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PFO Anatomy

PFO Anatomy

• Neonatal circulation
• RA Pressure > LA
• Fossa Ovalis
• Valvular structure
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PFO Anatomy

• Neonatal circulation
• RA Pressure > LA
• Fossa Ovalis
• Valvular structure 

(remnant of Septum 
Primum)

• Closure after birth
• 5 days - 12 months

• 30+ %: persistent 
residual opening 
= “PFO”

PFO Anatomy
• Common in young children
• Adults:

• Right-to-left 
shunting – rarely 
of clinical 
significance

• Left-to-right 
shunting 
(ASD Atrial 
Septal Defect) –
R of L atrial 
enlargement, 
cardiac 
insufficiency
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PFO Pathophysiology

• Possible pathway for paradoxical embolus
(thrombus)

PFO Pathophysiology

• Possible pathway for paradoxical embolus
(thrombus)
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PFO Prevalence

PFO Prevalence - autopsy
Hagen et al. 1984

• 965 autopsy specimens – normal hearts 
• PFO evenly distributed by sex, over all age groups
• Prevalence decreased with age 

• Overall prevalence: 27.3%
• 0-29 years: 34.3%
• 30-69 years: 25.4%
• 80-99 years:20.2%

• PFO size increased with age: 
• PFO size (n=263)

• 1-19 mm diameter (mean: 4.9 mm)
• 98%: 1-10 mm diameter
• 3.4 mm (0-9years) to 5.8 mm (80-90 years)

Hagen PT, Scholz DG, Edwards WD. Incidence and size of patent foramen ovale during the first 10 decades of life: an autopsy study of 
965 normal hearts. Mayo Clin Proc. 1984 Jan;59(1):17-20.
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PFO Prevalence - indirect studies

• Meissner et al. 1999 demonstrated a 25.6% 
prevalence of PFO by TEE in 588 patients

• 46% 1 mm or larger
• 57% shunting at rest

• Fisher et al. 1995 found a 9.2% of PFO by TEE 
in 1000 consecutive (non-cardiac) patients

Meissner I et al. Prevalence of potential risk factors for stroke assessed by transesophageal echocardiography and carotid 
ultrasonography: the SPARC study. Stroke Prevention: Assessment of Risk in a Community. Mayo Clin Proc. 1999;74(9):862.

Fisher DC et al. The incidence of patent foramen ovale in 1,000 consecutive patients. A contrast transesophageal echocardiography study. 
Chest 1995 107: 1504-1509

PFO Prevalence - comparison

Year Hearts PFO (%)

1897 399 26

1900 306 32

1918 1809 29

1931 4083 25

1934 500 17

1948 492 23

1972 144 35

1979 64 31

1984 965 27

1994 500 15

TOTAL 9262 25

Year Hearts PFO (%)

1988 40 2.5

1989 50 12

1989 64 27

1989 479 6.1

1991 50 26

1991 50 8

1991 150 20

1991 79 17

1991 63 3.2

1995 1000 9.2

TOTAL 2025 10

Autopsy Studies C-TEE Studies
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PFO Diagnosis

PFO Diagnosis - overview 

• Contrast TEE (Trans-Esophageal echocardiography)
• Contrast TTE (Trans-Thoracic Echocardiography)
• Contrast TCD (Trans-Cranial Doppler)
• Contrast Carotid Doppler
• Ear Lobe SpO2

• Multi-slice CT
• Cardiac Catheterisation
• Direct Visualisation (surgery, autopsy)
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PFO diagnosis – gold standard

• Historically – c-TEE
• However: reports of c-TEE based prevalence of PFO in 

normal people vary from 9.2 % to 27%
• Whereas autopsy studies give an “absolute” prevalence 

of 27.3%  (34.5 to 20.2 according to age)

• Pitfalls in contrast studies
• Visualisation
• Intracardiac blood flow patterns
• Insufficient awareness of “false negatives” and “false 

positives”

