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Bicuspid aortic valve (BAV) is the most common congenital cardiac abnormality. BAV aortic dilatation is associated with an increased risk of adverse aortic events and represents a potentially lethal disease and hence a considerable medical burden. BAV with aortic dilatation warrants frequent monitoring, and elective surgical intervention is the only effective method to prevent dissection or rupture. The predictive value of the aortic diameter is known to be limited. The aortic diameter is presently still the main reference standard for surgical intervention owing to the lack of a comprehensive understanding of BAV aortopathy progression. This article provides a brief comprehensive review of the current knowledge on BAV aortopathy regarding clinical definitions, epidemiology, natural course, and pathophysiology, as well as hemodynamic and clinically significant aspects on the basis of the limited data available.
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INTRODUCTION

Bicuspid aortic valve (BAV) disease is one of the most common congenital heart diseases, with a population incidence of about 0.5–2.0%, with male subjects the most commonly affected (Kong et al., 2017; Liu et al., 2018). The onset of BAV is insidious in the initial stage of life, but symptoms often manifest in adulthood and show considerable heterogeneity (Siu and Silversides, 2010). While the majority of patients develop complications such as aortic valve dysfunction and aortic dilatation (Siu and Silversides, 2010; Michelena et al., 2011), a few patients may remain asymptomatic for their whole life. Aortic dilatation can progress to aortic aneurysm or aortic dissection/rupture, threatening the life of BAV patients. Timely surgical intervention is the basic treatment strategy for aortic dilatation with BAV (Hiratzka et al., 2016). As the natural history of BAV disease is not completely understood, current surgical strategies remain controversial and come with high patient burden. The purpose of this review is to evaluate recent advances regarding management of BAV to provide better guidance on the basis of the limited data available.



DEFINITIONS

A normal aortic valve consists of three nearly identical aortic valve cusps, each with a half-moon appearance. A BAV typically consists of the two leaflets of unequal size, in which two of the three leaflets fuse are the most common pattern. “Pure” BAV comprises two cusps of unequal size with no raphe, however, this is rarely seen. The heterogeneity of the spatial location of cusps or commissure(s) challenges the diagnosis of valve morphology.

The Sievers and Schmidtke’s classification based on surgical specimen is the most widely used classification for BAV. The classification system is composed of three categories and two supplementary categories. The three categories are: type 0 for valve with no raphe; type 1 for valve with one raphe; and type 2 for valve with two raphes. Within each category, the BAV phenotype is classified further based on two supplementary characteristics: spatial position of cusps (ap, anterior-posterior; lat, lateral) and functional status of the valve (I, insufficiency; S, stenosis; B, balanced valvular lesion; No, normal function). The Sievers and Schmidtke classification is based on the existence of raphe and the orientation of leaflet fusion, but does not include tricommissural and BAV consortium. Considering that the raphe(s) or the presence or absence of a third commissure could have an impact on the expansion and apposition of transcatheter aortic valve replacement (TAVR) prosthesis, Jilaihawi et al. (2016) proposed a novel morphological classification of TAVR-directed imaging of BAV aortic stenosis (AS), in combination with a rigorous computed tomography (CT) core-lab assessment. This typing system encourages a new valve typing method for BAV patients considering TAVR. Although anatomies differences in bicuspid and tricuspid aortic valve, TAVR for BAV stenosis indicates similar outcomes among 30-day and 1-year all-cause mortality, valve hemodynamics, and quality-of-life improvement to patient undergoing TAVR in tricuspid aortic stenosis (Forrest et al., 2020). It is worthy of further and extensive exploration in the future to establish a morphologic classification system that plays a major role both in preoperative imaging identification of morphological subtypes and risk stratification of postoperative complications.

The aorta is a geometrically complex organ and is anatomically divided into five sections (Figure 1A). The Society for Vascular Surgery stratified the aortic diameter by sex and location of aorta based on CT or chest radiography, and proposed the normal thoracic aortic diameter range for adults (Johnston et al., 1991; Hiratzka et al., 2010a). In general, normal aortic diameters in healthy adults should not exceed 40 mm (Erbel et al., 2014). If the internal diameter of the local dilated aorta exceeds at least 50% of the expected normal diameter, it is defined as an aneurysm (or true aneurysm) (Hiratzka et al., 2010a). The aortic dimension is influenced by many factors such as age, sex, and body size; location of aortic segmental; imaging methods; and the specifications. Two-dimensional transthoracic echocardiography (2D-TTE) is a conventional method for measuring aortic diameter, and consensus is reached on the normal range of aortic diameter based on the age, sex, and body surface area (BSA) levels (Goldstein et al., 2015; Lang et al., 2015). Magnetic resonance imaging (MRI) as a method to measure aortic diameter will be discussed later in the manuscript. The upper limit of normal aortic diameter was defined as 2 SDs greater than the mean predicted diameter (Goldstein et al., 2015). The Z score means the number of SDs above or below the predicted mean normal diameter, is particularly useful for evaluating aortic dilatation in growing children. Taking into consideration the effects of increasing age and body size of developing children, an aortic diameter can be defined as aortic dilatation when the z-score is ≥2 (Goldstein et al., 2015).
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FIGURE 1. Anatomical feature of aorta and schematic diagram (A), and possible patterns of aortic dilatation associated with BAV according to the three classifications (B).


The aortic dilatation classification has not been unified, and various classification models with descriptive value or prognostic potential have been proposed. Fazel et al. (2008) proposed four distinct patterns of aortic dilatation in BAV patients: cluster I, only aortic root involved; cluster II, only tubular ascending aorta involved; cluster III, tubular ascending aorta and transverse aortic arch involved; and cluster IV, diffuse aortic dilatation involving the aortic root, ascending aorta, and the proximal aortic arch. Park et al. (2011) from the Mayo Clinic proposed a classification scheme describing dilatation of the ascending aorta based on the potential effect of the general root phenotype on prognosis. The classification model includes three types except for the normal aorta, namely, type I: tubular ascending aorta enlargement with preservation of the STJ; type II: ectasia of the ascending aorta and root with effacement of the STJ; type III: enlargement confined to the root (Park et al., 2011). Della Corte et al. (2014) proposed the simplest classification for dividing the ascending aorta dilatation into two main phenotypes: aortic root phenotype (dilated dimensions, aortic sinuses > ascending aorta) and ascending phenotype (dilated dimensions, ascending aorta > aortic sinuses). Although simplistic, this classification system showed a potential prognostic value for aortic dilatation (Della Corte et al., 2014). Later studies have indicated non-negligible distinctions in embryonic origin of the tissue, circulating biomarkers, and functional imaging parameters between aortic sinuses and the ascending aorta (Cheung et al., 2012; Harmon and Nakano, 2013; Goudot et al., 2019b), which seemed to justify the rationality of Della Corte et al.’s classification. This is probably by far the simplest and most understandable classification model. For a better overview, patterns of bicuspid aortopathy are summarized in Figure 1B.



EPIDEMIOLOGY

The reported prevalence of aortic dilatation in individuals with BAV is approximately 50% (Verma and Siu, 2014). The prevalence of tubular ascending aorta dilatation in BAV patients at ages < 30, 30–40, 40–50, 50–60, and >60 years has been reported to be 56, 74, 85, 91, and 88%, respectively, and the prevalence of aortic root dilatation in the same age groups were 48, 69, 52, 57, and 67%, respectively (Della Corte et al., 2007).

Men appear to have more frequent larger aortic dimensions and aortic dilatation than women (Andrei et al., 2015). The percentage of aortic dilatation was significantly higher in men with aortic dimensions between 40 and 44 mm (24% vs. 17%), and 45 and 49 mm (14% vs. 9%) than women (Kong et al., 2017). Men showed a higher frequency of aortic root dilatation (14.2% vs. 6.7%) and diffuse dilatation of the aorta (16.2% vs. 7.3%) than women (Kong et al., 2017).

