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1.  Introduction (Einführung) 

1.1  Bicuspid aortic valve (BAV) disease 

1.1.1  Epidemiology, definition and classification 

 The bicuspid aortic valve (BAV) represents the most frequent cardiac malformation of 

the human heart, with an estimated prevalence between 0.5% and 2% (1-5), and a male 

predominance of nearly 3:1. It may be sporadic or familial, and may be sporadically transmitted 

through families by an autosomal dominant pattern (6). Certain groups of patients present with 

higher prevalence of BAV, such as patients with coarctation of the aorta, females with Turner 

syndrome, patients with patent ductus arteriosus, supravalvular aortic stenosis, ventricular 

septal defect and Shone’s syndrome (7-12). The first documented description of the bicuspid 

aortic valve was made by Leonardo da Vinci, who more than 400 years ago sketched the 

bicuspid variant of the aortic valve. Da Vinci is also known to have described the optimal 

geometric properties of the tricuspid aortic valve as compared to the quadricuspid valve. Later 

on, in 1844 Paget described the susceptibility of the BAV to develop a disease and in 1858 

Peacock depicted the propensity of the bicuspid variant of the aortic valve to develop 

obstructive as well as regurgitant lesions (2). Furthermore, in 1886 Osler described the 

predisposition of BAV to develop infective endocarditis (13). Later on, by means of the autopsy 

studies, Wauchope determined that BAV is the most frequent congenital anomaly of the human 

heart (13, 14). The first description of the association of BAV with aortic dissection was 

reported by Abbott (15), whereas Larson and Edwards contributed to emphasizing the BAV as 

a notable (with at least ninefold greater) risk factor of aortic dissection (4).  The significance of 

BAV in the population as well as its incidence has begun to be clarified in the 20th century with 

the development of cardiac imaging (i.e. echocardiography, magnetic resonance imaging, 

computed cardiac tomography etc.). Moreover, due to the significant burden of BAV in the 
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surgical setting, in the recent years there are a plentiful of scientific contributions that have shed 

light on the etiology, histology, embryology and genetics of BAV. Although much of the 

research focus has been directed towards the abnormal bileaflet valve and the possibly 

associated aortopathy, BAV is a significantly more complex disease. Furthermore, it is not only 

a valvulopathy due to a disorder of valvulogenesis, but it comprises aspects of genetic disorder 

of aorta and/or cardiac development (16).  

 The bicuspid aortic valve consists usually of two cusps of unequal size. Due to the fusion 

of two cusps, there is one larger cusp and a smaller one. The larger cusp usually includes a 

central raphe or a ridge that results from fusion of the commissures, thereby producing a 

pseudo-commissure which is due to obliteration of the commissural area. Moreover, there are 

also two normally formed commissures present. The raphe or fibrous ridge is formed due to 

congenital fusion of the two parts of the conjoined cusps and can be identified in the majority 

of BAV patients (17). However, the pathologic examination has shown that raphe does not 

contain valve tissue (18), and it can be developed partially and totally. Bicuspid valvulopathy 

comprises a continuous spectrum, from absence of one commissure (resulting in two cusps, 

sinuses and commissures only) to an underdevelopment of one or two commissures and 

adjacent cusps (resulting in presence of one or two raphes) (19). Nowadays, the most widely 

used classification system for BAV is the one proposed by Sievers in 2007 (19) (Figure 1), 

based on 304 surgical specimens. It is based on three characteristics, such as the number of 

raphes, the spatial position of cusps or raphes, and the functional status of the valve. The number 

of raphes is the main category and is termed “type”, resulting in “type 0” (valve with no raphe), 

“type 1” (valve with one raphe) and “type 2” (valve with two raphes). Furthermore, the first 

subcategory deals with the spatial arrangement of the free edge of the cusps. Every valve “type” 

has its own spatial arrangement. For type 0 there is an antero-posterior or lateral orientation of 

the free edge of the cusps. For types 1 and 2, this subcategory is defined by the orientation of 
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the raphes in relation to the sinuses. Therefore, type 1 comprises three modalities of the first 

subcategory: L/R (the raphe exists between the left and the right coronary sinuses), R/N (the 

raphe exists between the right and the noncoronary sinuses) and N/L (the raphes exists between 

the noncoronary and the left coronary sinuses). Type 2 comprises one modality of the first 

subcategory, namely L-R/R-N. The second subcategory relates to the functional status of the 

valve: predominant stenosis (S) or insufficiency (I), balanced insufficiency and stenosis (B), or 

no valve dysfunction (No). Of the 304 surgical specimens, 88% were classified as type 1, 7% 

as type 0 and 5% as type 2. In type 1, 71% had a L/R raphe, 15% R/N raphe and only 3% a N/L 

raphe. 

