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Patent foramen ovale (PFO) has been associated with cryptogenic stroke. There is conflicting data and it remains uncertain whether PFO is the direct cause, a risk factor or an incidental finding. Potential stroke mechanisms include paradoxical embolism from a venous clot which traverses the PFO, in situ clot formation within the PFO, and atrial arrhythmias due to electrical signaling disruption. Main risk factors linked with PFO-attributable strokes are young age, PFO size, right-to-left shunt degree, PFO morphology, presence of atrial septal aneurysm, intrinsic coagulation-anticoagulation systems imbalance, and co-existence of other atrial abnormalities, such as right atrial septal pouch, Eustachian valve and Chiari's network. These may act independently or synergistically, multiplying the risk of embolic events. The RoPE score, a scale that includes factors such as young age, cortical infarct location and absence of traditional stroke risk factors, is associated with the probability of a PFO being pathogenic and stroke recurrence risk after the index stroke. Multiple investigators have attempted to correlate other PFO features with the risk of PFO-related stroke, but further investigation is needed before any robust conclusions are reached. PFO presence in young patients with cryptogenic stroke should be considered as etiologically suspect. Caution should be exercised in interpreting the relevance of other PFO features.
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INTRODUCTION

The atrial septum is formed during the embryogenesis by two membranes growing from the atrial walls (septum primum and septum secundum), leaving an oval shaped fenestration (foramen ovale), which serves the right-to-left shunt (R-L shunt) of the fetal circulation (Figure 1). The foramen ovale is sealed during the first year of life by the fusion of the two membranes. The failure of this process leads to an interatrial slit-like channel, the patent foramen ovale (PFO) (1–3) (Figure 1). PFO is considered to be a subclass of ostium secundum defects (4). Other atrial septal defects include ostium primum defects, sinus venosus defects and coronary sinus defects. The size and morphology of the defect is individualized, depending on the structures which are involved (4).
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FIGURE 1. (A) Normal atrial septum which results from the fusion of septum primum and septum secundum. (B) Failure of fusion of septum primum and septum secundum, leading to patent foramen ovale. (C) Right atrial septal pouch, resulting from malformation of atrial septum forming a blind-end socket. (D) Atrial septal aneurysm, the result of a hypermobile atrial septum. (Design and courtesy of Mr. Fotis G. Ioannidis).


PFO is present in ~25% of the general population, tending to decline with increasing age, and is the most frequent cause of R-L shunt in adults (2, 5–7). Although most of the times PFO is “innocent,” it has been associated with cryptogenic stroke (CS), migraine, peripheral embolism, and Alzheimer's dementia (1). The link between PFO and stroke was first described by Cohnheim in 1877 (8), and since then, a strong association has been established. The high PFO prevalence in the CS population (about 50%, 2-fold when compared with stroke patients of known cause) cannot be overlooked (5, 9).

The population affected by PFO-related embolic events is mostly young, and although the annual recurrence risk is relatively low, it tends to aggregate to a non-negligible total rate (6, 10). On the other hand, many PFOs in stroke patients represent incidental findings (11). Thus, it is essential to determine the high risk features of PFOs, as only PFO-related CS patients will potentially benefit from a PFO-closure procedure (6, 12, 13).



PFO AND STROKE

CS comprises 15–40% of all ischemic strokes, and PFO occurs in 40–56% in patients <55 years old with CS or transient ischemic attack (TIA) (6, 12, 14). One has to distinguish between PFO being a direct cause of stroke and PFO being a risk factor for stroke. The relevant literature indicates that the strength of the association between PFO and stroke depends on the type of study. The role of PFO as a risk factor for ischemic stroke has mainly been demonstrated in case-control studies. In one of the original case-control studies, an ~4-fold increase in PFO prevalence in stroke patients younger than 55 years and an ~2-fold increase in older patients compared with controls of similar age was demonstrated (15). In a robust meta-analysis of case-control studies, Overell et al. reported an OR of 3.1 for PFO, 6.14 for atrial septal aneurysm (ASA), and 15.59 for PFO combined with ASA, when the examined population was younger than 55 years (16). On the contrary, the role of PFO as a risk factor for stroke and vascular events in the general population has not been demonstrated with certainty. Most studies suffered from inadequate sample sizes or short follow-up durations which may have masked possible associations. Di Tullio et al. (17) reported the results of a population study in which they followed a community cohort of asymptomatic individuals with and without PFO for an average of 11 years, and demonstrated that PFO was not associated with an increased risk of clinical stroke or silent brain infarcts (17).

Some PFOs likely are incidental findings. When they are pathogenic, it is still debatable whether they represent a risk factor for stroke or the true cause (5, 6). Moreover, the precise mechanism by which PFO causes a stroke is uncertain. Several PFO characteristics have been reported as high-risk features, such as hypermobile atrial septum, R-L shunt grade, R-L shunt at rest, as well as non-PFO features, as young age and the coexistence of other atrial septal abnormalities (1, 16, 18).



POTENTIAL STROKE MECHANISMS IN PFO


Paradoxical Embolism

The most acceptable hypothesis currently is that of paradoxical embolism (19, 20). This phenomenon requires a venous thrombus to travel through a R-L shunt and cause arterial embolism (5, 6). This hypothesis is supported by studies reporting the PFO size and R-L shunt grade as risk factor for CS, case reports of thrombi stuck in PFO tunnel, and CS following deep venous thrombosis (DVT) (5, 19).