Bicuspid aortic valve patients with AS showed an increase in the prevalence of dilatation in the tubular ascending aorta (Rossi et al., 2013; Roman et al., 2017), whereas the prevalence of the diffuse dilatation of the aorta (annulus, aortic root, or tubular ascending aorta) was increased in BAV patients with aortic regurgitation (AR; Roman et al., 2017). The prevalence of aortic dilatation also varies widely according to the valve phenotype. The prevalence of proximal aortic dilatation (aortic root and tubular ascending aorta, 79.0 and 79.6% respectively) was higher in type1 (Khoo et al., 2013; Li et al., 2019). The prevalence of dilatation of ascending aorta and proximal aortic arch was frequent in BAV patients with type-0 and AS (60.0%; Li et al., 2019). Aortic dilatation was more common in BAV patients with left-right coronary cusp fusion (L-R) than in those with right-non-coronary cusp fusion (R-N; Khoo et al., 2013).



NATURAL COURSE

In healthy individuals, the growth rate of the aorta is about 0.9 mm in men and 0.7 mm in women for each decade of life. In BAV patients, the reported growth rate of the aorta varies from 0.2 to 1.9 mm per year (Davies et al., 2007; Detaint et al., 2014), with an annual growth rate of 0.76 mm (Etz et al., 2010; Guo et al., 2018). Variations in growth rates might be related to population-based data, statistical methods, assessment techniques, and timeliness, as well as heterogeneity of the disease. The initial diameter of the ascending aorta may result in different rates of dilatation (Park K. H. et al., 2017). The mean growth rate of an adult ascending aorta with a diameter of 40–44 mm, 45–49 mm, and at least 50 mm has been reported to be 0.3 ± 0.5 mm/year, 0.3 ± 0.5 mm/year, and 0.7 ± 0.9 mm/year, respectively (Park K. H. et al., 2017). All segments of the ascending aorta in adults with BAV were larger than in adults with tricuspid aortic valve (TAV).

The progression of aortic dilatation in BAV patients shows variation in many aspects. Della Corte et al. retrospectively analyzed a series of data from 133 adult outpatient BAV patients who were followed up by echocardiography to explore risk factors for rapid growth of the ascending aorta over time (Della Corte et al., 2013). They found a mean growth rate of 0.3 mm/year at the aortic root level (sinuses of Valsalva) and 0.6 mm/year at the ascending level; yet, growth was somewhat insignificant (mean, 0.09 mm/year) to negligible at the STJ (Della Corte et al., 2013). The aortic root phenotype often predicts more severe aortopathy and aortic dilatation progresses faster (>0.9 mm/year) at the level of the ascending aorta. However, patients with BAV with R-L and an ascending dilatation phenotype proved to be more stable and rarely showed fast growth (Della Corte et al., 2013). Though, another retrospective study found that R-L was a risk factor for faster aortic dilatation, with an annual growth rate of aortic dilatation greater than 1.01 mm/year (Thanassoulis et al., 2008). Nevertheless, the results were different in an over 5-year prospective study which indicated that cusp fusion morphotypes did not increase the risk of aortic dilatation (Avadhani et al., 2015). There was no significant difference in the annual growth rate of the ascending aortic dilatation in asymptomatic BAV patients with R-L and R-N (0.47 mm/year and 0.46 mm/year, respectively; Avadhani et al., 2015). The aortic root growth rate was the highest in BAV patients with R-N morphotype and the smallest in BAV patients with type 0 (3.0 mm/year vs. 0.8 mm/year; Sophocleous et al., 2019).

Aortic dilatation can progress to aortic aneurysm or aortic dissection, both of which are the most common complications of BAV aortopathy. Data from a systematic review and meta-analysis study showed that the growth rate of ascending aortic aneurysm (diameter range, 35.5–56.0 mm) was 0.3 mm/year in TAV patients and 0.76 mm/year in BAV (Guo et al., 2018). Evidence implies that patients with BAV are more likely to have accelerated aortic dilatation and the onset of aortic complications earlier in life than those without BAV (Yasuda et al., 2003; Eleid et al., 2013). Aortic dissection is the most serious complication, and the overall in-hospital mortality rate could be as high as 19% (Reutersberg et al., 2019). The prevalence of aortic dissection among BAV patients is reportedly 0.31–0.50%, a figure that is not incredibly high in and of itself, but an eight-times higher risk than those in the general population (Michelena et al., 2011; Kong et al., 2017). The natural history of BAV aortopathy has not been well elucidated, except for a few observational studies. In a retrospective cohort study of 384 patients without aneurysms at baseline, after 15 ± 6 years of follow-up, 49 BAV patients developed aneurysms. The incidence of aneurysm in BAV was 84.9 cases per 10,000 patient-years, which is an 86-fold higher risk than the general population (Michelena et al., 2011). After aneurysm diagnosis, the 15-year risk for aortic dissection was 7% (Michelena et al., 2011).

Aortic diameter and growth rate are important factors for clinical strategies regarding either surgical intervention or conservative observation in patients with BAV. The larger the baseline aortic diameter, the faster the aortic dilatation (Park K. H. et al., 2017). However, no typical linear correlation between baseline aortic size and aortic dilatation has been observed (Detaint et al., 2014). Interestingly, smaller baseline aortic diameters indicate an increased risk of dissection at smaller diameters in BAV patients with insufficiency (Girdauskas et al., 2015). Studies have suggested that aortic valve dysfunction (AR or AS) accelerates aortic dilatation in patients with BAV (Park K. H. et al., 2017; Evangelista et al., 2018). However, Avadhani et al. (2015) indicated that aortic valve dysfunction was not associated with faster aortic dilatation. The risk factors associated with aortic dilatation are not only complex, but sometimes vary widely among studies. Furthermore, most of the study groups varied in terms of the initial aortic diameter, age, imaging technique used, and follow-up time, making comparisons difficult to determine risk factors.

Coarctation of the aorta (CoA) may accelerate progression of aortic dilatation in other aortic segments, especially for the ascending aorta and post-CoA, resulting in fatal complications, including aortic aneurysm, aortic dissection, and aortic rupture (Erbel et al., 2014). A history of CoA was reported to be a risk factor for ascending aortic dilatation and type A aortic dissection (Oliver et al., 2009; Eleid et al., 2013; Zhao et al., 2018). The group with a severe degree of CoA had a significantly larger ascending aorta and post-CoA diameter than the group with a mild degree of CoA (Zhao et al., 2018). The current consensus is that BAV patients with a history of CoA (cBAV) should have a lower threshold for preventative aortic surgery (Erbel et al., 2014). However, the findings of Davies et al. (2007) challenged the contemporary intervention strategy for cBAV patients. They pointed out that CoA is not a risk factor in BAV patients. CoA does not increase the risk of aortic dissection, preventative aortic surgery, aortic dilatation, or faster aortic growth in BAV patients (Duijnhouwer et al., 2020). It is worth mentioning that Davies et al.’s (2007) study encouraged the exploration of prognostic differences in BAV patients with or without CoA but lacked the exploration of effects of risk factors of CoA severity and CoA repair history; this requires more research in the future.



PATHOPHYSIOLOGY


Genetic Predisposition

Bicuspid aortic valve is considered to be inherited in an autosomal dominant manner with incomplete penetrance and has a higher aneurysm susceptibility. Current studies generally agree that aortic aneurysms in BAV and TAV patients originate as a result of different molecular, cellular, and genetic mechanisms. Genetic and hemodynamic basis are the two major etiologies of aortic disease in BAV aortopathy, and despite being controversial, both have valid evidence. Progressive aortic dilatation can occur in BAV patients with normally function or in BAV patients after aortic valve replacement, all which suggesting inherent lesions of the arterial wall or genetic etiology.