 

Figure 1. Schematic presentation of the Sievers’ classification of bicuspid aortic valve as 

viewed by the surgeon’s position (19) 
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1.1.2  Diagnosis 

 Although most of BAV patients are asymptomatic, often the diagnosis is suspected 

during a routine physical exam and auscultation, in which an ejection sound is noted, that is 

best heard at the apex. A functionally normal BAV may exhibit an ejection sound followed by 

an early peaking systolic flow murmur. This ejection sound is produced by the sudden cranial 

movement of the dome shaped bicuspid valve in systole and commonly corresponds with the 

valve cusp mobility (20). However, as the valve cusps become more immobile, the ejection 

sound may diminish (21). Associated murmur of aortic stenosis, regurgitation or coarctation 

can be heard if these conditions are present. In the present era, the diagnosis is often confirmed 

by means of transthoracic echocardiography. For the diagnosis of BAV by means of 

transthoracic 2D echocardiography, a sensitivity of 78%, a specificity of 96% and a predictive 

accuracy of 93% has been reported (22). However, a recent retrospective study found a rather 

low sensitivity of 59% even after expert re-evaluation (23). In patients with heavily calcified 

valves, the echocardiographic diagnosis can be demanding (24). In these cases, the diagnosis 

can be established by visualizing the valve in systole in the short-axis view. To diagnose a 

BAV, a transesophageal echocardiography (TEE) may be useful in some cases, given its high 

sensitivity and specificity of 87% and 91%, respectively (25). Moreover, TEE can be useful in 

the assessment of BAV endocarditis with potential involvement of aortic root, as well as aortic 

dissection. In some cases, cardiovascular magnetic resonance imaging (MRI) or computed 

tomography can be alternatively used for the diagnosis and assessment of BAV. MRI enables 

to obtain views of the valves without interference from calcification, thus yielding a rather high 

sensitivity and specificity (98%) in identifying BAV (26). Besides, MRI is more commonly 

used to visualize the thoracic aorta and the left ventricle, and it provides crucial information 

about the associated cardiovascular lesions which cannot be effectively assessed by standard 

transthoracic echocardiography (such as aortic coarctation and ascending aortic aneurysm) (21).  
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1.1.3  Clinical presentation 

 Symptoms of BAV usually develop in the adulthood, although its clinical presentation 

can vary from critical aortic valve disease in the infancy to the completely asymptomatic aortic 

valve or thoracic aorta disease in the advanced age. The clinical presentation of BAV 

encompasses aortic valve dysfunction (stenosis or insufficiency), aortopathy and acute aortic 

syndrome (i.e., aortic dissection and rupture), as well as acquired valve complication such as 

endocarditis.  

 BAV disease is commonly asymptomatic in the childhood, whereas only 1 in 50 

children develop clinically relevant aortic valve disease in the adolescence (27). Both aortic 

stenosis due to the small valve orifice size as well as pure aortic insufficiency secondary to the 

prolapsed valve cusp may develop in the childhood. However, little is known about the natural 

clinical course in children with “clinically normal” BAV (16). In two large series, clinical 

course of the non-surgically treated BAV patients correlated well with the age and the presence 

of moderate or severe valve dysfunction (stenosis or insufficiency), even though fatal events 

were rare (28, 29). 

 Angina pectoris, exertional dyspnea, syncope and congestive heart failure represent the 

classical symptoms of aortic stenosis. Congestive heart failure presents the most common 

complication of aortic stenosis, leading to progressive exertional dyspnea because of combined 

diastolic and systolic LV dysfunction (28). Angina pectoris occurs due to the increased oxygen 

consumption in patients with compensatory left ventricular hypertrophy. Syncope occurs 

because of cerebral hypoperfusion due to the inability to increase stroke volume during physical 

activity.  

 The clinical presentation of patients with BAV and associated cardiac malformations 

depends on the structural complexity of the congenital heart disease. In patients with ventricular 
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septal defect (VSD), clinical course depends on the ventricular septal defect size and the degree 

of aortic stenosis. In patients with coarctation of aorta, the presence and the degree of 

hypertension increases the risk of aortic dissection. 