Contrast TEE

https://www.nhlbi.nih.gov/health/health-topics/topics/echo/during



SBMHS-BVOOG 24 Feb 2018 PFO and diving

(C) 2018 P. Germonpre 9

Contrast TEE

Contrast TTE

https://www.nhlbi.nih.gov/health/health-topics/topics/echo/during
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Contrast TTE

Contrast TTE
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Contrast TCD

Contrast TCD

González-Alujas et al. Diagnosis and Quantification of Patent Foramen Ovale. Which Is the Reference Technique? Simultaneous Study With 
Transcranial Doppler, Transthoracic and Transesophageal Echocardiography   Rev Esp Cardiol. 2011;64:133-9
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Technique Comparison 

González-Alujas et al. Diagnosis and Quantification of Patent Foramen Ovale. Which Is the Reference Technique? Simultaneous Study With 
Transcranial Doppler, Transthoracic and Transesophageal Echocardiography   Rev Esp Cardiol. 2011;64:133-9

• Gonzalez-Alujas 2011
• 134 patients with stroke or migraine

Contrast studies - pitfalls
• Contrast medium

• Agitated saline
• With 5% air
• With 5% blood

• Other solutions: gelatin solutions
• Commercial contrast media

• Agitation technique
• Injection site

• Large antecubital vein
• Small vein in hand ?
• Femoral vein ?

• Straining manoeuvre
• Technique - Timing
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Contrast studies - pitfalls
• Agitation technique

• 2x 10cc syringe w/3-way valve

Contrast studies - pitfalls
• Injection site – blood flow mixing in Right Atrium 
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Contrast studies - pitfalls
• Injection site – blood flow mixing in Right Atrium 

Contrast studies - pitfalls
• Injection site – blood flow mixing in Right Atrium 
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Contrast studies - pitfalls
• Injection site – blood flow mixing in Right Atrium 

Contrast studies - pitfalls
• Femoral vein injection is superior to antecubital vein 

injection

Gin K. et al. Femoral vein delivery of contrast medium enhances transthoracic echocardiographic detection of patent foramen ovale J 
Am Coll Cardiol 1993;22:1994-2000
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Contrast studies - pitfalls
Straining Manoeuvre: 

• Goals
• Increase RA Pressure to open PFO
• Provoke complete mixing of venous blood from SVC and IVC in RA

• Methods
• Valsalva manoeuvre
• Abdominal straining
• Cough
• Inspiration
• …

Wexler L et al. Velocity of blood flow in normal human venae cavae. Circ Res 1968 23:349-359

Contrast studies - pitfalls
• Straining Manoeuvre: 

• Release of straining manoeuvre is as important 
as ITP reached

• Timing is critical !

• Detailed descriptions of “optimal” contrast 
injection technique:

• Germonpré P. et al. Am J Cardiol 2005
• Attaran et al. Echocardiography 2006

Germonpré P. et al. Evidence for increasing patency of the foramen ovale in sports divers. Am J Cardiol 2005; 95: 912-915.

Attaran RR et al. Protocol for optimal detection and exclusion of a patent foramen ovale using transthoracic echocardiography with 
agitated saline microbubbles. Echocardiography 2006; 23: 616-622
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PFO diagnosis – goal ? 

• Screening  favour Sensitivity 
• Ideally: no false negatives
• Drawback: some false positives
• As less invasive as possible
• Ear lobe SpO2 > Carotid Doppler > TCD > TTE

• Diagnosis  favour Specificity
• Ideally: no false positives
• Drawback: false negatives = false security
• Safety, cost
• TTE vs TEE

Impact – consequences of PFO
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Impact – consequences of PFO

• PFO has been implicated in several pathologies
• Stroke / TIA / Cryptogenic stroke
• Decompression sickness (diving, flying, astronauts)
• (Migraine with aura)
• (other, rare: Platypnea Orthodeoxia syndrome)

• Risk depends on
• Presence of emboli (thrombus, gas bubbles)
• Patency (size) of PFO