The genetic basis of BAV has been extensively studied in recent years, but only a few pathways have been identified. A genome-wide association study revealed that BAV and/or associated cardiovascular malformations exhibit linkage to chromosomes 18q, 5q, and 13q (Martin et al., 2007). Mutations in the ACTA2 gene, which encodes for smooth muscle α-actin, may cause thoracic aortic aneurysm and/or BAV (Guo et al., 2007). The SMAD6 gene variation is associated with thoracic aortic aneurysm in patients with non-syndrome BAV (Galvin et al., 2000; Gillis et al., 2017; Luyckx et al., 2019). However, only a few of the SMAD6 variants presented as BAV were accompanied by thoracic aortic aneurysm, while most of the variants presented variable clinical phenotypes (Luyckx et al., 2019; Park et al., 2019). NOTCH1 has been identified as a candidate gene associated with BAV. In addition to a few rare syndromic forms of BAV, the NOTCH1 missense variants increase aneurysm susceptibility (Harrison et al., 2019a). The deregulation of the NOTCH1 signaling pathway in BAV and early ascending aortic aneurysm formation can be detected in both tissue and circulating levels (Balistreri et al., 2018). A recent study confirmed that ROBO4 is involved in BAV formation and aneurysm development (Gould et al., 2019). In addition, GatA5, TGFBR1/2, FBN1, ADAMTSL1, ADAMTS-4, and NOS3 are also candidate genes associated with BAV aortic disease (Arrington et al., 2008; Folkersen et al., 2011; Laforest et al., 2011; Ren et al., 2017; Rocchiccioli et al., 2017; Vorkapic et al., 2017; Peterson et al., 2020). However, genetic mutations involved both in the formation of BAV and the development of aneurysms remain unknown. Questions regarding how genes are involved in the formation of BAV aneurysms, or whether the genes that cause BAV disease are necessary to subsequent aneurysm formation are still unanswered. We have only glimpsed the tip of the iceberg and still need to explore these aspects further. Genes that have been associated with BAV aortopathy are summarized in Table 1. It should be noted that no single gene model can fully explain BAV or BAV aortopathy, meaning that BAV aortic disease might involve the genetic structure of very complex interactions among several genes.


TABLE 1. Summary of genes associated with BAV aortopathy.
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Histopathological Features of the Aorta

The histopathologic features of ascending aortic aneurysms in humans are degeneration or cystic necrosis of the intermediate layer of the aorta. Vascular smooth muscle cells (SMCs) and the extracellular matrix (ECM) are important components of the intermediate layer. The ECM is characterized by its composition of elastic fibers, collagen, and proteoglycan, which affects the migration and proliferation of SMCs (Lu and Daugherty, 2017). Abnormalities either on ECM or SMCs could threaten the homeostasis of the aortic wall (Lu and Daugherty, 2017). Without a doubt, abnormal SMCs and ECM degradation are important markers of aortic aneurysm formation (Parai et al., 1999). The histological presentation of BAV aneurysms is complex. The literature has shown that the aortic histopathological changes of BAV are more serious than that of TAV; specifically, cystic medial necrosis, elastic rupture, and SMCs loss in the ascending aorta are more serious (De Sa et al., 1999; Schmid et al., 2004; Chen et al., 2020). A trend of most studies is that compared with TAV-associated aneurysms, aortic histopathological changes of BAV-associated aneurysms are relatively fewer and less severe (Matthias Bechtel et al., 2003; Collins et al., 2008; Balistreri et al., 2013; Stern et al., 2019).

Matrix metalloproteinases (MMPs) and endogenous inhibitors (matrix metalloproteinase organization inhibitors, TIMPs) are in dynamic balance under normal physiological conditions. Once an imbalance in the expression of MMPs and TIMPs sets in, the degradation of the ECM becomes abnormal. In BAV patients with non-dilated aorta, as study found that MMP-2 expression increased and MMP-14 expression decreased significantly vs. normal aorta (Forte et al., 2017). Another study indicated that only the expression of MMP-2, but not that of MMP-9, increased; further, only TIMP-1 expression decreased in thoracic aortic aneurysms (TAA) with BAV compared to TAV (Rabkin, 2014). Research has also suggested that in less-dilated aorta, the expression of TIMP-1, -2, and -3 were significantly decreased, while the activity of MMP-2 was significantly increased; whereas, in severe-dilated aortas, TIMP expression increased and MMP-2 activity declined to baseline levels (Wu et al., 2016). The reason for the inconsistent results in these studies may be attributed to different sample sources tested or the heterogeneity of BAV aortic disease. Fibrillin 1 is an important bridge for SMC adherence to the ECM, and defects in its expression will stimulate the activation of MMPs to degrade the ECM, thereby reducing the structural integrity of the vessel wall. Fibrillin-1 content was reportedly reduced in BAV aortas compared to TAV aortas (Fedak et al., 2003; Rueda-Martínez et al., 2017).

Abnormal SMC differentiation leads to progression of vascular pathology, and prematurely aged SMCs are associated with a destructive senescence-associated secretory phenotype (SASP; Ailawadi et al., 2009; Grewal et al., 2014). Balint et al. (2019) reported a particular predisposition to premature aging of SMCs in BAV aortopathy and found a large number of senescent SMCs in aortic tissue in the early stage of BAV. SMCs in TAV- and BAV-associated TAA were also different in terms of proliferation and metabolism (Blunder et al., 2012). SMCs showed a senescent state in BAV-TAA and a proliferative state in TAV-TAA (Blunder et al., 2018). The NOTCH1 signaling pathway and osteogenic induction response can affect the differentiation and function of SMCs (Ignatieva et al., 2017). Defective NOTCH1 signaling drives increased vascular SMC apoptosis and contractile differentiation in BAV aortopathy. The latter resulted in ECM degradation and the inability for tissue repair (Harrison et al., 2019b). Myocardin is a master regulator of SMC gene expression and differentiation (Wang et al., 2003), and its decreased expression has been reported in dilated aorta samples from BAV patients (Forte et al., 2013). PDE5 is a cGMP hydrolase that is highly expressed in aortic SMCs, and its lack of function may affect the development of the aortic wall (Cesarini et al., 2019).

The endothelial mesenchyme transition (EndoMT) refers to the loss of endothelial/epithelial cell features and acquisition of mesenchyme traits, which are indispensable during development (Kovacic et al., 2012; Lamouille et al., 2014). Improper EndoMT regulation during the embryogenesis of BAV and ascending aorta and postembryonic EndoMT state deterioration were important causes of ascending aortic aneurysm (Maleki et al., 2016). A recent study indicated that targeted silencing of ROBO4 or mutant ROBO4 expression in ECs led to impaired endothelial barrier function and EndoMT, making individuals vulnerable to BAV-TAA (Gould et al., 2019). Activation of NOTCH signaling is one of the important signaling pathways to induce EndoMT. NOTCH1 signaling was down-regulated and NOTCH-dependent EndoMT failed to activate in aortic ECs in BAV-TAA (Kostina et al., 2016). EndoMT is regulated by several complex extracellular signaling pathways. In addition to the signaling pathways induced by specific genes, transforming growth factor-β (TGF-β) signaling pathways, DNA methylation, and some microRNAs are also involved in the regulation of EndoMT in BAV patients with aortic aneurysm (Forte et al., 2017; Björck et al., 2018; Mohamed, 2019).



Epigenetics

Epigenetics refers to changes in gene expression that are not caused by changes in the gene sequence. The study of epigenetic signal expression in BAV aortic disease is still in its infancy, and current studies mainly focus on DNA methylation and microRNAs (miRNAs). Pan et al. (2017) performed DNA methylation bead array analysis on ascending aorta samples and found for the first time that both aortic dissection and BAV with aortic aneurysmal dilatation were characterized by DNA methylation loss at non-CpG sites. Compared with non-CpG sites, these two diseases showed distinct DNA methylation landscapes at CpG sites; in particular, BAV primarily manifested as hypermethylation of EZH2 targets (Pan et al., 2017). Further study indicated DNA methylation in aortic intima-media tissue samples of BAV were associated with EndoMT disorder (Björck et al., 2018).