However, paradoxical embolism cannot stand as the only possible explanation (21). The existing data do not support an increased incidence of DVT or Valsalva-like activities prior to CS as compared to non-PFO CS patients, and a venous source of embolism is rarely identified (22). Moreover, some studies report increased risk of recurrence associated with smaller shunts (13). Thus, additional or alternative explanations are in order, perhaps related to PFO characteristics (18).



In situ Clot Formation

Accumulated data support the notion that PFO is liable for in situ thrombus formation (13, 20–22). This hypothesis is empowered by the fact that specific features, such as long-tunneled PFO, concomitant presence of ASA or Chiari's network, increase the risk of stroke (1, 23–25). These findings do not favor the paradoxical embolism hypothesis, but the deceleration of flow, blood stagnation and thrombi formation within the PFO or ASA (20, 26).

Rigatteli et al. reported observations from computational anatomical models where he noted a pathologic pattern of left atrial (LA) blood flow due to permanent R-L shunt (27). Furthermore, a prospective study comparing pre-closure PFO patients with atrial fibrillation (AF) patients and healthy individuals, claimed that moderate-to-severe ASA was correlated with LA dysfunction (active and passive emptying, conduit function, LA ejection fraction), which reversed after PFO closure (28). These very interesting findings suggest LA dysfunction and AF-like flow, forming thrombi in the absence of the arrhythmia. Moreover, LA size has been correlated with ASA presence, multiple ischemic lesions and the RSL degree; LA diameter ≥43 mm and RoPE score>7 were significantly associated (29). Questions are also raised regarding the involvement of other R-L shunt sites (25).



Arrhythmias

A very attractive hypothesis, supported by several authors, claims that embolic events in PFO are caused by atrial tachyarrhythmias and/or paroxysmal AF, especially in the presence of a hypermobile atrial septum (22, 30–33). Indeed, 20–42% of PFO and/or ASA patients are considered to have AF or atrial flutter (31).

The term of atrial vulnerability describes the electrophysiological trend to induce AF. Berthet et al. reported that inducible AF longer than 60 s in duration and abnormalities of effective refractory periods and atrial conduction time, were present in 58% of patients with PFO and/or ASA, as compared to 25% of patients without (31). Moreover, Cotter et al. reported increased interatrial block and atrial vulnerability in young CS patients with PFO; cases were also found to have longer P-wave duration, and proposed that stretch or pressure on the atrial septum is the causative mechanism (34).

It is believed that each one of the above mechanisms exists and that their synergistic action results in cumulative outcomes.




AGE

Several studies support that one of the most powerful markers of a non-incidental PFO in stroke patients is young age, usually defined as age ≤ 55 years (1, 16, 35, 36). The incidence of PFO in the stroke population tends to decrease with increasing age (0–30 years: 34.3%, 30–80 years: 25.4%, 90–100 years: 20.2%), while other more traditional stroke risk factors, such as hypertension, dyslipidemia, smoking, and arrhythmias increase (2, 5, 22). The latter factors are also less frequent in populations with PFO-attributable embolic events (22).

In a meta-analysis, Overell et al. reviewed the literature with an eye toward the three-way association between PFO, CS and age heterogeneity of study populations, and concluded that when older patients were included, the strength of the correlation between PFO and CS was rather low (16). Specifically, when comparing stroke patients with controls, the positive association of PFO with CS was a function of younger age of the population (mean age of 44.8 years), while in the older population (mean age of 61.1 years) this association was not present (16). A similar pattern was detected when comparing CS to patients with stroke of known cause or healthy individuals (16, 35). Another meta-analysis reported similar findings, with OR of 5.1 for association of PFO with CS in young patients, while the association was weaker (OR: 2.0) for patients older than 55 years (36). According to these data, the presence of PFO in young CS patients should be strongly considered as etiologically suspect (16).

Nevertheless, it is worth noting that PFO-attributable strokes do occur in older patients as well, although data are scarce and further investigation is needed (24, 37). The population-based study of Mazzucco et al. is in line with this statement, and suggests transcranial Doppler testing as a feasible and cost-effective screening (38).



HIGH-RISK ANATOMICAL FEATURES OF PFO


Size

PFO diameter ranges from 1 to 19 mm, and tends to grow larger with advancing age (1, 2). Although PFO diameter is well established as a risk factor, the existing data are conflicting due to inter-operator variability and differences in the estimation methodology. It is worth mentioning here that the number of microbubbles crossing the atrial septum is not a reliable way for assessing the anatomic size of the PFO (18).

In most studies, size is an independent risk factor for stroke occurrence and recurrence (1, 5, 39, 40), with OR of 2.54 when the size is ≥2 mm (41). Moreover, CS patients tend to have larger PFOs, when compared to stroke patients of other known causes (13, 36). The impact of size on TIAs seems to be weaker (11).

On the other hand, some studies demonstrated that large PFOs were associated with increased risk for the index event or its severity, while smaller PFOs were associated with the risk of recurrence, indicating different pathophysiological mechanisms of embolism (13, 14).



Shunt Degree

PFO may prevent shunting if its morphology favors a sufficient valvular mechanism; otherwise, it allows a shunt of varying degree (1, 3). The shunt is best estimated by transesophageal echocardiography. Transcranial doppler testing is highly sensitive but detects any R-L shunt, which includes intracardiac and extracardiac locations (1, 5). As for the transthoracic echocardiography, it is believed that it is more specific but less sensitive in detecting PFO, in comparison to transcranial Doppler ultrasonography (42).

