine

 Emerging 

• COVID related: 
  anti-phospholipid related 

hypecoagulability 
  complement pathways
  endothelial activation of 

clotting

• Age, Cancer, Pregnancy etc

• PFO physiology enhancing clot 
formation 

  5-HT, hcy, ox-chol

Thomas, Arch Intern Med, MingMing Ning 
MD, MMSc



• Mrs M just had her 3th child; her PFO 
was closed after her first child when she 
had a PFO related stroke 3 years ago

• In addition to PFO closure, hematology, 
high risk OB work with patient at pre-
conception, during and post. D-dimer 
routinely checked and followed

• Most risk during early trimester and 
within 6-8 weeks post partum (most 
hypercoagulable) – LMWH each 
pregnancy and at least 2 months post 
partum

• PLAN AHEAD AND FOLLOW 
CLOSELY

Chen L, Deng W, Palacios I, Inglessis-Azuaje I, McMullin 
D, Zhou D, Lo EH, Buonanno F, Ning M. J Investig Med. 2016 
Jun;64(5):992-1000. 

MingMing Ning 
MD, MMSc



• PFO is an etiology for stroke in young and older 
adults (Handke 2007)  - Age range from 44-75

PFO is an etiology for stroke 
in young and older adults

After adjusting for age, plaque thickness, risk 
factors (CAD, HTN etc), PFO was independently 
associated with cryptogenic stroke in both the 
younger group (odds ratio, 3.70; 95% CI, 1.42 
to 9.65; P = 0.008) and the older group (odds 
ratio, 3.00;  95% CI, 1.73 to 5.23; P<0.001).

MingMing Ning 
MD, MMSc



Meta-analysis All Non-RCT Observational Studies 
Comparing PFO endovascular closure vs Medical Treatment

3456 cryptogenic stroke/TIA  (N = 1514 closure vs N= 1942 medical therapy); F/U17.6～70.8 M

 Recurrent stroke and/or TIA significantly lower in closure vs medical therapy 
(3.7% vs 10.4%; OR 0.35; CI - 0.26-0.48; P<0.00001) supporting RCT data. 

 Benefit did not differ in age (<60yo vs >60yo)

 Anti-coagulant (VKA) therapy was associated with a lower rate of recurrent events vs anti-platelet 
therapy (8.4% versus 15.8%; OR 0.48, 95% CI 0.30 to 0.75; P=0.001), but increased the risk of bleeding 
(4.4% versus 0.37%; OR 8.67, 95% CI 2.76 to 27.19; P=0.0002).

Liu K, Song B, Deng WJ, Palacios I, Inglessis I, Wang X, Lo EH, Buonanno F, Ning MM et al. Stroke 2018 MingMing Ning 
MD, MMSc



Newer anticoagulant 
with even lower bleeding risk emerging… 

“Atrial Fibrillation Study with Abelacimab Stopped Early by the 
Data Monitoring Committee Due to an Overwhelming Reduction in 
Bleeding as Compared to a DOAC (Direct Oral Anticoagulant)”
Published: Sep 18, 2023

“CAMBRIDGE, Mass.----  AZALEA-TIMI 71 Phase 2 study in 1,287 patients with atrial fibrillation at 
moderate-to-high risk of stroke, met its primary endpoint. The study has been stopped early by 
the Data Monitoring Committee due to an overwhelming reduction in the composite of major 
and clinically relevant non-major bleeding in patients taking abelacimab compared with patients 
taking rivaroxaban, a leading standard-of-care DOAC. In addition, abelacimab is the first and only 
Factor XI inhibitor to demonstrate an unprecedented reduction in major bleeding compared to a 
DOAC… Full results of AZALEA-TIMI 71 will be presented at an upcoming scientific congress.”

•Abelacimab - Dual-Acting Factor XI / XIa Inhibitor

Question for the near future: 

Can emerging ultra low bleed risk 
AC alter the risk and benefit 
profile for PFO treatment?



Summary…

mmning@mgh.harvard.edu

• Multi-disciplinary approach and understanding mechanisms of brain-heart signaling are key 
to treatment of PFO related stroke.  Find the “provoking” risk factor in workup

• Remember the patients excluded from clinical trials: Hypercoagulable PFO patients are at 
the HIGHEST risk of recurrence. 
Clotting status obtained from hypercoagulable panel is crucial to tailor therapy. 

• Cost effective to curb disability of recurrent stroke

• New opportunistic risk such as COVID increase injury via clotting and systemic endothelial 
injury, highlighting the importance of pulmonary detoxification in PFO.

• PFO right-to-left shunting is a novel hypercoaguable state – enhance venous arterial mixing;
• bypassing lung’s detoxification of hypercoagulable molecules from venous blood
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