miRNA are reportedly involved in the development and progression of BAV aortic dilatation. Circulating mir-17, mir-20a, and mir-106a levels were significantly negatively and linearly correlated with proximal aortic diameter in BAV patients with normal aortic root dimensions (Girdauskas et al., 2020). Analysis of the entire miRNAome in TAA tissue from BAV and TAV patients indicated that mir-424-3p and mir-3688-3p were significantly down-regulated in BAV patients compared to TAV patients (Borghini et al., 2017). Wu et al. (2016) collected samples of severely dilated and non-dilated aortic tissue from 12 patients with BAV and evaluated gene and protein expression levels in paired tissue samples from the same patient. In the early stage of aortic dilatation, the up-regulation of mir-17 expression strongly inhibits TIMPs targets, thereby, increasing the activity of MMP-2. Then, the activated MMP-2 contributes to progressive ECM destruction, aortic dilatation, and aneurysm formation. In severely dilated aortas, the expression of mir-17 was reduced, resulting in increased TIMP expression and a decline of MMP-2 activity to baseline levels. The important role of mir-17 in regulating the TIMP-MMP pathway was further confirmed in lab-grown aortic SMCs to provide new insights into the mechanisms of BAV aortic dilatation (Wu et al., 2016). For BAV patients with non-dilated aorta (aortic diameters, <40 mm), the mir-200 family showed low expression, whereas the mir-200 target gene and ZEB1/ZEB2 transcription factors were highly expressed (Maleki et al., 2019). Lower expression of circulating mir-145 in BAV patients with aortic root dilatation (aortic root diameter, ≥40.0 mm) is associated with the presence of rare NOTCH1 variants (Girdauskas et al., 2018). Although miRNAs are valuable biomarkers, it appears that the measurement of a single miRNA analyte cannot predict aneurysmal disease, and there may be complex interactions among the analytes (Albinsson et al., 2017; Maleki et al., 2019).



HEMODYNAMICS

Hemodynamic characteristic changes caused by valve malformations have long been considered a cause of BAV aortopathy in addition to genetic predisposition. As one of the major complications of BAV, AS is a known independent risk factor for ascending aortic dilatation/aneurysm. It is an important basis of hemodynamic theory that patients with AS are prone to aortic dilatation after stenosis. The hemodynamic mechanism of BAV aortopathy is both an old and novel theory. Previous researchers could only provide inferences from theories and observations due to outdated imaging technology. In recent years, advanced imaging technology has promoted the in-depth exploration and improvement of hemodynamic mechanisms. In particular, four-dimensional flow magnetic resonance imaging (4D flow MRI) technology affords direct, non-invasive, and real-time measurement of aortic three-dimensional flow (Markl et al., 2012). At the same time, 4D flow MRI can comprehensively display important parameters, such as flow direction, velocity, and wall shear stress (WSS; Markl et al., 2012). Moreover, the accuracy of 4D flow MRI in measuring the peak flow velocity of the aortic valve was similar to that of the ultrasonic Doppler technique (Rose et al., 2016).

Disturbance of aortic hemodynamics leads to non-uniform WSS, which is considered one of the mechanisms leading to BAV aortopathy and local aortic wall lesions (Grewal and Gittenberger-De Groot, 2019). Flow pattern and local WSS distribution in the aorta were changed in BAV patients without aortic aneurysm or even with normal valve function (Hope et al., 2010; Garcia et al., 2016). Further, the valve morphologic phenotype of BAV was the most important factor influencing WSS distribution, systolic flow eccentricity, and phenotypes of BAV aortopathy (Mahadevia et al., 2014). Different valve morphology showed different outflow jet direction and a velocity profile matched with regional WSS patterns. The velocity profile and maximum axial WSS of BAV R-L were uniformly distributed, and flow toward the anterior and right-anterior aortic walls (Mahadevia et al., 2014). In contrast, BAV R-N showed higher variable profiles with main posterior output flow at the STJ that shifted to the anterior or right-anterior walls in the mid and distal ascending aorta (Mahadevia et al., 2014). The eccentric outflow jet and WSS resulted in a greater tendency of proximal aortic dilatation in BAV R-L patients and a greater tendency of dilatation of the ascending aorta and proximal aortic arch in BAV R-N patients (Mahadevia et al., 2014; Rodríguez-Palomares et al., 2018). Interestingly, one study by Van Ooij et al. (2017) showed that regional WSS patterns were very similar in BAV and TAV patients with significant AS (moderate and severe).

Studies about the associations between hemodynamic stresses and tissue histopathology make the hemodynamic theory more convincing. Atkins et al. (2014) used fluid structure interaction (FSI) simulation in an ex vivo model of the porcine aorta model subjected to both valvular flows to predict WSS environments generated in the convex region of a TAV and BAV ascending aorta. Normal porcine aortic tissue was exposed to the corresponding WSS environments for 48 h in a cone-and-plate bioreactor. FSI simulation revealed the existence of larger and more unidirectional WSS in BAV than TAV ascending aorta convexity. Relative to the TAV ascending aorta WSS treatment, expression of MMP-2 and MMP-9 and activity of MMP-2 were increased after BAV ascending aorta WSS treatment (Atkins et al., 2014). This confirmed the sensitivity of aortic medial tissue to WSS abnormalities and provided compelling support for the important role of hemodynamic stresses in BAV aortopathy (Atkins et al., 2014). Guzzardi et al. (2015) performed 4D flow MRI on patients undergoing aortic dissection and preoperatively identified the location of high and normal WSS regions. Then, the aorta wall specimens at the corresponding locations were collected during surgery and compared for histopathological examinations. Compared with the area of normal WSS, ECM dysregulation was more severe in the high WSS regions with greater medial elastin degradation and increased expression of TGFβ-1, MMP-1, MMP-2, MMP-3, and TIMP-1 observed (Guzzardi et al., 2015; Figure 2). The significance of Guzzardi et al.’s (2015) study was that they provided reliable evidence for the hemodynamic theory of BAV aortopathy.
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FIGURE 2. Wall shear stress heat maps and elastin fiber staining of BAV aorta wall. Aortic wall (A–C denote three different BAV aortas) from regions of high WSS (right panels; closed circles) had fewer elastin fibers (black) that were thinner and farther apart compared with regions with normal WSS (left panels; open circles) in the same human aortas (40 × magnification). Samples were collected from zone 1, 2, or 3, and from either the greater curvature, lesser curvature, anterior wall or posterior wall; accompanying diameters for tissue collection sites are shown. Gray denotes normal WSS, within the 95% confidence interval, compared with a healthy tricuspid aortic valve population; red and purple denote elevated and depressed WSS, respectively. Insets show steady-state free precession images of the aortic valve and Sievers valve phenotype. 3D, three-dimensional. Adapted with permission (Guzzardi et al., 2015).


The majority of current 4D flow MRI studies have primarily focused on the qualitative and quantitative evaluations of hemodynamic characteristics and stress, which can help to identify those at risk for developing ascending aortic aneurysm. The changes in flow dynamics associated with aortic valve morphology might precede the onset of aortic disease and may drive aortic remodeling and dilatation over time (Piatti et al., 2017); however, large-scale clinical longitudinal studies for validation of these results are still lacking and need further exploration in the future.



CLINICAL SIGNIFICANCE


Imaging Diagnosis

2D-TTE is the most commonly used and initial imaging modality for diagnosing BAV (Goldstein et al., 2015). In general, 2D-TTE can fully display aortic valve configuration, as well as the aortic root (aortic annulus, sinuses of Valsalva, STJ) and proximal segment of the tubular ascending aorta. However, 2D-TTE is more limited for measuring the middle and distal segments of the tubular ascending aorta, the aortic arch, and the distal part of the descending thoracic aorta. If diagnosis of BAV malformation was clear or highly suspected by 2D-TTE, both the aortic root and the ascending thoracic aorta should be examined as much as possible to determine evidence of aortic dilatation (Hiratzka et al., 2010b). When 2D-TTE does not adequately show any aortic segments, cardiac MRI or electrocardiographically gated computed tomographic angiography (CTA) is necessary for a comprehensive assessment of the entire thoracic aorta (Borger et al., 2018).