VGE after SCUBA dives
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PFO shunting after intrathoracic 
pressure changes
• Real-life activities with “straining effect” may provoke PFO 

opening (like the manoeuvres used in contrast studies)
• Isometric exercise (lifting tanks, blocking respiration…)
• Passing stool
• Thoracic compression

Balestra C et al. Intrathoracic pressure changes after Valsalva strain and other maneuvers: implications for divers with patent 
foramen ovale. Undersea Hyperb Med. 1998 Fall;25(3):171-4. 
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PFO and DCS risk
Bove AA. Risk of decompression sickness 
with patent foramen ovale. Undersea 
Hyperb Med 1998; 25:175-178

- OR for all DCS: 1.93
- OR for Type II DCS : 2.52
- Risk for DCS in diving: 2.28 / 10,000 dives

PFO and DCS risk
Torti S.R. et al. Risk of decompression illness 
among 230 divers in relation to the presence 
and size of patent foramen ovale. 
Eur Heart J 2004; 25:1014–1020

- OR for major DCS : 4.8 – 5.7
- Risk for DCS overall : 2.5  / 10,000 dives
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PFO and DCS risk

Germonpré et al. 1998
• 37 divers with neurological DCS  vs. non DCS controls
• TEE : PFO quantified (number of bubbles)
• Only DCS presentations associated with PFO

• Cerebrum
• Cerebellum
• High Cervical Spinal Cord
• Inner ear

• Low spinal cord / pain-only DCS not associated
• For “undeserved DCS”: significant for large PFOs only

Germonpré P et al. Patent foramen ovale and decompression sickness in sports divers. J Appl Physiol (1985). 
1998 May;84(5):1622-6.

PFO and DCS risk

Germonpré P et al. Patent foramen ovale and decompression sickness in sports divers. J Appl Physiol (1985). 
1998 May;84(5):1622-6.
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PFO and DCS risk

Cantais E et al. Right-to-left shunt and risk of decompression illness with cochleovestibular and cerebral 
symptoms in divers: case control study in 101 consecutive dive accidents. Crit Care Med. 2003 Jan;31(1):84-8.

Other types of Right-to-Left shunt
• Asymptomatic bubbles are very common after 

recreational diving
• DAN (USA) studies on sports divers, multi-day repetitive 

dives
• 91% of divers detectable bubbles
• 73% of dives produced VGE (Doppler), 35% Grade II 

(Spencer scale)
• Right to Left shunting possible through PFO or 

intrapulmonary shunts (IPAVA) (Madden et al. 
2015)

• Up to 52% of divers without PFO arterialise VGE when
performing moderate to strenuous exercise closely after
the dive

Madden et al. Intrapulmonary Shunt and SCUBA Diving: Another Risk Factor? 
Echocardiography 2015; 32: S205–S210
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Treatment

Should all divers be screened ?
• Incidence of DCS in recreational diving : 

• Difficult to estimate (number of dives often not known) 
• Varies according to type of diving activity 

Germonpre P The medical risks of underwater diving and their control. Internat SportMed Journal 2006 7:1-15
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Science vs. gut feeling

• Based on a 2.5-5 times higher DCS risk when you 
have a PFO, most recreational divers should not be 
worried about it (Bove 1998)

• 2.28 / 10,000 dives neurological DCS
• Presence of a PFO increases DCS risk by 1.8 times the 

average population risk
• Absence of a PFO reduces DCS risk to 0.67 times the 

average population risk

• Post-dive VGE numbers depend on depth/time/gas 
but also on other - unknown - factors

Bove AA. Risk of decompression sickness with patent foramen ovale. Undersea Hyperb Med 1998; 25:175-178

PFO size may change over time
• Mayo Clin 1984 autopsy study: PFO size increases 

with age: 
• 3.4 mm (0-9years) to 5.8 mm (80-90 years)

• Longitudinal c-TEE study: 7.15 years difference

Germonpre P et al. Evidence for Increasing Patency of the Foramen Ovale in Divers. 
Am J Cardiol 2005;95:912–915



SBMHS-BVOOG 24 Feb 2018 PFO and diving

(C) 2018 P. Germonpre 25

Treatment – is the PFO to blame ?