1.1.4  Aortic stenosis 

 Aortic stenosis (AS) is the most common complication of BAV disease. Although early 

surgical pathology reports attributed the majority of fibrocalcific aortic stenosis to a rheumatic 

origin (30), later reports revealed that half of adults with severe aortic stenosis have a BAV (3, 

31). Although the natural course of BAV is progressive calcific degeneration, the process that 

leads to fibrosis, calcification and stenosis is still not completely understood. However, it is 

widely accepted that patients with BAV develop aortic stenosis earlier than those with tricuspid 

aortic valves (TAV) which is most likely due to the abnormal shear stress on the cusps which 

in turn leads to early thickening, calcification and stenosis (32). The development of aortic 

stenosis is triggered by endothelial dysfunction which involves inflammation, deposition of 

lipoprotein, calcification and ossification of the aortic side of the cusps (33). An in-vitro study 

revealed three characteristic features of the clinically “normal” BAV: (a) excessive folding and 

creasing that persist throughout the cardiac cycle; (b) broad areas of cusp contact; (c) significant 

morphologic stenosis; and (d) asymmetrical flow patterns and turbulence (32). Nevertheless, 

stenosis development is faster if aortic cusps are asymmetrical and have an antero-posterior 

orientation (3), and calcification seems to occur at younger age in men than in women (30). 

Moreover, the prevalence of BAV is reported in half of the patients undergoing surgical aortic 

valve replacement for AS and in two-thirds of these patients between 50 and 70 years old (31). 

 In children with significant aortic stenosis, myocardial fibrosis may develop, which is 

partially reversible after relief of the obstruction (34). Nevertheless, more severe disease and 

poor outcomes have been reported in children who present with aortic stenosis in the infancy 
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(35). Those with baseline peak left ventricular to aortic gradients >50 mmHg present with a risk 

of adverse cardiac events of 1.2% per year (36).  

1.1.5  Aortic regurgitation 

 Aortic regurgitation (AR) may present concurrently with AS in the BAV setting or may 

occur as a pure AR without signs of calcification. In the first case, AR is usually of a mild to 

moderate degree, as it develops secondarily to the severely calcified and partially immobile 

valve cusps. Pure AR in BAV can occur due to redundant (myxoid degeneration) or prolapsing 

cusps, infective endocarditis, or secondarily to balloon valvuloplasty in children (37, 38). In an 

autopsy series, the most common indications for AVR due to pure AR were post-inflammatory 

cusp changes (46%), aortic root dilatation (21%), valve prolapse due to incomplete closure of 

BAV (20%) and endocarditis (9%) (39). Moreover, as the patients age, aortic root dilatation is 

apparently the most prevalent cause of pure AR. In patients with generalized aortic root 

dilatation, marked ventricular dilatation, hypertrophy, and dysfunction is more prevalent than 

in patients with localized or no dilatation (37). The actual prevalence of pure AR in BAV 

population has been reported to range from rare to common (3, 21, 40). One large surgical series 

reported that pure AR was seen in 13% of surgically excised valves during aortic valve 

replacement (17). In the presence of more-than-mild pure AR at baseline, follow-up studies 

have shown that interventions due to pure AR were relatively uncommon occurring in 3% and 

6% of each of the study population (28, 29). Nevertheless, about 15 to 20% of BAV have 

insufficient valve closure and present at age 20 to 40 with an asymptomatic diastolic murmur, 

cardiomegaly, or symptoms due to AR (41). Despite variations in the reported prevalence, 

moderate-to-severe AR is of clear clinical relevance, as it is an independent predictor of late 

adverse cardiac events. In the presence of significant AR, the natural course is determined by 

the left ventricular response to chronic volume overload. These patients will eventually require 
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surgery due to progressive left ventricular dilatation (3% to 4% per year) and onset of symptoms 

(at a rate of ≈6% per year) (42, 43).  

1.1.6  Surgical aortic valve replacement: indication and timing of treatment 

 Indications for surgical treatment of BAV disease (AS, AR or combined) are well 

established and are similar to those with TAV disease or degenerative aortic valve disease (44, 

45). According to the ACC/AHA and 2017 ESC/EACTS guidelines, aortic valve replacement 

(AVR) is recommended for symptomatic patients with severe high-gradient AS (Class IB), and 

for asymptomatic patients with AS and left ventricular (LV) dysfunction (LVEF <50%) 

(ACC/AHA: Class IB; ESC/EACTS: Class IC). Severe AS in patients with normal LV systolic 

function is defined by a peak velocity (Vmax) ≥4.0 m/s and/or mean gradient (ΔP) >40 mmHg 

in echocardiography. It usually corresponds to an aortic valve area (AVA) of ≤1.0 mm2. In 

patients with low forward flow, severe AS may be diagnosed even with lower aortic valve 

velocities and lower aortic valve gradients. In these patients, aortic valve area should be 

calculated. Moreover, AVR is reasonable in asymptomatic patients with a very severe AS (Vmax 

≥5.0 m/s) and low surgical risk (ACC/AHA: Class IIaB; ESC/EACTS: Class IIaC). 