The importance of multimodal imaging to monitor aortic diameters has been widely recognized, but there is no consensus on the best measurement approach (Goldstein et al., 2015). Societal consensus for aortic measurement by CTA or MRI is not currently available, except for echocardiography (Erbel et al., 2014). Measurement of the aortic annulus from inner-to-inner edges (I-I) in the middle systole phase and ascending aorta from leading edge to leading edge (L-L) method at the end of the cardiac diastolic phase have been the standard measuring options for TTE in adults (Goldstein et al., 2015; Lang et al., 2015). The aortic root and ascending aortic diameters measured by TTE using the L-L method have shown excellent consistency and reproducible values compared to CTA and MRI with the I-I method (Rodríguez-Palomares et al., 2016; Tretter and Mori, 2019). The irregular anatomic geometry of aortic roots and sinuses is a characteristic of BAV patients (Shibayama et al., 2014; Vis et al., 2019), which widens the measurement difference between MRI and TTE, especially in BAV patients with asymmetric aortic roots and/or with right and non-coronary cusps fusion (Vis et al., 2019). Available data using the CTA outer wall-to-outer wall (O-O) method to measure the sinus of aorta showed that the correlation and consistency were best with TTE parasternal short axis (SAX) by mid-diastolic L-L method and TTE parasternal long axis (LAX) by end-diastolic L-L method (Park J. Y. et al., 2017).

The latest guidelines (Borger et al., 2018) suggest that a diameter of the ascending aorta measured by echocardiography ≥ 45 mm should be further examined with MRI or CTA. If initial measurements are discrepant (>2 mm), CTA or MRI is recommended as the preferred technique for the measurement of aortic follow-up (class I/C). Reimaging is recommended every 3–5 years if the diameter of the aorta is normal (<40 mm; Borger et al., 2018). If the diameter of the tubular ascending aorta or root is 50–54 mm, reimaging will be recommended at least every 12 months (class I/C; Borger et al., 2018). If the diameter of the tubular ascending aorta or root is 40–49 mm, reimaging is recommended the next year (class I/C; Borger et al., 2018). If the diameter of the ascending aorta or root is 40–49 mm, a further imaging examination is recommended at 12 months (class I/C; Borger et al., 2018). This is the exclusive consensus on BAV aortopathy regarding the interval of monitoring imaging, which indicates that TTE is the baseline imaging modality for routine screening and interval monitoring, while MRI and CTA assessment are the gold standards. More research is needed in the future to explore the yields and benefits of such protocols.

All imaging techniques have inherent limitations, so there is no perfect imaging technique. Echocardiography measurement depends on the operator’s experience and expertise to a certain extent. If the scanning section is oblique and/or the measured line is not perpendicular to the anterior and posterior walls of the aorta, it can easily lead to inaccurate measurement of the aorta. The aortic root may not only expand circumferentially but also longitudinally, which may also be the reason why TTE is not suitable for long-term interval follow-up. Although 2D TEE can provide sufficient image resolution to depict the anatomical structure, and 3D TEE may have added value, both are highly dependent on the operators’ quality; moreover, there are still limitations to accurate imaging of metal implants or calcifications. Compared to echocardiography, CTA can best identify thoracic aortic disease and is more suitable for monitoring after interventional or open-heart surgery. The sensitivity and specificity of MRI in the diagnosis of thoracic aortic disease have been demonstrated to be equal to or possibly greater than CTA and TEE (Erbel et al., 2014; Zhu et al., 2017). Both CTA and MRI cannot be performed in patients with contraindications to contrast agents, and MRI is not available in patients with metal implants or claustrophobia. For patients with aortic disease requiring repeated examination, MRI may be superior to CTA in terms of minimizing radiation exposure. For patients after cardiac surgery with metal implantation or those with financial constraints, MRI may not be as widely available with easily continuous monitoring as echocardiography or CTA.



Intervention and Prognosis

In terms of clinical decision-making, there has always been a debate between active surgical intervention and conservative follow-up. The latest 2018 guidelines from the American Association for Thoracic Surgery (ATS) on BAV-related aortopathy define intervention indications (Borger et al., 2018). For BAV patients without risk factors, an ascending aorta/root diameter of 55mm is recommended as an indication for repair (class I/B; Borger et al., 2018). For patients with risk factors such as root phenotype or predominant aortic insufficiency, uncontrolled hypertension, family history of aortic dissection/sudden death, coarctation, and/or aortic growth > 3 mm/year, the recommended indication of ascending aorta/root repair is ≥50 mm of the aortic diameter (class IIa/B; Borger et al., 2018). For patients undergoing concurrent heart surgery, concomitant ascending aorta/root repair should be actively performed when the aortic diameter is 45 mm (class IIa/B; Borger et al., 2018). The indications for surgical intervention in the aortic root are influenced by the type of implanted valve. Among patients with moderate aortic root dilatation (4.5–5.0 cm) undergoing concurrent surgery, simultaneous complete aortic root replacement is justified for patients with mechanical valve selection (Borger et al., 2018). It is worth mentioning that these recommendations do not accurately stratify the prognostic risk of BAV patients based on family history, heart function, comorbidities, sex, age, and other factors. Most of the current guidelines for the establishment of intervention indications are based on retrospective studies, and there is a lack of large-scale and long-term longitudinal studies to provide support for indications.

The current guidelines recommend beta-blockers and angiotensin receptor inhibitor blockers (ARBs) for BAV patients with hypertension (Boodhwani et al., 2014; Borger et al., 2018). The basic mechanism of antihypertensive therapy is to reduce the mechanical pressure on the aneurysmal segment of the aorta by reducing arterial pressure. The underlying mechanism of therapeutic strategies may be the reason for the excessive TGF-β activation and signaling pathway in aortic dilatation and dissection observed (Neptune et al., 2003; Nataatmadja et al., 2013). Whether there is synergy between ARBs and beta-blockers, and whether the combination of the two is more effective than either ARBs alone or beta-blockers alone has not been clarified (Chiu et al., 2013; Lacro et al., 2014). Salt reduction and weight loss are also advocated as part of blood pressure control strategies (Borger et al., 2018). Although all evidence clearly supports the management of blood pressure in BAV patients, there are no consensus guidelines on the blood pressure management threshold of BAV patients with or without aortic dilatation (Wright et al., 2015; Borger et al., 2018).

Progression of BAV aortic dilatation can eventually lead to adverse aortic events (aortic aneurysm rupture or aortic dissection), and surgical intervention remains the basic route for the therapeutic management. Whether selective AVR or ascending aorta replacement can reduce the long-term risk of aortic adverse events in BAV patients is the key issue. Previous studies have suggested that AVR could not prevent progressive aortic dilatation in BAV. The aorta of BAV patients before AVR and after AVR showed similar progressive dilatation (Yasuda et al., 2003). After isolated AVR, patients with BAV were at higher risk of aortic dissection than TAV patients (Russo et al., 2002). Most current reports tend to suggest that postoperative progression of preserved native aortic segments progressed slowly. A retrospective study of 325 patients (BAV = 153, TAV = 172) after isolated AVR was performed by Girdauskas et al. (2014) After 15 years of isolated AVR, the risk of aortic dissection in patients with AS accompanied by ascending aortic dilatation of 40–50 mm was lower and no significant difference was noted between BAV and TAV patients (Girdauskas et al., 2014). Vendramin et al. (2016) found no progressive dilatation of the native aortic root in patients undergoing AVR and supracoronary ascending aorta replacement (AVR-SCAAR), regardless of whether the preoperative root diameter was <40 mm or >40 mm. In a retrospective cohort study of 1301 adult BAV patients by Kaneko et al. (2018), 683 BAV patients underwent AVR alone, while 618 BAV patients underwent AVR with aortic resection (AVR-AR). During a median follow-up of 6.6 years, no aortic dissection occurred in the AVR group or the AVR-AR group, and there was no significant difference in the outcome of reoperation or death (Kaneko et al., 2018).

