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Abstract

Recent trials and metanalysis even not fully conclusive and still debated, at least suggested that mechanical device-based closure of patent foramen ovale (PFO) is more effective than medical therapy in prevent recurrence of stroke. In a proportion ranging from 20 to nearly 40% of patients in literature, PFO is associated to atrial septal aneurysm (ASA): ASA is a well-known entity often associated with additional fenestration. Additionally small atrial septal defects (“Flat ASD) can present with signs of paradoxical embolism and cannot be easily detected by transthoracic echocardiography or even by transesophageal echocardiography and are usually discovered by intracardiac echocardiography at the moment of transcatheter closure. This evidence might change potentially the anatomical diagnosis from PFO to fenestrated ASA or as we called it to “hybrid defect”, being a bidirectional flow through a small ASD or/and an additional fenestration, often present. Despite the differences in anatomy, pathophysiology and haemodynamic paradoxical embolism may occur in both entities and also may be the first appearance of fenestrated ASA. Because some overlapping do really exist between PFO and hybrid defects, which are often not clearly differentiable by standard diagnostic tools, it is likely that a proportion of patients evaluated for potential transcatheter closure of PFO had actually a different anatomical substrate. These different anatomical and pathophysiologic entities have not been address in any of the previous trials, potentially having an impact on overall results despite the similar mechanical treatment. Neurologists and general cardiologists in charge of clinical management of PFO-related cryptogenic stroke should be aware of the role of hybrid defects in the pathophysiology of paradoxical embolism -mediated cerebral ischemic events in order to apply the correct decision –making process and avoid downgrading of patients with paradoxical embolism-related interatrial shunt variants different from PFO.
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Core tip: Recent trials and met analysis suggested that mechanical device-based closure of patent foramen ovale (PFO) is more effective than medical therapy in prevent recurrence of stroke. Fenestrated atrial septal aneurysms and small atrial septal defects (hybrid defects) can present with signs of paradoxical embolism and because they are often not clearly differentiable by standard diagnostic tools, it is likely that a proportion of patients evaluated for transcatheter closure of PFO, had actually a different anatomical substrate. These different anatomical entities have not been address in any of the previous trials, potentially having an impact on overall results.
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INTRODUCTION

Recent trials and metanalysis and in particular, the RESPECT trial[1], even not fully conclusive and still debated, at least suggested that mechanical device-based closure of patent foramen ovale (PFO) is more effective in prevent recurrence of stroke by near 67%. When looking deeply into the number of different metanalysis of PFO closure for cryptogenic (or better paradoxical embolism mediated) stroke[2-7], it appears clear that in a proportion ranging from 20 to nearly 40% of patients PFO is associated to atrial septal aneurysm (ASA): ASA is a well-known entity often associated with additional fenestration[8]. Additionally small atrial septal defects can present with signs of paradoxical embolism and cannot be easily detected by transthoracic echocardiography or even by traneseophageal echocardiography and are usually discovered by intracardiac echocardiography at the moment of transcatheter closure[9], confusing even more the diagnosis of PFO which is at the basis of all the studies about effectiveness of transcatheter closure in cryptogenic stroke. This evidence might change potentially the anatomical diagnosis from PFO to fenestrated ASA (or fenestrated secundum atrial septal defect) or to a so called “hybrid defect”, [a small single atrial septal defects (ASD) associated with paradoxical embolism], being a bidirectional flow through a small ASD or and additional fenestration often present. The aim of this review is to analyse conjunction points between PFOs and hybrid defects and outlined the role of these type of interatrial shunt in the pathophysiology of paradoxical embolism.
PRACTICAL EPIDEMIOLOGY
Isolated ASD represent 7% of all cardiac anomalies and can present at any age[10]. Adolescents and adults with isolated atrial septal defects are more likely to reach adult age without being diagnosed. Secundum ASD is by far the most common type, occurring in 1/1500 live births, with 65% to 75% involving females[10]. On the other hand, PFO represents an endemic variant in the normal population with a prevalence of 25%-27%[11] . These two entities appear so different that is difficult to find a conjunction ring: nevertheless we use the same philosophy for the treatment. Indeed, device - based closure has been proved to be effective [12,13] in both settings.
Anatomy, pathophysiology, and haemodynamic

From an anatomic and pathophysiologic point of view these two entities are absolutely different. 