 In patients with pure aortic regurgitation (AR), AVR is indicated for symptomatic 

patients with severe AR regardless of LV systolic function (ACC/AHA & ESC/EACTS: Class 

IB). Echocardiographic criteria for the definition of severe AR include several indices such as: 

qualitative, semiquantitative and quantitative. Qualitative indices include valve morphology 

(abnormal/flail/large coaptation defect), color flow regurgitant jet (large in central jets, variable 

in eccentric jets), continuous wave signal of regurgitant jet (dense) and other (holodiastolic flow 

reversal in descending aorta, EDV >20 cm/s). Semiquantitative indices include: vena contracta 

width (>6 mm), and pressure half time (PHT <200 ms). Quantitative indices include: effective 

regurgitant orifice area (EROA ≥30 mm2), regurgitant volume (R Vol ≥60 ml/beat), and the 

presence of enlargement of cardiac chambers (LV). Additionally, diagnosis of chronic severe 
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AR requires evidence of LV dilatation. In asymptomatic patients, surgery should be considered 

if resting LVEF ≤50% (ACC/AHA & ESC/EACTS: Class IB), or if resting LVEF >50% with 

severe LV dilatation (LVEDD >70 mm or LVESD >50 mm) (ACC/AHA & ESC/EACTS: Class 

IIaB). 

 Isolated surgical AVR is nowadays performed through minimally-invasive approaches 

using a partial upper mini-sternotomy or a right-lateral mini-thoracotomy. Moreover, standard 

cardiopulmonary bypass should be employed with or without moderate systemic hypothermia. 

Nowadays, the choice of valve prosthesis is a matter of intense scientific discussion and tissue 

valve prostheses have been increasingly used. BAV patients require aortic valve surgery at a 

younger age compared to those with TAV. Hence, it is of utmost importance to choose the best 

available valve prosthesis which has: (a) a long-term durability and freedom from reoperation, 

(b) superb hemodynamic profile, and (c) low risk of thromboembolic complications and 

anticoagulation-related hemorrhage. However, there is no perfect valve substitute, hence as 

formulated by the contemporary guidelines, “the choice of valve intervention (repair or 

replacement) as well as type of prosthetic heart valve, should be a shared decision-making 

process that accounts for the patients’ values and preferences, with full disclosure of indications 

for and risks of anticoagulant therapy and the potential need for and risk of reoperation” 

(ACC/AHA: Class IC) (44). Valve prostheses are divided into: mechanical or biological. The 

latter include homografts, pulmonary autografts and xenografts (porcine, bovine or equine). 

Whereas all mechanical prostheses require lifelong anticoagulation, in biological prostheses 

there is no need of long-term anticoagulation, unless atrial fibrillation or other indications are 

present. However, biological prostheses are subject to structural valve deterioration (SVD) over 

time, especially in younger patient population. Therefore, in patients at risk of accelerated 

structural valve deterioration (especially in patients ≤40 years old or those with 

hyperparathyreoidism), a mechanical valve prosthesis is recommended (ESC/EACTS: IC). 
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1.2  Non-valvular manifestations of BAV disease 

1.2.1  Bicuspid aortopathy and acute aortic syndrome 

 Bicuspid aortopathy is the most frequent nonvalvular manifestation of the BAV disease. 

Nearly half of all BAV subjects present with ascending aortic dilatation and/or enlargement of 

aortic root (46, 47). Some studies have documented the presence of aortic root dilatation in the 

childhood, implying that this process begins early in life (48-50). Serial follow-up data have 

documented larger aortic dimensions in children with BAV as compared to those with TAV 

(48). Due to histological aortic wall changes that were identified in patients with BAV, some 

researchers have suggested the presence of a common underlying developmental defect of the 

aortic valve and aortic wall (51, 52). In adult patients with BAV disease, the diameter of aortic 

annulus, sinus, and proximal ascending aorta are larger than in adults with TAV (46, 53, 54). 

However, in patients with larger aortas at baseline, progressive aortic dilatation is more 

common at follow-up (55-57). It is of immense importance to serially follow the size and shape 

of the ascending aorta in these patients. 

 Patients with BAV stenosis vs regurgitation show different types of aortopathies, in 

terms of configuration, histopathology, progression, and risk of aortic dissection. Asymmetrical 

dilatation of the mid-ascending aorta with a nearly normal aortic root is typically associated in 

patients with BAV stenosis (58). On the other hand, there is often a concomitant aortic root 

dilatation in patients with BAV regurgitation (“root dilatation phenotype”) (59). This relatively 

rare subset (10-15%) consists of mainly young males which present with predominantly aortic 

root dilatation at the level of the aortic annulus and sinuses of Valsalva. Root dilatation 

phenotype has been proposed to constitute a predominantly genetic form of BAV disease (60), 

as opposed to the different disease of BAV stenosis and mid-ascending aortic dilatation. 