Shunt degree is not defined exclusively by PFO size; (11) on the contrary, the right-left atrial pressure difference is one of the main factors affecting the degree of the shunt. For example, pulmonary hypertension favors patency of foramen ovale (2), while mitral regurgitation, left atrial dilatation, and left ventricular hypertrophy can raise the LA pressure and diminish the R-L shunt degree (43).

R-L shunt can be detected in up to 100% of patients with PFO and history of embolism; 10% of PFO-related CS have large-degree R-L shunt (44, 45). The shunt degree is significantly associated with stroke risk (both for index or recurrent event), as well as with TIA and migraines, while asymptomatic PFOs tend to be smaller (1, 9, 25, 36, 39, 41, 43). The incidence of stroke may be higher in the presence of significant shunt at rest (1). Moreover, smaller R-L shunts have been associated with greater recurrence risk (1, 13, 35, 46). It is also interesting that echocardiography features may predict recurrence risk only in those patients with higher RoPE scores (for RoPE score analysis, please, see below) (13). It has been suggested that when the RoPE score is ≥7 the presence of hypermobile interatrial septum and smaller shunts are predictive of stroke recurrence; if these data is confirmed, then we can consider that paradoxical embolism is responsible for only a fraction of the PFO-associated strokes, and that additional potential pathogenic mechanisms exist (13).

Interestingly, some studies report that the degree of R-L shunt is similar in PFO-related and other etiology stroke patients, and that it is not linked with risk of recurrence (18, 20). Nevertheless, one should keep in mind that shunt degree is a dynamic variable which can change because of pressure changes in the cardiac chambers, patient cooperation during the exam and operator's skills, indicating that its reliability and significance in clinical practice may be limited (18, 47). Moreover, the variability and controversies in the existing literature can be explained by the differences of the definitions of degree of R-L shunt and also of the population under study.



Morphology

Other potentially high-risk features of PFO are: PFO length, tunnel-like morphology, height, thick fossa ovale rims, and low-angle PFO (14, 35, 41). Unfortunately, data are scarce, usually are the result of rather small studies, and often are conflicting.

One of the high-risk characteristics is the distance between septum primum and septum secundum, often named “PFO height.” Some studies demonstrated increased embolic risk when the separation of the two membranes is large. Other studies report increased risk when the overlap between septum primum and septum secundum, often named “PFO length,” is deficient (25, 35, 43). Tunnel-like morphology, defined as ≥8–10 mm in length, was also reported as a high-risk factor, with OR for CS in the region of 2.66 (p = 0.017) (1, 25, 35, 41). The discrepancy of whether a longer or shorter PFO is associated with embolic events may indicate differences in pathogenetic mechanisms.

Although the thickness of fossa ovale rims has not been linked with definite embolic risk, excessive thickness can be associated with poor closure devise stability (35).

Finally, the angle of PFO in relation to the inferior vena cava has been associated with the embolic risk. More specifically, a low-angle PFO (≤10°) corresponds to OR 3.74 (p = 0.029) for CS (41).

The above statements are made with a sense of caution as other studies failed to confirm these results (48).




ATRIAL SEPTAL ANEURYSM

Atrial septal aneurysm (ASA) is an excursion of a hypermobile interatrial septum, which floats to either direction in the atria, and involves septum segments of variable size (5, 33) (Figure 1). Wide heterogeneity exists in the literature because of differences in the definition of ASA and study populations (16). The prevalence of ASA in the general population is 1–4% (15). Usually, ASA is combined with PFO (60–89%), and when it does, PFO tends to be of larger size (20, 40, 49). Several other abnormalities have been correlated with ASA, such as atrial septal defects and mitral valve prolapse (24, 33).

ASA is associated with increased stroke risk, especially in the presence of PFO, and is considered a stronger risk factor than PFO (5, 16, 24, 41, 50, 51). The incidence is even higher in younger patients and those with PFO-attributable stroke (16, 52). Moreover, atrial septal hypermobility has been identified as an independent predictor of embolism recurrence, and the risk rises by two to three times when it coexists with PFO (1, 11, 39, 46). Interestingly, the risk of recurrence for stroke or TIA within 4 years after the initial event was estimated at 19.2% for PFO combined with ASA vs. 5.6% for PFO alone (20). Furthermore, when PFO and ASA co-existed the OR for stroke was 4.96, compared with 1.83 for PFO or 2.35 for ASA in isolation (16). The risks seem to apply to older patients as well (37).

Besides the synergistic action of PFO and ASA, there is a size-dependent effect of ASA on stroke risk. Cabanes et al. reported that in young patients the OR for stroke was 8.5 when the ASA excursion was >10 mm, and only 1.2 for excursion 6–10 mm (26). A small study comparing symptomatic and asymptomatic ASA reported median excursion of 7 mm in the patients group, in contrast to 4 mm in the healthy individuals group (14). Similar differences were also found in other studies, but these findings needs further investigation and validation (11).

It is important to mention here that in the general population ASA is associated with increased stroke risk, but the relative risk is still low, and therefore screening tests for asymptomatic individuals are not recommended (15).



OTHER ATRIAL ABNORMALITIES

Several other atrial structural abnormalities have been considered to be associated with PFO and increased embolic risk, such as right atrial septal pouch (RASP), prominent Eustachian valve or ridge and Chiari's network (1, 23).