The ostium secundum ASD is a defect of the atrial septum (Figure 1) within the limit of the fossa ovalis and causes usually a left-to-right shunt, being the left atrial pressure higher than the right atrial one. The volume of and direction of flow through an ASD depend on the size of the hole and the relative diastolic filling properties of the left and right chambers. Reduced left ventricle compliance and mitral stenosis increase the left-to-right shunt, whereas reduced right ventricle compliance may decrease the left-to-right shunt or may cause a right-to-left shunt. A Qp/Qs ratio > 1.5:1 or dilation of the right chambers defined a left-to-right shunt as significant[14].
The PFO is defined as the incompetence of the fossa ovale valve determining a right-to-left shunt (Figure 2). The reason because a right-to-left atrial shunting occurs with normal intracardiac pressures and normal or near-normal pulmonary function through a PFO has still not been completely clarified. An explanation may arise from some few considerations. Firstly, a physiologic transient spontaneous reversal of difference between the left and the right pressure is physiologically present during early diastole and during isovolumetric contraction of the right ventricle of each cardiac cycle; this right-to-left gradient may be sustained by physiologic manoeuvres that increase the right atrial pressure such as posture, inspiration, cough or Valsalva manoeuvre, or by situation in which pulmonary vascular resistances results increased, such as acute pulmonary embolism , hypoxemia due to obstructive sleep apnoea , severe chronic obstructive pulmonary disease, right ventricular infarction and positive end-expiratory pressure during neurosurgical procedures in the sitting position. Secondly, another theory explaining the right-to-left shunting through a PFO, is represented by the “so-called” “flow phenomenon”. It describes a preferential blood flow from the inferior vena cava towards the atrial septum as a part of the ancient foetal circulation pathway[15].
Thirdly, the increasing stiffness of the right chambers compared to the left chambers caused by aging has been postulated. Finally, conditions such due to mediastinal shift or heart counter-clokwise rotation and/or distortion, following an ascending aorta enlargement, right pneumectomy or pericardial effusion may cause an anatomic disarray of the inferior vena cava relationship with the interatrial septum favouring part of the blood flow to enter the left atrium throughout a PFO[16].
Even from a haemodynamic point of view, ASD obviously differs from PFO. ASD are usually associated with pulmonary hypertension of different degree, an increased Qp/Qs ratio and enlarged right chambers, whereas the usual findings in PFO patients is a normal or slightly elevated pulmonary pressure, normal Qp/Qs ratio, and normal right chambers. Sometimes in presence of a PFO associated with large ASA, a mild impairment of the left atrial function can be observed[17].
Usually also fenestrated secundum ASD with or without ASA tends to present less right chambers enlargement and only slightly increase in mean pulmonary pressure compared to secundum ASD.
CONJUNCTION POINTS
Despite the gross differences in anatomy and haemodynamic, when we look to the clinical presentation and patho-physiology, we can find some contact points. Excepted for supraventricular arrhythmias and dyspnoea, usually present only in secundum single and fenestrated ASD, paradoxical embolism may occur in both entities and also may be the first appearance of fenestrated ASD with or without ASA.
Usually paradoxical embolism is associated with PFO but occasionally secundum ASD, pulmonary arterio-venous fistula, and other intracardiac septal defects may act as alternative pathophysiological mechanism]. Microemboli from a vein thrombotic location, or as recently postulated[17] microthrombotic stratification on the surface of a huge ASA or in the left atrium itself as a result of a left atrial dysfunction induced by the PFO and ASA itself, may navigate to the left side of the circulation through the PFO causing different ischemic sindromes. Differently, the pathophysiology of paradoxical embolism through a secundum ASD is usually caused by a temporaneous right heart pressure increasing which induce a right-to-left shunting which allows a venous thromboembolus to enter the arterial circulation]. As an alternative mechanism, Valsalva manoeuvre, coughing, or straining might increase right-to-left component of a bidirectional shunt inducing a paradoxical embolism in ASD patients, in particular in elderly patients, more prone to rapid change of right chambers pressure because of the increasing stiffness of the chambers. 
Recently in an analysis of our institutional database we found 24 (6.2%) with a secundum ASD out of 386 patients evaluated for paradoxical embolism. Defects were multifenestrated in 41.6% (10/24). Single ASD (58.3%) had a “flat” elliptical shape with a major axis of 7.6 ± 2.4 and minimal axis of 2.5 ± 1.6 mm when assessed with Intracadiac echocardiography.  Patients with ASD-related paradoxical embolism had more frequently a deep venous thrombosis, bigger stroke areas compared to PFO patients, and massive curtain shunt on Valsalva maneuver on transcranial Doppler. When compared to non-emboligenous ASD, they had lower mean pulmonary pressure, lower mean Qp/Qs, and had bidirectional shunt at rest[18]. As matter of fact, flat elliptical shape ASD and fenestrated ASD with or without ASA appear to represent the conjunction ring between ASD and PFO, being a hybrid hemodynamic and clinical profile compared to each of the others (Figure 3).
FINAL CONSIDERATIONS: ARE THE PAST TRIALS REALLY FOCUSED ON THE PROPER ANATOMICAL ENTITY? 
Because some overlapping do really exist between PFO, fenestrated ASD and hybrid defects (Figure 1) which are not always clearly differentiable by standard diagnostic tools, it is likely that a proportion of patients evaluated for potential transcatheter closure of PFO had actually a different anatomical substrate. Past trials and case series used Transeophageal guidance in the majority of patients and the severity of the shunt and presence of permanent shunt has not been evaluated systematically by Transcranial Doppler or transesophageal echocardiography in the enrolment process.