Different risk factors are found to be associated with dilatation of the ascending aorta, such as 
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increased systolic blood pressure, male sex, significant valve disease, and age as the most 

important variable (29, 46, 59, 61). 

 The most devastating complication of BAV disease is the aortic dissection. The actual 

incidence of aortic dissection in BAV population is a subject of intense discussion. Although 

the risk of aortic dissection in patients in BAV is 5 to 9 times higher than in the general 

population, the prevalence of dissection has been found to be 0.1% per patient-year of follow-

up (29). Contradictory data on the risk of late aortic events after AVR for BAV disease have 

also been reported. While some researchers report low risk of long-term post-AVR aortic events 

(62-65), others have reported an excessive risk (66). Nevertheless, a substantial risk of late 

aortic events after AVR have been reported in the subset of patients with pure BAV 

regurgitation as compared to those with BAV stenosis (67), which may reinforce the tendency 

towards a custom-tailored approach regarding the concomitant aortic replacement in the setting 

of mild-to-moderate aortic dilatation during AVR.  

1.2.2  Non-valvular manifestations proximal to the BAV disease 

 There is a paucity of data on the manifestations of BAV disease below the aortic valve 

(i.e. left ventricle and mitral valve). In recent years, several studies addressed the manifestations 

of BAV disease proximal to the aortic valve, with the focus on the left ventricular changes and 

the morphology and dysfunction of the mitral valve. However, the whole spectrum of 

cardiovascular abnormalities related to BAV are to date still underreported.  

Left ventricular dysfunction in BAV disease 

 Subclinical left ventricular (LV) systolic and diastolic dysfunction has been previously 

reported even in BAV subjects without significant valvular dysfunction as compared to control 

subjects (68, 69). Subclinical myocardial dysfunction in BAV subjects without valvular 

dysfunction was also observed independently of age, peak aortic jet velocity and ascending 
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aortic diameter, which may furthermore indicate the presence of intrinsic myocardial disease 

(69). In a prospective study, the LV strain values of BAV patients without significant valvular 

dysfunction were also found to be lower as compared with the control group (70). Moreover, 

athletes with BAVs presented with a significant progressive increase in LV dimensions (71). 

Although young and trained athletes with BAVs were found to have normal LV performance, 

they still tend to have lower strain than healthy subjects in the LV basal segments (72). 

Furthermore, the subjects with BAV presented with larger LV mass index as compared to the 

control group (69, 73, 74). This interesting observation has been found even in BAV subjects 

without valvular dysfunction (i.e. non-stenotic BAVs), raising further questions regarding the 

possible trigger and pathway of LV dysfunction in this study subset. This may indicate an 

altered remodeling process of LV in BAV subjects, showing a variety of deformation properties 

of LV, in particular the significant reduction of the rotation of the LV at the mitral valve level 

(70). Nevertheless, an increased body of evidence has emerged regarding the LV diastolic 

dysfunction in subjects with normally functioning BAVs, and its possible relationship with the 

reduced aortic elasticity and bicuspid aortopathy (69, 73, 75).  

The elongated anterior mitral leaflet (AML) 

 Perhaps the least researched manifestation of BAV disease is the disproportionally 

elongated anterior mitral leaflet (AML). In patients with BAV, degenerative changes of the 

mitral valve have been previously documented (39, 76), yet the pathology and pathophysiology 

of concomitant congenital BAV and mitral valve (MV) disease is still unknown. 

Echocardiographic study found an overall prevalence of degenerative myxomatous MV disease 

in 4.7% BAV patients, although the severity of mitral regurgitation in patients with 

myxomatous MV has not been reported (76). Despite obvious association between both 

diseases (i.e. BAV and degenerative MV), it is still uncommon to find patients with clinically 

significant combination of both disorders (77). There is an evidence of elongated AML in 
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patients with BAV compared with TAV patients or control groups (78). The combination of 

significant BAV disease and MV requiring surgical intervention was classified as one extreme 

of the continuous spectrum of BAV related entities, namely the Weak Aorto-Mitral Bicuspid 

Relation (WAMBIRE) consisting of: 1) BAV type 1, L-R, 2) aortic regurgitation, 3) 

anterolateral ascending aorta dilatation, 4) isolated noncoronary sinus dilatation with normal 

sized left and right coronary sinuses, 5) malalignment of noncoronary sinus in the left 

ventricular outflow tract, 6) dilatation of aortic annulus, 7) dilatation  of the interleaflet triangles 

adjacent to the noncoronary sinus, 8) dilatation of anterior mitral annulus, an 9) enlargement of 

AML with or without prolapse or regurgitation (79). 