It is still unclear if any drug therapy is effective in preventing adverse events in BAV aortopathy (i.e., aortic aneurysm and aortic dissection). Actually, the current guidelines of drug treatment were based on extrapolated evidence from populations with connective tissue disease (MFS; Boodhwani et al., 2014; Borger et al., 2018). Therapies that inhibit or attenuate TGF-β signaling pathway expression are recognized in patients with MFS. Beta-blockers, as well as ARBs, have been shown to be effective in preventing and slowing the progression of aortic dilation in patients with MFS (Baumgartner et al., 2010; Lindsay and Dietz, 2011; Emrich et al., 2019). ARBs have been shown to neutralize or attenuate TGF-β signaling pathway expression, such as irbesartan and losartan, and are as important as beta-blockers in slowing aortic dilatation and reducing aortic dilatation rates (Cohn et al., 2007; Lindsay and Dietz, 2011; Emrich et al., 2019). However, a recent study has shown that the mechanism of losartan’s inhibition of aortic root dilatation in MFS is the independent activation of endothelial function by angiotensin II receptor type 1 (Sellers et al., 2018). However, whether antihypertensive drugs can reduce the incidence of long-term aortic adverse events or the rate of aortic surgery remains to be elucidated. Whether the therapeutic effects of the strategies extrapolated from MFS can be replicated on BAV remains to be further explored (Allen et al., 2016). Compared to thoracic aortic aneurysms, antihypertensive therapy (β-blockers or ACE inhibitors) cannot slow the progression of abdominal aortic aneurysms (Lindeman and Matsumura, 2019). Statins are not currently included in the guidelines, but studies have shown that statin use can reduce the odds of ascending aortic dilatation in BAV (Goel et al., 2011; Taylor et al., 2016; Sequeira Gross et al., 2018).

Regardless of whether the aorta was dilated, aortic elasticity in BAV patients was significantly lower than that in patients with TAV (Goudot et al., 2019a). Theoretically, reduced aortic elasticity can increase the left ventricular afterload to some extent (Ohyama et al., 2016). Some studies have suggested that aortic stiffness is associated with early left ventricular dysfunction in patients with BAV (Lee et al., 2015; Ohyama et al., 2016). However, there have also been studies that have shown no association between aortic stiffness and left ventricular dysfunction (Kurt et al., 2012; Weismann et al., 2016). BAV disease might not be confined to the aortic valve or aorta but may also involve the myocardium due to a common genetic basis of variation. Nevertheless, considering the role of ventricular-arterial coupling in heart failure (Ikonomidis et al., 2019), the effect of BAV aortopathy on left ventricular function still deserves further investigation.



Special Populations

Aortic disease is one of the important causes of maternal indirect death (Cantwell et al., 2011). Most scholars believe that pregnancy is a major risk factor for adverse aortic events (Yuan, 2013; Toprak et al., 2020). It may be that the hyperdynamic and hypervolemic cardiovascular state in pregnancy that increases the stress and shear force of the aortic wall has significant effects on the aorta (Cox et al., 2014; Bons and Roos-Hesselink, 2016). Another possible effect of pregnancy is that pregnancy-induced alterations in the hormonal profile may lead to significant changes in aortic structure and integrity (Nolte et al., 1995). It should be noted that, in addition to pregnancy, connective tissue diseases such as BAV and MFS themselves, are also risk factors for aortic dissection (Hiratzka et al., 2010a; Michelena et al., 2011). Interestingly, a recent retrospective study showed that pregnancy only increases the immediate aortic risk of MFS patients, but not that of BAV patients (Toprak et al., 2020). Further, pregnant women with MFS have a higher risk of aortic dissection or proximal aortic surgery than BAV alone (Toprak et al., 2020). Therefore, whether this management strategy for women with MFS can be extrapolated to women with BAV is limited by the absence of reference research data. Although previous pregnancies cannot increase long-term risk of adverse aortic events (Toprak et al., 2020), pre-pregnancy evaluation and post-pregnancy management of pregnant women with cardiac disease by professionals is still necessary (Hiratzka et al., 2010a; Borger et al., 2018). For female patients with MFS who plan to become pregnant, ACCF/AHA guidelines recommend a surgical threshold of 40 mm for the aortic diameter (Hiratzka et al., 2010a), while the ESC guidelines recommend a threshold of 45 mm (Erbel et al., 2014). For pregnant women at high risk of aortic dilatation or aortic dilatation with or without hypertension, the recommended preventative treatment includes beta-blockers to control the heart rate and reduce shear stress in the aortic wall (Hiratzka et al., 2010a).

Theoretically, the adrenaline rush and increased hemodynamic load of the heart during strenuous exercise may increase the stress and shear on the walls of the aorta (Braverman et al., 2015). High-intensity endurance training may promote aortic remodeling (Churchill et al., 2020). Nonetheless, it is unclear whether restricting physical activity limits the odds or risk of aortic dilatation or dissection. In a cross-sectional study of 442 older masters-level athletes, 94 (21%) had ascending aorta sizes measuring ≥ 40 mm (Churchill et al., 2020). Further, aortic diameter was significantly greater in athletes compared with the general population (Churchill et al., 2020). The 2015ACC/AHA consensus opinion recommends restricted physical activity and complete avoidance of any competitive sports, if the aortic diameter of athletes with BAV reaches 45 mm (Braverman et al., 2015).

A recent consensus on BAV slightly lowered the threshold for exercise restriction, by setting the aortic diameter threshold at 45 mm for BAV patients, who should avoid high-intensity physical or competitive exercise (Borger et al., 2018). One meta-analysis showed that the aortic root diameters in athletes were larger than those of non-athletic individuals (Iskandar and Thompson, 2013). One follow-up study of elite BAV athletes suggested that high-intensity training and sports competition did not aggravate BAV symptoms during elite athletes’ careers (Boraita et al., 2019). Elite BAV athletes with mild-to-moderate aortic dilatation did not require restrictions regarding exercise intensity and experienced no adverse consequences (Boraita et al., 2019). Another recent study pointed out that stricter enforcement of current guidelines would limit more than a third of school-age children and young adults with BAV from participating in some form of competitive sport during their school years (Baleilevuka-Hart et al., 2020). More research is needed in the future to better understand the true impact of exercise on the progression of BAV aortic disease and adverse cardiac events. Excessive restriction of exercise may lead to social discrimination and increase the psychological burden of patients (Braverman et al., 2015). Therefore, we advocate that BAV patients or athletes should perform moderate exercise according to their own abilities, which is beneficial to both physical and mental health and insist on regular imaging follow-up. In addition, the incidence of aortic dilatation in first-degree relatives of BAV patients is higher than that of the general population (Biner et al., 2009; Galian-Gay et al., 2019). The first-degree relatives of BAV patients should undergo screening and evaluation by echocardiography, especially if the proband have a dilated aorta (Biner et al., 2009; Borger et al., 2018).



FUTURE PERSPECTIVE

Bicuspid aortic valve aortic dilatation is heterogeneous in terms of clinical features, epidemiology, and phenotype patterns. Genetic predisposition and hemodynamic effects are well-recognized as the two major mechanisms of BAV aortic dilatation pathogenesis. It may be that complex interactions of such elements reflect distinct phenotypes of BAV aortic dilatation. Emerging genetics, biomarkers, and advanced imaging modalities should be combined to gain a better understanding of the mechanisms underlying the development and progression of bicuspid aortopathy. The efficacy of drug therapy for aortic dilatation of BAV is still uncertain. Due to the genetic basis of BAV disease, gene targeted therapy might be a research trend in the future. Judicious control of blood pressure through pharmacological and non-pharmacological measures is recommended. To establish a risk prediction model that can accurately evaluate aortic dilatation or dissection by combining hydrodynamic imaging indicators and other parameters like aortic elasticity is worth expecting.

We hope that future research can combine natural disease progression, pathogenetic mechanisms and multimodal imaging technology to define the risk of BAV aortopathy at a highly individualized level, which would assist in the development of individualized treatment strategies (Figure 3). Although surgical intervention remains the basic route for the therapeutic management of aortic dilatation in BAV patients, the time period between diagnosis and need for surgical intervention is generally long, which represents a great potential value in preventative medical treatment. The evidence-based natural history of BAV aortic dilatation helps in precisely improving identification of patients who are most likely to benefit from early intervention, as well as improving the surgical indications and prognosis of those who need a conservative wait-and watch approach.


[image: image]

FIGURE 3. In order to better understand the status of aortic dilatation in patients with BAV and the direction of further research, a brief diagram is provided. Includes natural progression (aortic aneurysm and aortic dissection/rupture), pathogenetic mechanisms (pathophysiology and hemodynamics), multimodal imaging technology (echocardiography, CTA, MRI), and treatment strategies.