Current modern judgement about medical or mechanical closure is suggested to be based, following the only published multidisciplinary consensus[19], on recurrent stroke or ischemic event with positive neuroimaging studies, severe shunt graded by transcranial Doppler and transesophageal echocardiography, presence of permanent shunt, and of additional anatomical features, such as ASA, tunnel-like opening, and Eustachian valve. The large and permanent shunt in particular, as previously suggested[18,20] is one of the most influent parameters, and it appears clear that in presence of an hybrid defect, it doesn’t play the same role as in true PFO, while ASA and Eustachian valve may be more influent facilitating paradoxical shunt through an hybrid defect or a fenestrated ASD when a Valsalva manoeuvre is provoked. These different anatomical and pathophysiologic pictures have not been address in any of the previous trials, potentially having an impact on overall results despite the similar mechanical treatment.
From a practical point of view, patients with deep vein thrombosis and more clinically relevant ischemic syndrome are more likely to have a hybrid defect, whereas patients with no deep vein thrombosis and mild symptomatology are more likely to have a PFO. An ideal screening of a patient with suspected paradoxical embolism should include not only the transthoracic echo, but also the transesophageal echo in order to differentiate between PFO and hybrid defects.
At the light of what we discussed above, neurologists and general cardiologists in charge of clinical management of PFO-related cryptogenic stroke should be aware of the role of hybrid defects and multi-fenestrated ASA in the pathophisiology of paradoxical embolism - mediated cerebral ischemic events in order to apply the correct decision -making process and avoid downgrading of patients with paradoxical embolism-related interatrial shunt variants different from PFO.
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Figure 1 Secundum atrial septal defect is a defect located into the limit of the fossa ovalis. The shunt usually is left-to-right because of the pressure gradient between the left (high pressure) and right (low pressure) atrium. ASD: Atrial septal defect; IVC: Inferior vena cava; L: Left; R: Right; SVC: Superior vena cava.
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Figure 2 Patent foramen ovale is a communication between the right and left atrium caused by the incompetence of the fossa ovalis valve. The shunt is usually right-to-left despite the gradient pressure between the atria. IVC: Inferior vena cava; L: Left; PFO: Patent foramen ovale; R: Right; SVC: Superior vena cava.
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Figure 3 Spectrum of interatrial shunt associated with possible paradoxical embolism and potential related haemodynamic and functional characteristics. ASA: Atrial septal aneurysm; ASD: Atrial septal defect; FO: Fossa ovalis; IVC: Inferior vena cava; PAP: Pulmonary artery pressure; PFO: Patent foramen ovale; R-to-L: Right to left shunt; SVC: Superior vena cava; TCD: Transcranial doppler; TEE: Transesophageal echocardiography.