Right Atrial Septal Pouch

Right atrial septal pouch (RASP) is a sack-shaped atrial septal malformation, detected on either side of the septum (1) (Figure 1). Scarce data propose RASP as a cause of blood flow disturbance and embolus formation, and there is coexistence with PFO arterial embolic events may occur (1).



Eustachian Valve and Chiari's Network

Eustachian valve and Chiari's network are fetal features that interfere with the normal embryonic R-L shunt (1). Eustachian valve co-occurrence with PFO is estimated at 70%, while Chiari's network is related with PFO in 83% of cases (5).

While both can represent incidental findings, they have also been recognized as stroke risk co-factors in the presence of PFO (25, 40, 41). In particular, in a retrospective study, the OR for Eustachian valve or Chiari's network as factors related to CS was 4.47 in univariate analysis (p = 0.002) and 4.71 in multivariate analysis (p = 0.009) (41).



Hybrid Defects

The term “hybrid defects” refers to a group of heterogeneous atrial septal abnormalities associated with PFO. (1) These combinations include ostium primum, ostium secundum, sinus venosus, and coronary sinus defects (5). Theoretically, all may result in paradoxical embolism, but their exact role and stroke risk associated with them still remain undetermined.




VENOUS THROMBOSIS

Because paradoxical embolism is considered as one of the main mechanisms of PFO-related stroke, a clot in the venous system or conditions predisposing to venous clots are usually sought for. Deep venous thrombosis (DVT), pelvic vein thrombosis and hypercoagulable states are considered as risk factors for PFO-related stroke (35, 40).

In a rather small study increased incidence of lower extremity DVT was found in patients with probable paradoxical embolism (53). Similar findings were reported in a study of a young CS population (54). Moreover, DVT was associated with strokes >3 cm in diameter (55). Conditions such as immobilization, anesthesia, surgery and pregnancy prior to stroke events were found more often in CS patients with PFO (4.5 vs. 1.6%, p = 0.05) (22). However, other studies are not in line with these data, and claim that the source of venous thrombi is rarely detected (11, 40, 56). Of course, the discrepancy in the frequency of DVT and the usually low frequency of identifiable DVT among studies addressing PFO-related stroke may be in part due to the late timing of the diagnostic studies of the venous system after the index stroke.

Disruption of the balance of natural coagulation-anticoagulation mechanisms, such as Factor V Leiden mutation or prothrombin gene mutation, is also a co-factor for increased risk of stroke in the presence of R-L shunt. Karttunen et al. report OR 2.8 (p = 0.021) for prothrombotic states and 2.5 (p = 0.037) for common risk factors for venous thrombosis, in a case-control study of CS in PFO patients, aged 15–60 years (57). An underlying thrombophilia, either inherited or acquired, also predisposes to recurrence of embolism; this risk is decreased with PFO closure (58).

The risk of formation of venous clots seems to interact with age, as older people have more risk factors leading to this process. In the presence of a PFO, paradoxical embolism may occur, and recurrence rates tend to be higher (37, 59).

Of interest is the results of two clinical trials addressing the question of treatment with antiplatelet vs. anticoagulant drugs for second stroke prevention in patients with CS and underlying PFO. In the PICSS (patient foramen ovale in cryptogenic stroke study), a substudy to the WARSS (warfarin vs. aspirin for recurrent stroke study), there was no significant superiority of warfarin anticoagulation over aspirin; there was however a trend of toward warfarin being better than aspirin for secondary stroke prevention in this setting (HR = 0.52, p = 0.28); it should be noted that the follow-up period was 2 years (60). From the CLOSE trial, Mas et al. demonstrated that anticoagulants were not superior vs. aspirin for stroke prevention; this arm of the trial was underpowered (61). Based on the above and the knowledge that anticoagulants are the main treatment for venous thromboembolism, the lack of solid evidence that anticoagulants perform better than antiplatelet agents in preventing stroke, despite the methodological problems for each study, could raise suspicion that paradoxical embolism may not be the main or most frequent mechanism of stroke causation in the setting of PFO. Further study on this matter is desperately needed.



THE ROPE SCORE AND PFO AS AN INCIDENTIAL FINDING

Many authors have attempted to answer which features of a PFO determine whether it is pathogenic or incidental finding in CS patients.

The Risk of Paradoxical Embolism (RoPE) score was designed for this reason, and also estimates the recurrence risk within 2 years after the index event (7). RoPE scale components include age, hypertension, diabetes mellitus, stroke or TIA history, smoking, and neuroimaging (large cortical infarct) to determine a 10-point score (7). Higher RoPE score results from young age, cortical infarcts and the absence of traditional stroke risk factors; the higher the RoPE score the more likely that a PFO is pathogenic, and is usually associated with lower risk of stroke recurrence (7). RoPE score of 0–3 estimates 0% probability of pathogenic PFO and 20% probability of recurrent event, while a score of 9-10 estimates 88 and 2% probability, respectively (7). As emphasized above, PFO-attributable strokes may have low recurrence risk within the short period of 2 years, but because they occur in young patients, the overall risk within the lifespan of patients may be verysubstantial (6). It is worth noticing that R-L shunt degree, ASA and other PFO high-risk characteristics were not included in the RoPE score variables (47). Furthermore, in cases of stroke of known etiology, the RoPE score loses its prognostic value (7).