DCS with PFO-related characteristics
• Germonpré 1998, Cantais 1999

• Cerebrum
• Cerebellum
• Inner ear / eye
• High cervical spinal cord
• But NOT the lower spinal cord or pain-only DCS

• Wilmshurst 1989-2001
• Neurological symptoms within 30 minutes after the dive
• “cutis marmorata” skin rashes early after surfacing

Justifies PFO detection – using c-TTE, TCD, or c-TEE

Treatment – FIRST: counselling

• Explain the significance of PFO
• Explain that the presence of PFO increases the risk  

for developing serious neurological DCS by 2.5 
times

• Advise them to dive (more) conservatively
• Avoid activities post-dive that induce right-to-left 

shunting
• Stop diving
• Have the PFO closed
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Treatment – PFO closure 
Is the PFO to blame ?

Large PFO : Schuchlenz et al. 2000: The diameter of a PFO is 
an independent risk factor for ischemic events, especially 
recurrent strokes
• PFO larger than 4mm yields an odds ratio of

• 3.4 for TIA 
• 12 for ischemic stroke
• 27 for two or more strokes

Atrial Septal Aneurysm: Mas et al. 2001: 581 patients 
with recent ischemic stroke of unknown origin; all received anti-
platelet treatment
• After 4 years, risk of recurrent stroke was

• 2.3% with PFO
• 15.2% with PFO + atrial septal aneurysm
• 4.2% with no PFO, no aneurysm

Schuchlenz HW et al. The association between the diameter of a patent foramen ovale and the risk of embolic 
cerebrovascular events. Am J Med. 2000 Oct 15;109(6):456-62
Mas JL et al. Recurrent cerebrovascular events associated with patent foramen ovale, atrial septal aneurysm, or both.
N Engl J Med. 2001 Dec 13;345(24):1740-6.
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Treatment – PFO closure 

Surgical Repair
• Significant morbidity (cardiopulmonary bypass)
• Closed when found during open cardiac surgery

Percutaneous closure
• Placed over catheter wires from the femoral vein
• Early devices were bulky
• Newer devices:

• Less metal (nitinol wires)
• Less tissue (dacron)
• Self-centering design
• Easy, short (30 minutes) procedure with low morbidity

Treatment – PFO closure 
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PFO closure - Complications

Complications <30 days (2008 review)

Wechsler LR. PFO and stroke: what are the data?  Cardiol Rev 2008(16):53-57

PFO closure - Complications

Inglessis I et al. Long-Term Experience and Outcomes With Transcatheter Closure of Patent Foramen Ovale
J Am Coll Cardiol Intv 2013;6:1176–83

Complications <30 days (2013 review)
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PFO closure – Complications; antico
Complications >30 Days

Krumsdorf U et al. Incidence and clinical course of thrombus formation on atrial septal defect and patent foramen 
ovale closure devices in 1,000 consecutive patients. J Am Coll Cardiol. 2004 Jan 21;43(2):302-9. 

PFO Closure - summary

• Procedural success in 95-98% over 3 months
• Complication rate

• Minor complications (Hematoma, ES, AFib, headaches): 9-10%
• Major complications (air embolus, cardiac tamponade, device 

embolization) : 1%
• Late complications

• Cardiac wall erosion (Amplatzer) – up to 8 years  (0.1-0.3%)
• Metal wire break (Starflex, Cardiastar)

• Oral anticoagulation (anti Vit K) or dual anti-platelet 
therapy (ASA + clopidogrel) for 3 – 6 months

• Return to diving ?