1.2.3  Cardiovascular magnetic resonance imaging for bicuspid aortic valve syndrome 

 Although echocardiography is an established diagnostic modality in aortic valve 

diseases, cardiovascular magnetic resonance imaging (CMR) has emerged as a novel and 

complementary tool for these patients. Moreover, CMR is nowadays established as a follow-up 

modality for patients with bicuspid aortopathy, due to the accurate assessment of the aortic 

diameter as well as the vascular anatomy such as proximal aortic phenotype, the length of the 

proximal aorta and the various cross-sectional diameters. Furthermore, CMR allows to quantify 

the systolic transvalvular flow and functional parameters of the aortic root. On the other hand, 

CMR is a valuable tool for precise assessment of the valvular anatomy (i.e. BAV disease) and 

the ventricular morphological and functional changes. Various BAV morphologies can be non-

invasively differentiated by means of CMR with low inter-observer variability (80). 

Assessment of the left ventricle can be obtained using the ECG gated, breath hold steady state 

free precision (SSFP) cine images in the left ventricular inflow-outflow tract view at end-

diastole and end-systole, using bright-blood imaging.  
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The surgical burden of BAV disease is widely acknowledged and is predominantly due 

to: (i) its predilection for aortic valve stenosis, regurgitation and infective endocarditis even in 

younger patients; (ii) the fact that it represents the most frequent heart malformation in humans, 

and (iii) its particular fondness to impact – be it directly or indirectly – the adjacent anatomical 

structures distal and proximal to the malformed aortic valve. Almost half of the patients who 

are operated on or die from the aortic valve disease were found to possess this anomaly (2), 

while almost half of patients with BAV disease present with at least mild-to-moderate 

ascending aortic dilation (i.e. bicuspid aortopathy) (46, 47). While the bicuspid aortopathy is 

already subject of intense clinical and basic research, non-valvular changes proximal to the 

malformed aortic valve are only vaguely and insufficiently addressed. Nonvalvular changes 

below the aortic valve comprise a wide spectrum of clinical or subclinical, 
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morphological/functional changes including: left ventricular outflow tract (LVOT), left 

ventricle (LV), and anterior mitral valve (MV) leaflet. 

3.1  Long-term recovery of reduced left ventricular ejection fraction (LVEF) after AVR 

for BAV disease 

 Our study is the first to report long-term recovery of impaired systolic LVEF after AVR 

in patients with BAV disease. Several previous studies have reported similar results to ours, 

however, without precisely classifying the patients into subgroups with BAV-stenosis (BAV-

AS) and BAV-regurgitation (BAV-AR). The rationale for our subgroup analysis of post-AVR 

recovery of impaired LVEF in patients with BAV disease was the following: 1) younger BAV 

population (i.e., as compared to TAV), which presents with less comorbidities and consequently 

results in longer post-AVR survival has a higher likelihood of cardiac-related events, 2) the 

importance of elucidating long-term results of surgery for the most common congenital heart 

malformation in humans, 3) the importance of long-standing valvular dysfunction in the case 

of patients with BAV, which develops earlier in life (32), and  therefore may result in earlier 

LV impairment, 4) the functional severity of aortic valve stenosis is greater in BAV than in 

TAV patients (81), which results in a more severe ‘afterload mismatch’ (82) due to the lack of 

adequate preload for a given level of afterload, 5) few previous studies reported subclinical 

LVEF impairment in patients with BAV versus TAV even without significant valvular lesions 

(68), more data on this matter would eventually make the case for prospective evaluation of 

’bicuspid cardiomyopathy’ as a separate entity of valvular cardiomyopathy.  

 We found a comparable 10-years post-AVR survival rate between BAV-stenosis and 

BAV-regurgitation groups. Similarly, no significant between-group (i.e. BAV-AS vs. BAV-

AR) differences were found with regard to the mean transvalvular gradient across the aortic 

valve prosthesis during the follow-up. However, considering the recovery of impaired LVEF, 

86% BAV-AS were responders as compared to only 30% BAV-AR patients. We defined our 
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study patients as ‘responders’ if their LVEF improved at least 10 pp (percentage points) from 

the baseline during the post-AVR course. Similarly, BAV-AS improved with a mean of 21 pp 

their LVEF as compared to the 7 pp in BAV-AR patients. Cox regression analysis identified 

BAV regurgitation and baseline (preoperative) LVEDD ≥ 60mm as predictors of LVEF non-

recovery after AVR surgery. Finally, at 15-years follow-up, a total of 84% BAV-AS patients 

were free from cardiac-related events, as compared to only 34% in the BAV-AR group. 