The RoPE score is a probability index; thus, low scores cannot exclude with certainty the possibility of PFO-attributable stroke, while higher scores cannot confirm the causative relationship (7, 25). Nevertheless, its efficacy has been tested in clinical practice; the fact that the risk of stroke recurrence was still high after PFO closure in patients with low RoPE score indicates that the stroke mechanism was indeed unrelated to PFO (62). A study in CS patients ≤ 50 years reported that RoPE score above 7 is the optimal limit for identifying a causative relationship of PFO and CS (63). It should be emphasized though, that the RoPE score does not characterize the risk of stroke associated with PFO individually, but it rather provides a guide to define whether the relationship of PFO with CS after the index event is causative or not (6).

Other high-risk echocardiographic features should not be underestimated. Recurrence risk seems to be heterogeneous within each RoPE score strata. Thaler et al. report an increased recurrence risk in patients with high RoPE score, associated with history of stroke or TIA, hypermobile atrial septum and small R-L shunt (13). Moreover, a meta-analysis defined that in the co-existence of ASA the probability of a PFO to be incidental was decreased (9% in younger and 26% in older patients) (36). The same study reported that when using the Bayesian approach one third of all PFOs in CS patients are incidental, and morphologic characteristics may alter these rates (36). A very interesting retrospective cohort study attempted to associate high-risk morphological features of PFO with the probability of CS (41). They identified: (a) long-tunnel PFO ≥10 mm, (b) hypermobile interatrial septum, (c) Eustachian valve/Chiari's network, (d) large R-L shunt during Valsalva maneuver, and (e) low-angle PFO ≤ 10°, as high-risk echocardiographic features and assigned one point to each creating thus a 5-point scale. PFO associated with a score ≥2 in this scale was strongly linked with CS (41). This study had several limitations, but it sets the basis for further investigation.



CONCLUSIONS

PFO in stroke patients may represent an incidental finding, a risk factor for stroke occurrence or a robust cause. It is associated with CS through several mechanisms; most theories support paradoxical embolism, in situ thrombus formation, and arrhythmogenesis, while other possible, yet unknown, explanations cannot be excluded. Young age, PFO morphological characteristics and factors predisposing to venous thrombosis are essential features to determine a pathogenic PFO. Further investigation is needed in order to identify the role of these characteristics in the stroke pathogenesis.



AUTHOR CONTRIBUTIONS

SI: review of literature, writing of manuscript draft, review of final draft manuscript. PM: review of literature, critical review of final draft of manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

We would like to thank Mr. Fotis G. Ioannidis for the artistic development of Figure 1.



REFERENCES

 1. Aggeli C, Verveniotis A, Andrikopoulou E, Vavuranakis E, Toutouzas K, Tousoulis D. Echocardiographic features of pfos and paradoxical embolism: a complicated puzzle. Int J Cardiovas Imag. (2018) 34:1849–61. doi: 10.1007/s10554-018-1406-1

 2. 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 Clinic Proc. (1984) 59:17–20. doi: 10.1016/S0025-6196(12)60336-X

 3. Naqvi N, McCarthy KP, Ho SY. Anatomy of the atrial septum and interatrial communications. J Thor Dis. (2018) 10:S2837–S47. doi: 10.21037/jtd.2018.02.18

 4. Menillo AM, Lee L, Pearson-Shaver AL. Atrial Septal Defect (asd). Treasure Island, FL: Statpearls (2020).

 5. Windecker S, Stortecky S, Meier B. Paradoxical embolism. J Am Coll Cardiol. (2014) 64:403–15. doi: 10.1016/j.jacc.2014.04.063

 6. Melkumova E, Thaler DE. Cryptogenic stroke and patent foramen ovale risk assessment. Int Card Clin. (2017) 6:487–93. doi: 10.1016/j.iccl.2017.05.005

 7. Kent DM, Ruthazer R, Weimar C, Mas JL, Serena J, Homma S, et al. An index to identify stroke-related vs incidental patent foramen ovale in cryptogenic stroke. Neurology. (2013) 81:619–25. doi: 10.1212/WNL.0b013e3182a08d59

 8. Collado FMS, Poulin MF, Murphy JJ, Jneid H, Kavinsky CJ. Patent foramen ovale closure for stroke prevention and other disorders. J Am Heart Assoc. (2018) 7:7146. doi: 10.1161/JAHA.117.007146

 9. He D, Li Q, Xu G, Hu Z, Li X, Guo Y, et al. Clinical and imaging characteristics of pfo-related stroke with different amounts of right-to-left shunt. Brain Behav. (2018) 8:e01122. doi: 10.1002/brb3.1122

 10. Tsivgoulis G, Katsanos AH, Mavridis D, Frogoudaki A, Vrettou AR, Ikonomidis I, et al. Percutaneous patent foramen ovale closure for secondary stroke prevention: network meta-analysis. Neurology. (2018) 91:e8–e18. doi: 10.1212/WNL.0000000000005739

 11. Schuchlenz HW, Weihs W, Horner S, Quehenberger F. The association between the diameter of a patent foramen ovale and the risk of embolic cerebrovascular events. Am J Med. (2000) 109:456–62. doi: 10.1016/S0002-9343(00)00530-1

 12. Maggiore P, Bellinge J, Chieng D, White D, Lan NSR, Jaltotage B, et al. Ischaemic stroke and the echocardiographic “bubble study”: are we screening the right patients? Heart, Lung Circul. (2019) 28:1183–9. doi: 10.1016/j.hlc.2018.07.007