AUTHOR CONTRIBUTIONS

JW and WD contributed equally to this work, performed the literature review, and drafted the manuscript. QL and YL contributed to the revision and editing of the manuscript. TL collected the manuscript. MX revised and critically appraised the manuscript for intellectual content. All authors read and approved the final manuscript.



FUNDING

This work was supported by a grant from the National Natural Science Foundation of China (81771851 and 81530056).



REFERENCES

Ailawadi, G., Moehle, C. W., Pei, H., Walton, S. P., Yang, Z., Kron, I. L., et al. (2009). Smooth muscle phenotypic modulation is an early event in aortic aneurysms. J. Thorac. Cardiovasc. Surg. 138, 1392–1399. doi: 10.1016/j.jtcvs.2009.07.075

Albinsson, S., Della Corte, A., Alajbegovic, A., Krawczyk, K. K., Bancone, C., Galderisi, U., et al. (2017). Patients with bicuspid and tricuspid aortic valve exhibit distinct regional microrna signatures in mildly dilated ascending aorta. Heart Vessels 32, 750–767. doi: 10.1007/s00380-016-0942-7

Allen, B. D., Markl, M., Barker, A. J., Van Ooij, P., Carr, J. C., Malaisrie, S. C., et al. (2016). Influence of beta-blocker therapy on aortic blood flow in patients with bicuspid aortic valve. Int. J. Cardiovasc. Imaging 32, 621–628. doi: 10.1007/s10554-015-0819-3

Andrei, A. C., Yadlapati, A., Malaisrie, S. C., Puthumana, J. J., Li, Z., Rigolin, V. H., et al. (2015). Comparison of outcomes and presentation in men-versus-women with bicuspid aortic valves undergoing aortic valve replacement. Am. J. Cardiol. 116, 250–255. doi: 10.1016/j.amjcard.2015.04.017

Arrington, C. B., Sower, C. T., Chuckwuk, N., Stevens, J., Leppert, M. F., Yetman, A. T., et al. (2008). Absence of TGFBR1 and TGFBR2 mutations in patients with bicuspid aortic valve and aortic dilation. Am. J. Cardiol. 102, 629–631. doi: 10.1016/j.amjcard.2008.04.044

Atkins, S. K., Cao, K., Rajamannan, N. M., and Sucosky, P. (2014). Bicuspid aortic valve hemodynamics induces abnormal medial remodeling in the convexity of porcine ascending aortas. Biomech. Model. Mechanobiol. 13, 1209–1225. doi: 10.1007/s10237-014-0567-7

Avadhani, S. A., Martin-Doyle, W., Shaikh, A. Y., and Pape, L. A. (2015). Predictors of ascending aortic dilation in bicuspid aortic valve disease: a five-year prospective study. Am. J. Med. 128, 647–652. doi: 10.1016/j.amjmed.2014.12.027

Baleilevuka-Hart, M., Teng, B. J., Carson, K. A., Ravekes, W. J., and Holmes, K. W. (2020). Sports participation and exercise restriction in children with isolated bicuspid aortic valve. Am. J. Cardiol. 125, 1673–1677. doi: 10.1016/j.amjcard.2020.02.039

Balint, B., Yin, H., Nong, Z., Arpino, J. M., O’Neil, C., Rogers, S. R., et al. (2019). Seno-destructive smooth muscle cells in the ascending aorta of patients with bicuspid aortic valve disease. EBioMedicine 43, 54–66. doi: 10.1016/j.ebiom.2019.04.060

Balistreri, C. R., Crapanzano, F., Schirone, L., Allegra, A., Pisano, C., Ruvolo, G., et al. (2018). Deregulation of Notch1 pathway and circulating endothelial progenitor cell (EPC) number in patients with bicuspid aortic valve with and without ascending aorta aneurysm. Sci. Rep. 8:13834. doi: 10.1038/s41598-018-32170-2

Balistreri, C. R., Pisano, C., Candore, G., Maresi, E., Codispoti, M., and Ruvolo, G. (2013). Focus on the unique mechanisms involved in thoracic aortic aneurysm formation in bicuspid aortic valve versus tricuspid aortic valve patients: clinical implications of a pilot study. Eur. J. Cardiothorac. Surg. 43, e180–e186. doi: 10.1093/ejcts/ezs630

Baumgartner, H., Bonhoeffer, P., De Groot, N. M., de Haan, F., Deanfield, J. E., Galie, N., et al. (2010). ESC guidelines for the management of grown-up congenital heart disease (new version 2010). Eur. Heart. J. 31, 2915–2957. doi: 10.1093/eurheartj/ehq249

Biner, S., Rafique, A. M., Ray, I., Cuk, O., Siegel, R. J., and Tolstrup, K. (2009). Aortopathy is prevalent in relatives of bicuspid aortic valve patients. J. Am. Coll. Cardiol. 53, 2288–2295. doi: 10.1016/j.jacc.2009.03.027

Björck, H. M., Du, L., Pulignani, S., Paloschi, V., Lundströmer, K., Kostina, A. S., et al. (2018). Altered DNA methylation indicates an oscillatory flow mediated epithelial-to-mesenchymal transition signature in ascending aorta of patients with bicuspid aortic valve. Sci. Rep. 8:2777. doi: 10.1038/s41598-018-20642-4

Blunder, S., Messner, B., Aschacher, T., Zeller, I., Türkcan, A., Wiedemann, D., et al. (2012). Characteristics of TAV- and BAV-associated thoracic aortic aneurysms–smooth muscle cell biology, expression profiling, and histological analyses. Atherosclerosis 220, 355–361. doi: 10.1016/j.atherosclerosis.2011.11.035

Blunder, S., Messner, B., Scharinger, B., Doppler, C., Zeller, I., Zierer, A., et al. (2018). Targeted gene expression analyses and immunohistology suggest a pro-proliferative state in tricuspid aortic valve-, and senescence and viral infections in bicuspid aortic valve-associated thoracic aortic aneurysms. Atherosclerosis 271, 111–119. doi: 10.1016/j.atherosclerosis.2018.02.007

Bons, L. R., and Roos-Hesselink, J. W. (2016). Aortic disease and pregnancy. Curr. Opin. Cardiol. 31, 611–617. doi: 10.1097/hco.0000000000000336

Boodhwani, M., Andelfinger, G., Leipsic, J., Lindsay, T., McMurtry, M. S., Therrien, J., et al. (2014). Canadian cardiovascular society position statement on the management of thoracic aortic disease. Can. J. Cardiol. 30, 577–589. doi: 10.1016/j.cjca.2014.02.018

Boraita, A., Morales-Acuna, F., Marina-Breysse, M., Heras, M. E., Canda, A., Fuentes, M. E., et al. (2019). Bicuspid aortic valve behaviour in elite athletes. Eur. Heart. J. Cardiovasc. Imaging 20, 772–780. doi: 10.1093/ehjci/jez001

Borger, M. A., Fedak, P. W. M., Stephens, E. H., Gleason, T. G., Girdauskas, E., Ikonomidis, J. S., et al. (2018). The American association for thoracic surgery consensus guidelines on bicuspid aortic valve-related aortopathy: full online-only version. J. Thorac. Cardiovasc. Surg. 156, e41–e74. doi: 10.1016/j.jtcvs.2018.02.115

Borghini, A., Foffa, I., Pulignani, S., Vecoli, C., Ait-Ali, L., and Andreassi, M. G. (2017). MiRNome profiling in bicuspid aortic valve-associated aortopathy by next-generation sequencing. Int. J. Mol. Sci. 18:2498. doi: 10.3390/ijms18112498

Braverman, A. C., Harris, K. M., Kovacs, R. J., and Maron, B. J. (2015). Eligibility and disqualification recommendations for competitive athletes with cardiovascular abnormalities: task force 7: aortic diseases, including marfan syndrome: a scientific statement from the american heart association and american college of cardiology. Circulation 132, e303–e309. doi: 10.1161/cir.0000000000000243