 In patients undergoing AVR for aortic valve stenosis or regurgitation, impaired LVEF 

is a major prognostic indicator of postoperative outcome (83-88). The pathophysiological 

mechanisms leading to heart failure differ according to the dominant severe aortic valve lesion 

(i.e. stenosis or regurgitation). This is crucial to understating the discrepancy of response to 

AVR in severe AR and AS. In aortic stenosis, an increased LV afterload unfolds the physiologic 

adaptive process through sarcomere replication, which in turn results in concentric LV 

hypertrophy (89). This process attempts to normalize wall stress and to preserve the LV systolic 

function. However, as aortic stenosis progresses, LV gradually fails to maintain a normal stroke 

volume against the increasing systolic load, thus inducing an overload state known as ‘afterload 

mismatch’ (82, 90). Under these circumstances, patients with preoperatively impaired LVEF 

are supposed to respond to AVR by means of LVEF recovery and survival benefit (83, 88, 91-

93). However, some AS patients demonstrate no LVEF recovery post-AVR and are supposed 

to have reached the state of “fixed myocardial damage” (83).  

 AR patients differ pathogenically from those presenting with AS, predominantly due to 

the combination of both pressure- and volume-overload (94). Due to the increased LV diastolic 

wall stress eccentric hypertrophy develops (94), which in turn triggers the compensatory 

mechanism of “afterload mismatch, preload reserve” (95). According to the Frank-Sterling 

principle, the increase in afterload is matched to the increase in preload (i.e. preload reserve), 

so the force of contraction is augmented to maintain stroke volume. However, in case of long-
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standing severe AR, the sufficient forward stroke volume is maintained by increasing the total 

stroke volume, which is primarily achieved by progressive LV dilation and eccentric 

hypertrophy (96). LV dilation is frequently combined with aortic root enlargement (37), which 

may further exacerbate aortic regurgitation induced by aortic valve annular ectasia  (97). While 

left ventricle enlarges, the force required by each myocardial fiber to generate a given 

intraventricular systolic pressure must be appreciably greater than that developed by the fibers 

in a normal-sized LV. Consequently, more energy is required in a dilated ventricle to 

accomplish a given amount of external work as compared to the normal-sized ventricle. While  

systolic heart failure progresses, the ability of the heart to compensate by Frank-Starling 

mechanism becomes exhausted as sarcomeres stretch to their maximal length (98). Our data 

show that the most of BAV-AR patients did not respond to AVR by LVEF improvement, 

potentially because they had already reached the state of “fixed myocardial damage” prior to 

AVR. A possible explanation may be the earlier employment and therefore exhaustion of the 

Frank-Starling mechanism as compared to the BAV-AS patients. Furthermore, BAV-AR 

patients present at a younger age for AVR surgery and possibly have a long-lasting aortic valve 

dysfunction. Accordingly, a special care should be taken in this patients’ subset, aiming to 

prevent an irreversible deterioration of myocardial function.  

3.2  New-onset relevant mitral regurgitation after previous AVR for BAV regurgitation 

 Data on the mitral valve pathology in BAV disease are scarce. Myxomatous 

degeneration of the mitral valve has been described as the most common mitral valve 

abnormality in patients with BAV disease (77). Another finding is the ‘hypermobile’ and 

elongated anterior mitral leaflet in BAV as compared to TAV patients (78). The aim of our 

study was therefore to assess the prevalence of late new-onset MR in BAV patients who 

underwent previous aortic valve replacement or aortic root replacement (AVR vs. ARR) for 

BAV regurgitation and concomitant aortic root dilatation (i.e. BAV root phenotype).  
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 Overall 15-year survival was comparable between two study subgroups (AVR vs. 