 13. Thaler DE, Ruthazer R, Weimar C, Mas JL, Serena J, Di Angelantonio E, et al. Recurrent stroke predictors differ in medically treated patients with pathogenic vs. other pfos. Neurology. (2014) 83:221–6. doi: 10.1212/WNL.0000000000000589

 14. Bayar N, Arslan S, Cagirci G, Erkal Z, Ureyen CM, Cay S, et al. Assessment of morphology of patent foramen ovale with transesophageal echocardiography in symptomatic and asymptomatic patients. J Stroke Cerebrovasc Dis. (2015) 24:1282–6. doi: 10.1016/j.jstrokecerebrovasdis.2015.01.036

 15. Di Tullio MR, Sacco RL, Sciacca RR, Jin Z, Homma S. Patent foramen ovale and the risk of ischemic stroke in a multiethnic population. J Am Coll Cardiol. (2007) 49:797–802. doi: 10.1016/j.jacc.2006.08.063

 16. Overell JR, Bone I, Lees KR. Interatrial septal abnormalities and stroke: a meta-analysis of case-control studies. Neurology. (2000) 55:1172–9. doi: 10.1212/WNL.55.8.1172

 17. Di Tullio MR, Jin Z, Russo C, Elkind MS, Rundek T, Yoshita M, et al. Patent foramen ovale, subclinical cerebrovascular disease, and ischemic stroke in a population-based cohort. J Am Coll Cardiol. (2013) 62:35–41. doi: 10.1016/j.jacc.2013.03.064

 18. Wessler BS, Thaler DE, Ruthazer R, Weimar C, Di Tullio MR, Elkind MS, et al. Transesophageal echocardiography in cryptogenic stroke and patent foramen ovale: analysis of putative high-risk features from the risk of paradoxical embolism database. Circulation. (2014) 7:125–31. doi: 10.1161/CIRCIMAGING.113.000807

 19. Mirijello A, D'Errico MM, Curci S, Spatuzza P, Graziano D, La Viola M, et al. Paradoxical embolism with thrombus stuck in a patent foramen ovale: a review of treatment strategies. Eur Rev Med Pharm Sci. (2018) 22:8885–90. doi: 10.26355/eurrev_201812_16657

 20. Mas JL, Arquizan C, Lamy C, Zuber M, Cabanes L, Derumeaux G, et al. Recurrent cerebrovascular events associated with patent foramen ovale, atrial septal aneurysm, or both. N Engl J Med. (2001) 345:1740–6. doi: 10.1056/NEJMoa011503

 21. Schneider B, Hanrath P, Vogel P, Meinertz T. Improved morphologic characterization of atrial septal aneurysm by transesophageal echocardiography: relation to cerebrovascular events. J Am Coll Cardiol. (1990) 16:1000–9. doi: 10.1016/S0735-1097(10)80354-7

 22. Lamy C, Giannesini C, Zuber M, Arquizan C, Meder JF, Trystram D, et al. Clinical and imaging findings in cryptogenic stroke patients with and without patent foramen ovale: the pfo-asa study. Atrial septal aneurysm. Stroke. (2002) 33:706–11. doi: 10.1161/hs0302.104543

 23. Taramasso M, Nietlispach F, Maisano F, Meier B. Patent foramen ovale: indications for closure and techniques. EuroIntervention. (2016) 12 Suppl X:X7–X12. doi: 10.4244/EIJV12SXA2

 24. Senadim S, Bozkurt D, Cabalar M, Bajrami A, Yayla V. The role of patent foramen ovale in cryptogenic stroke. Noro Psikiyatri Arsivi. (2016) 53:63–6. doi: 10.5152/npa.2015.10034

 25. Tanzi A, Onorato E, Casilli F, Anzola GP. Is the search for right-to-left shunt still worthwhile? Acta Neurol Scand. (2016) 133:281–8. doi: 10.1111/ane.12456

 26. Cabanes L, Mas JL, Cohen A, Amarenco P, Cabanes PA, Oubary P, et al. Atrial septal aneurysm and patent foramen ovale as risk factors for cryptogenic stroke in patients less than 55 years of age. A study using transesophageal echocardiography. Stroke. (1993) 24:1865–73. doi: 10.1161/01.STR.24.12.1865

 27. Rigatelli G, Zuin M, Fong A. Computational flow dynamic analysis of right and left atria in patent foramen ovale: potential links with atrial fibrillation. J Atrial Fibril. (2018) 10:1852. doi: 10.4022/jafib.1852

 28. Rigatelli G, Aggio S, Cardaioli P, Braggion G, Giordan M, Dell'avvocata F, et al. Left atrial dysfunction in patients with patent foramen ovale and atrial septal aneurysm: an alternative concurrent mechanism for arterial embolism? Cardiovasc Intervent. (2009) 2:655–62. doi: 10.1016/j.jcin.2009.05.010

 29. Rigatelli G, Zuin M, Adami A, Aggio S, Lanza D, d'Elia K, et al. Left atrial enlargement as a maker of significant high-risk patent foramen ovale. Int J Cardiovas Imag. (2019) 35:2049–56. doi: 10.1007/s10554-019-01666-x

 30. Agmon Y, Khandheria BK, Meissner I, Gentile F, Whisnant JP, Sicks JD, et al. Frequency of atrial septal aneurysms in patients with cerebral ischemic events. Circulation. (1999) 99:1942–4. doi: 10.1161/01.CIR.99.15.1942