Schwerzmann M. Hazards of percutaneous PFO closure. Eur J Echocardiography 2005; 6, 393-395
Christen T. et al.  Late cardiac tamponade after percutaneous closure of a patent foramen ovale. Eur J Echocardiography 2005; 6, 465-469
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PFO Closure and diving safety

• PFO Closure is effective in reducing arterial gas 
emboli post-dive (Honek et al. 2014)

• 20 DCS divers with Gr3 PFO – closed with AMP (25%) or 
Occlutech (75%)

• 27 Control divers with Gr3 PFO
• Dive A – “dry” dive 18m 80min (7’ stop 3m)  

(19+ and 15- divers)
• Dive B – “wet” dive 50m 20min (4’ stop 6m, 15’ stop 3m)

(8+ and 5- divers)
• Venous bubbles by TTE, arterial bubbles by TCD

Honek J. Effect of Catheter-Based Patent Foramen Ovale Closure on the Occurrence of Arterial Bubbles in Scuba Divers. 
J Am Coll Cardiol Intv 2014;7:403–8) 

PFO Closure and diving safety

• PFO Closure is effective in reducing arterial gas 
emboli post-dive (Honek et al. 2014)

Honek J. Effect of Catheter-Based Patent Foramen Ovale Closure on the Occurrence of Arterial Bubbles in Scuba Divers. 
J Am Coll Cardiol Intv 2014;7:403–8) 
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PFO Closure and diving safety

• PFO Closure is effective in reducing arterial gas 
emboli post-dive (Honek et al. 2014)

• PFO Closure reduces DCS incidence in unrestricted
diving (Billinger et al. 2011)

• 104 divers with neurological DCS, prospective study
• 18,394 dives in 5.3 years (approx 50 dives/yr/diver) 

Billinger M. et al. Patent foramen ovale closure in recreational divers: effect on decompression illness and ischaemic brain lesions during 
long-term follow-up. Heart. 2011 Dec;97(23):1932-7

No PFO Closed PFO Open PFO

Divers 39 26 39

Neurologic DCI / 104 dives 0 / 104 0.5 / 104 35.8 / 104

Neurologic DCI events Abs 0 1 4

Brain lesions / 104 dives 16 6 104

PFO Closure and diving safety

• PFO Closure is effective in reducing arterial gas 
emboli post-dive (Honek et al. 2014)

• PFO Closure reduces DCS incidence in unrestricted 
return to diving (Billinger et al. 2011)

• “Conservative diving” reduces DCS incidence 
without PFO closure  (Klingmann et al. 2012)

Klingmann et al.  Lower risk of DCS after recommendation of conservative decompression practices in divers with and without vascular R/L 
shunt. DHM 2012; 42: 146-150
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PFO Closure and diving safety

Klingmann et al.  Lower risk of DCS after recommendation of conservative decompression practices in divers with and without vascular R/L 
shunt. DHM 2012; 42: 146-150

PFO Closure and diving safety

• PFO Closure is effective in reducing arterial gas 
emboli post-dive (Honek et al. 2014)

• PFO Closure reduces DCS incidence in unrestricted 
return to diving (Billinger et al. 2011)

• “Conservative diving” reduces DCS incidence 
without PFO closure (Klingmann et al. 2012, also: 
Honek et al. 2014 )

• VGE can become arterialized through IPAVA -
Intrapulmonary Arteriovenous Anastomoses  
(Madden et al. 2013)

• Physical exercise 10 min after diving increased 
arterialization from 13% to 52% (divers with no PFO)

Madden D, et al. Exercise after SCUBA diving increases the incidence of arterial gas embolism. J Appl Physiol 2013; 115: 716–722
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Conclusions

PFO – dilemmas
• To screen or not to screen a diver ?
• To close or not to close a PFO ?
• Recommendations should be based on

• Necessity of active secondary prevention
• Risk pattern of diving (needing to – or wishing to be) performed 
• Possible relation of DCS to PFO
• Other concerns for paradoxical embolism (migraine, thrombotic 

propensity)

• Guidelines for Divers are different than Guidelines for 
Stroke !

• Prevention of thrombi = lifelong anticoagulation
• Prevention of VGE after diving = change diving profiles

• For recreational diving, there is no medical need to close 
the PFO
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PFO – guidelines & help
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PFO – guidelines & help

PFO – guidelines & help
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PFO – guidelines & help