ARR). Postoperative echocardiographic follow-up showed that 15% of AVR patients presented 

with late-onset relevant MR, whereas none of the patients with ARR developed relevant MR 

during follow-up. The weak aorto-mitral bicuspid relation (WAMBIRE) comprises a wide 

spectrum of cardiovascular abnormalities of the embryologically related structures of the 

fibrous skeleton of the heart (79). This extensive form of BAV disease includes, amongst others, 

degenerative changes of intervalvular fibrous body and anterior leaflet of the mitral valve, 

which are anatomically and embryologically tightly related with the fibrous portion of the left 

ventricular outflow tract (LVOT). Noteworthy, only 38% of patients in AVR subgroup and 

100% in ARR subgroup were free from new-onset MR at 15-years postoperatively. Based on 

our results, we hypothesize that stabilization of fibrous portion of LVOT (i.e. aorto-ventricular 

junction/intervalvular fibrous body/anterior mitral valve annulus) by means of aortic root 

replacement in BAV aortic root phenotype, may prevent the progression of degenerative mitral 

valve disease. Using everting mattress sutures when performing ARR with a composite graft, 

allows for a subannular placement of the composite graft and tightly positioning of the graft in 

LVOT, and consequently better stabilization of the fibrous portion of LVOT. We hypothesize 

that this might be only insufficiently achieved when performing an isolated AVR in BAV root 

phenotype patients. 

3.3  Subannular and LV morphological and functional differences in BAV versus TAV 

stenosis: MRI-based analysis 

 The aim of the study was to prospectively assess the subvalvular differences observed 

in BAV and TAV stenosis patients undergoing AVR surgery. We aimed to test the hypothesis 

whether the presence of BAV morphology is associated with a more severe subvalvular LV 

remodeling as compared to the TAV morphology. Patients with BAV-AS presented with 

significantly larger LVOT diameter (LVOTd) as compared to their TAV counterparts. Larger 
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LVOTd compared to controls have been also found in patients with Marfan syndrome (99). In 

contrast to above mentioned study which compared patients’ subgroups (i.e., Marfan and 

controls) with significantly different BSA values, our study cohorts (i.e., BAV vs. TAV) were 

comparable in terms of their BSA measures. Moreover, we found a strong correlation between 

LVOTd and aortic annulus diameters in BAV patients. Ascending aortic diameter and presence 

of BAV were independently associated with LVOTd > 21mm. Additionally, LV end-systolic 

volume (LVESV), LV end-diastolic volume (LVEDV) and anterior mitral leaflet (AML) were 

significantly larger in BAV patients. 

 In BAV patients, anatomic and functional aorto-ventricular junction play a crucial role 

in the complex interaction between the aortic root and LVOT, principally due to the 

unmethodical spatial arrangement of aortic sinuses in the presence of heterogeneous BAV 

morphotypes. It might be hypothesized that along with the diverse spatial aortic valve cusp 

orientation, various intraplanar shifting and rearrangements of triangular fibrous extensions and 

LVOT muscular extensions may occur. The strong anatomic interaction of aortic root and 

LVOT is supported by the finding that cusps and their supporting aortic sinuses are formed 

from a part of the developing outflow tract (100). A more severe stenosis for a given anatomic 

residual orifice in BAV versus TAV patients, suggests that LV architecture of BAV patients 

may be exposed to a greater and an early-onset ‘afterload mismatch’ as compared with TAV 

patients. This may in turn promote a rheologically-triggered BAV-cardiomyopathy. Finally, in 

eccentric BAVs with smaller LVOT there is a reduced transvalvular pressure gradient. On the 

other hand, the larger the LVOT the higher transvalvular peak gradient and peak velocity which 

results in a more severe jet-eccentricity (101). This finding may support the hypothesis that in 

BAV patients with larger LVOT, more malign forms of aortopathy may be induced. However, 

this assumption remains to be clarified by further rheological studies of jet-eccentricity and 

LVOT geometry in BAV vs. TAV patients. 
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5. Abbreviations (Abkürzungen) 

 

ACC  American College of Cardiology 

AHA  American Heart Association 

AML  Anterior mitral leaflet 

AR   Aortic regurgitation 

ARR  Aortic root replacement 

AS  Aortic stenosis 

AV  Aortic valve 

AVA  Aortic valve area 

AVR  Aortic valve replacement 

BAV  Bicuspid aortic valve 

BAV-AR Bicuspid aortic valve regurgitation 

BAV-AS Bicuspid aortic valve stenosis 

CMR  Cardiac magnetic resonance imaging 

EACTS  European Association for Cardio-Thoracic Surgery 

ECG  Electrocardiography 

EDV  End-diastolic volume 

EROA  Effective regurgitant orifice area 

LV  Left ventricle 

LVEDD Left ventricular end-diastolic diameter 

LVESD  Left ventricular end-systolic diameter 

LVEF  Left ventricular ejection fraction 

LVOT  Left ventricular outflow tract 

MR  Mitral regurgitation 

MV  Mitral valve 

PHT  Pressure half-time 

R Vol  Regurgitant volume 

SSFP  Steady state free precision 

SVD  Structural valve deterioration 

TAV  Tricuspid aortic valve 

TEE  Transoesophageal echocardiography 

VSD   Ventricular septal defect 
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