 31. Berthet K, Lavergne T, Cohen A, Guize L, Bousser MG, Le Heuzey JY, et al. Significant association of atrial vulnerability with atrial septal abnormalities in young patients with ischemic stroke of unknown cause. Stroke. (2000) 31:398–403. doi: 10.1161/01.STR.31.2.398

 32. Hanley PC, Tajik AJ, Hynes JK, Edwards WD, Reeder GS, Hagler DJ, et al. Diagnosis and classification of atrial septal aneurysm by two-dimensional echocardiography: report of 80 consecutive cases. J Am Coll Cardiol. (1985) 6:1370–82. doi: 10.1016/S0735-1097(85)80228-X

 33. Mugge A, Daniel WG, Angermann C, Spes C, Khandheria BK, Kronzon I, et al. Atrial septal aneurysm in adult patients. A multicenter study using transthoracic and transesophageal echocardiography. Circulation. (1995) 91:2785–92. doi: 10.1161/01.CIR.91.11.2785

 34. Cotter PE, Martin PJ, Pugh PJ, Warburton EA, Cheriyan J, Belham M. Increased incidence of interatrial block in younger adults with cryptogenic stroke and patent foramen ovale. Cerebrovasc Dis Extra. (2011) 1:36–43. doi: 10.1159/000327346

 35. Pizzino F, Khandheria B, Carerj S, Oreto G, Cusma-Piccione M, Todaro MC, et al. Pfo: button me up, but wait. Comprehensive evaluation of the patient. J Cardiol. (2016) 67:485–92. doi: 10.1016/j.jjcc.2016.01.013

 36. Alsheikh-Ali AA, Thaler DE, Kent DM. Patent foramen ovale in cryptogenic stroke: incidental or pathogenic? Stroke. (2009) 40:2349–55. doi: 10.1161/STROKEAHA.109.547828

 37. Handke M, Harloff A, Olschewski M, Hetzel A, Geibel A. Patent foramen ovale and cryptogenic stroke in older patients. N Eng J Med. (2007) 357:2262–8. doi: 10.1056/NEJMoa071422

 38. Mazzucco S, Li L, Binney L, Rothwell PM, Oxford Vascular Study Phenotyped C. Prevalence of patent foramen ovale in cryptogenic transient ischaemic attack and non-disabling stroke at older ages: a population-based study, systematic review, and meta-analysis. Lancet Neurol. (2018) 17:609–17. doi: 10.1016/S1474-4422(18)30167-4

 39. Lee JY, Song JK, Song JM, Kang DH, Yun SC, Kang DW, et al. Association between anatomic features of atrial septal abnormalities obtained by omni-plane transesophageal echocardiography and stroke recurrence in cryptogenic stroke patients with patent foramen ovale. Am J Cardiol. (2010) 106:129–34. doi: 10.1016/j.amjcard.2010.02.025

 40. Homma S, Sacco RL. Patent foramen ovale and stroke. Circulation. (2005) 112:1063–72. doi: 10.1161/CIRCULATIONAHA.104.524371

 41. Nakayama R, Takaya Y, Akagi T, Watanabe N, Ikeda M, Nakagawa K, et al. Identification of high-risk patent foramen ovale associated with cryptogenic stroke: development of a scoring system. J Am Soci Echocardiogr. (2019) 32:811–6. doi: 10.1016/j.echo.2019.03.021

 42. Katsanos AH, Psaltopoulou T, Sergentanis TN, Frogoudaki A, Vrettou AR, Ikonomidis I, et al. Transcranial doppler versus transthoracic echocardiography for the detection of patent foramen ovale in patients with cryptogenic cerebral ischemia: a systematic review and diagnostic test accuracy meta-analysis. Ann Neurol. (2016) 79:625–35. doi: 10.1002/ana.24609

 43. Natanzon A, Goldman ME. Patent foramen ovale: anatomy versus pathophysiology–which determines stroke risk? J Am Soc Echocardiogr. (2003) 16:71–6. doi: 10.1067/mje.2003.34

 44. Belkin RN, Hurwitz BJ, Kisslo J. Atrial septal aneurysm: association with cerebrovascular and peripheral embolic events. Stroke. (1987) 18:856–62. doi: 10.1161/01.STR.18.5.856

 45. Sadrameli SS, Gadhia RR, Kabir R, Volpi JJ. Patent foramen ovale in cryptogenic stroke and migraine with aura: does size matter? Cureus. (2018) 10:e3213. doi: 10.7759/cureus.3213

 46. Parr C, Liu S, Perija B, Shaikh N, Kass M. Patent foramen ovale treatment strategies correspond to an index predicting pathogenicity. Cureus. (2019) 11:e4778. doi: 10.7759/cureus.4778

 47. Ropper AH. Tipping point for patent foramen ovale closure. N Engl J Med. (2017) 377:1093–5. doi: 10.1056/NEJMe1709637

 48. Akhondi A, Gevorgyan R, Tseng CH, Slavin L, Dao C, Liebeskind DS, et al. The association of patent foramen ovale morphology and stroke size in patients with paradoxical embolism. Circul. Cardiovasc Interv. (2010) 3:506–10. doi: 10.1161/CIRCINTERVENTIONS.109.908533

 49. Mas JL. Patent foramen ovale, atrial septal aneurysm and ischaemic stroke in young adults. Eur Heart J. (1994) 15:446–9. doi: 10.1093/oxfordjournals.eurheartj.a060524

 50. Komar M, Podolec P, Przewlocki T, Wilkolek P, Tomkiewicz-Pajak L, Motyl R. Transoesophageal echocardiography can help distinguish between patients with “symptomatic” and “asymptomatic” patent foramen ovale. Kardiologia polska. (2012) 70:1258–63.

 51. Bonati LH, Kessel-Schaefer A, Linka AZ, Buser P, Wetzel SG, Radue EW, et al. Diffusion-weighted imaging in stroke attributable to patent foramen ovale: significance of concomitant atrial septum aneurysm. Stroke. (2006) 37:2030–4. doi: 10.1161/01.STR.0000231655.52686.ab

 52. Hanna JP, Sun JP, Furlan AJ, Stewart WJ, Sila CA, Tan M. Patent foramen ovale and brain infarct. Echocardiographic predictors, recurrence, and prevention. Stroke. (1994) 25:782–6. doi: 10.1161/01.STR.25.4.782

 53. Stollberger C, Slany J, Schuster I, Leitner H, Winkler WB, Karnik R. The prevalence of deep venous thrombosis in patients with suspected paradoxical embolism. Ann Int Med. (1993) 119:461–5. doi: 10.7326/0003-4819-119-6-199309150-00003

 54. Cramer SC, Rordorf G, Maki JH, Kramer LA, Grotta JC, Burgin WS, et al. Increased pelvic vein thrombi in cryptogenic stroke: results of the paradoxical emboli from large veins in ischemic stroke (pelvis) study. Stroke. (2004) 35:46–50. doi: 10.1161/01.STR.0000106137.42649.AB

 55. Kim JW, Kim SJ, Yoon CW, Park CH, Kang KW, Kim SK, et al. Association between the amount of right-to-left shunt and infarct patterns in patients with cryptogenic embolic stroke: a transcranial doppler study. Int J Stroke. (2013) 8:657–62. doi: 10.1111/j.1747-4949.2012.00846.x

 56. Ranoux D, Cohen A, Cabanes L, Amarenco P, Bousser MG, Mas JL. Patent foramen ovale: is stroke due to paradoxical embolism? Stroke. (1993) 24:31–4. doi: 10.1161/01.STR.24.1.31

 57. Karttunen V, Hiltunen L, Rasi V, Vahtera E, Hillbom M. Factor v leiden and prothrombin gene mutation may predispose to paradoxical embolism in subjects with patent foramen ovale. Blood Coagul Fibrin. (2003) 14:261–8. doi: 10.1097/01.mbc.0000061288.28953.c8

 58. Hviid CVB, Simonsen CZ, Hvas AM. Recurrence risk in patients with cryptogenic stroke, patent foramen ovale, and thrombophilia: a systematic review and meta-analysis. Thromb Haem. (2019) 119:1839–48. doi: 10.1055/s-0039-1693739

 59. Homma S, DiTullio MR, Sacco RL, Sciacca RR, Mohr JP, Investigators P. Age as a determinant of adverse events in medically treated cryptogenic stroke patients with patent foramen ovale. Stroke. (2004) 35:2145–9. doi: 10.1161/01.STR.0000135773.24116.18

 60. Homma S, Sacco RL, Di Tullio MR, Sciacca RR, Mohr JP. Investigators PFOiCSS. Effect of medical treatment in stroke patients with patent foramen ovale: patent foramen ovale in cryptogenic stroke study. Circulation. (2002) 105:2625–31. doi: 10.1161/01.CIR.0000017498.88393.44

 61. Mas JL, Derumeaux G, Guillon B, Massardier E, Hosseini H, Mechtouff L, et al. Patent foramen ovale closure or anticoagulation vs. antiplatelets after stroke. N Engl J Med. (2017) 377:1011–21. doi: 10.1056/NEJMoa1705915

 62. Morais LA, Sousa L, Fiarresga A, Martins JD, Timoteo AT, Monteiro AV, et al. Rope score as a predictor of recurrent ischemic events after percutaneous patent foramen ovale closure. Int Heart J. (2018) 59:1327–32. doi: 10.1536/ihj.17-489

 63. Prefasi D, Martinez-Sanchez P, Fuentes B, Diez-Tejedor E. The utility of the rope score in cryptogenic stroke patients < /=50 years in predicting a stroke-related patent foramen ovale. Int J Stroke. (2016) 11:NP7–8. doi: 10.1177/1747493015607505

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ioannidis and Mitsias. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Patent Foramen Ovale in Cryptogenic Ischemic Stroke: Direct Cause, Risk Factor, or Incidental Finding?



		Introduction



		PFO and Stroke



		Potential Stroke Mechanisms in PFO



		Paradoxical Embolism



		In situ Clot Formation



		Arrhythmias







		Age



		High-Risk Anatomical Features of PFO



		Size



		Shunt Degree



		Morphology







		Atrial Septal Aneurysm



		Other Atrial Abnormalities



		Right Atrial Septal Pouch



		Eustachian Valve and Chiari's Network



		Hybrid Defects







		Venous Thrombosis



		The Rope Score and PFO as an Incidential Finding



		Conclusions



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Patent Foramen Ovale in
Cryptogenic Ischemic Stroke: Direct
Cause, Risk Factor, or
Incidental Finding?





OPS/images/fneur-11-00567-g001.gif
pr— Septum Prinum

coMes

FossaOvals,
RightAvial Septal Pouch

Patent Foramen Ovile Aval Sepal Aneurysm

' LA RA LA










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