Cantwell, R., Clutton-Brock, T., Cooper, G., Dawson, A., Drife, J., Garrod, D., et al. (2011). Saving mothers’ lives: reviewing maternal deaths to make motherhood safer: 2006-2008. the eighth report of the confidential enquiries into maternal deaths in the united kingdom. Bjog 118, (Suppl. 1), 1–203. doi: 10.1111/j.1471-0528.2010.02847.x

Cesarini, V., Pisano, C., Rossi, G., Balistreri, C. R., Botti, F., Antonelli, G., et al. (2019). Regulation of PDE5 expression in human aorta and thoracic aortic aneurysms. Sci. Rep. 9:12206. doi: 10.1038/s41598-019-48432-6

Chen, Y. P., Qin, L. Y., Li, G. X., Malagon-Lopez, J., Wang, Z., Bergaya, S., et al. (2020). Smooth muscle cell reprogramming in aortic aneurysms. Cell Stem Cell 26, 542–557. doi: 10.1016/j.stem.2020.02.013

Cheung, C., Bernardo, A. S., Trotter, M. W., Pedersen, R. A., and Sinha, S. (2012). Generation of human vascular smooth muscle subtypes provides insight into embryological origin-dependent disease susceptibility. Nat. Biotechnol. 30, 165–173. doi: 10.1038/nbt.2107

Chiu, H. H., Wu, M. H., Wang, J. K., Lu, C. W., Chiu, S. N., Chen, C. A., et al. (2013). Losartan added to β-blockade therapy for aortic root dilation in Marfan syndrome: a randomized, open-label pilot study. Mayo. Clin. Proc. 88, 271–276. doi: 10.1016/j.mayocp.2012.11.005

Churchill, T. W., Groezinger, E., Kim, J. H., Loomer, G., Guseh, J. S., Wasfy, M. M., et al. (2020). Association of ascending aortic dilatation and long-term endurance exercise among older masters-level athletes. JAMA. Cardiol. 5, 522–531. doi: 10.1001/jamacardio.2020.0054

Cohn, R. D., van Erp, C., Habashi, J. P., Soleimani, A. A., Klein, E. C., Lisi, M. T., et al. (2007). Angiotensin II type 1 receptor blockade attenuates TGF-beta-induced failure of muscle regeneration in multiple myopathic states. Nat. Med. 13, 204–210. doi: 10.1038/nm1536

Collins, M. J., Dev, V., Strauss, B. H., Fedak, P. W., and Butany, J. (2008). Variation in the histopathological features of patients with ascending aortic aneurysms: a study of 111 surgically excised cases. J. Clin. Pathol. 61, 519–523. doi: 10.1136/jcp.2006.046250

Cox, D. A., Ginde, S., Kuhlmann, R. S., and Earing, M. G. (2014). Management of the pregnant woman with Marfan syndrome complicated by ascending aorta dilation. Arch. Gynecol. Obstet 290, 797–802. doi: 10.1007/s00404-014-3307-4

Davies, R. R., Kaple, R. K., Mandapati, D., Gallo, A., Botta, D. M. Jr., Elefteriades, J. A., et al. (2007). Natural history of ascending aortic aneurysms in the setting of an unreplaced bicuspid aortic valve. Ann. Thorac. Surg. 83, 1338–1344. doi: 10.1016/j.athoracsur.2006.10.074

De Sa, M., Moshkovitz, Y., Butany, J., and David, T. E. (1999). Histologic abnormalities of the ascending aorta and pulmonary trunk in patients with bicuspid aortic valve disease: clinical relevance to the ross procedure. J. Thorac. Cardiovasc. Surg. 118, 588–594. doi: 10.1016/s0022-5223(99)70002-4

Della Corte, A., Bancone, C., Buonocore, M., Dialetto, G., Covino, F. E., Manduca, S., et al. (2013). Pattern of ascending aortic dimensions predicts the growth rate of the aorta in patients with bicuspid aortic valve. JACC Cardiovasc. Imaging 6, 1301–1310. doi: 10.1016/j.jcmg.2013.07.009

Della Corte, A., Bancone, C., Dialetto, G., Covino, F. E., Manduca, S., Montibello, M. V., et al. (2014). The ascending aorta with bicuspid aortic valve: a phenotypic classification with potential prognostic significance. Eur. J. Cardiothorac. Surg. 46, 240–247. doi: 10.1093/ejcts/ezt621 discussion 247

Della Corte, A., Bancone, C., Quarto, C., Dialetto, G., Covino, F. E., Scardone, M., et al. (2007). Predictors of ascending aortic dilatation with bicuspid aortic valve: a wide spectrum of disease expression. Eur. J. Cardiothorac. Surg. 31, 397–404. doi: 10.1016/j.ejcts.2006.12.006 discussion 404-395

Detaint, D., Michelena, H. I., Nkomo, V. T., Vahanian, A., Jondeau, G., and Sarano, M. E. (2014). Aortic dilatation patterns and rates in adults with bicuspid aortic valves: a comparative study with Marfan syndrome and degenerative aortopathy. Heart 100, 126–134. doi: 10.1136/heartjnl-2013-304920

Duijnhouwer, A., Van Den Hoven, A., Merkx, R., Schokking, M., Van Kimmenade, R., Kempers, M., et al. (2020). Differences in aortopathy in patients with a bicuspid aortic valve with or without aortic coarctation. J. Clin. Med. 9:290. doi: 10.3390/jcm9020290

Eleid, M. F., Forde, I., Edwards, W. D., Maleszewski, J. J., Suri, R. M., Schaff, H. V., et al. (2013). Type A aortic dissection in patients with bicuspid aortic valves: clinical and pathological comparison with tricuspid aortic valves. Heart 99, 1668–1674. doi: 10.1136/heartjnl-2013-304606

Emrich, F., Penov, K., Arakawa, M., Dhablania, N., Burdon, G., Pedroza, A. J., et al. (2019). Anatomically specific reactive oxygen species production participates in Marfan syndrome aneurysm formation. J. Cell. Mol. Med. 23, 7000–7009. doi: 10.1111/jcmm.14587

Erbel, R., Aboyans, V., Boileau, C., Bossone, E., Bartolomeo, R. D., Eggebrecht, H., et al. (2014). 2014 ESC Guidelines on the diagnosis and treatment of aortic diseases: document covering acute and chronic aortic diseases of the thoracic and abdominal aorta of the adult. The task force for the diagnosis and treatment of aortic diseases of the European Society of Cardiology (ESC). Eur. Heart J. 35, 2873–2926. doi: 10.1093/eurheartj/ehu281

Etz, C. D., Zoli, S., Brenner, R., Roder, F., Bischoff, M., Bodian, C. A., et al. (2010). When to operate on the bicuspid valve patient with a modestly dilated ascending aorta. Ann. Thorac. Surg. 90, 1884–1890. doi: 10.1016/j.athoracsur.2010.06.115 discussion 1891-1882,

Evangelista, A., Gallego, P., Calvo-Iglesias, F., Bermejo, J., Robledo-Carmona, J., Sánchez, V., et al. (2018). Anatomical and clinical predictors of valve dysfunction and aortic dilation in bicuspid aortic valve disease. Heart 104, 566–573. doi: 10.1136/heartjnl-2017-311560

Fazel, S. S., Mallidi, H. R., Lee, R. S., Sheehan, M. P., Liang, D., Fleischman, D., et al. (2008). The aortopathy of bicuspid aortic valve disease has distinctive patterns and usually involves the transverse aortic arch. J. Thorac. Cardiovasc. Surg. 135, 901–907, 907.e1–2. doi: 10.1016/j.jtcvs.2008.01.022

Fedak, P. W., De Sa, M. P., Verma, S., Nili, N., Kazemian, P., Butany, J., et al. (2003). Vascular matrix remodeling in patients with bicuspid aortic valve malformations: implications for aortic dilatation. J. Thorac. Cardiovasc. Surg. 126, 797–806. doi: 10.1016/s0022-5223(03)00398-2

Folkersen, L., Wågsäter, D., Paloschi, V., Jackson, V., Petrini, J., Kurtovic, S., et al. (2011). Unraveling divergent gene expression profiles in bicuspid and tricuspid aortic valve patients with thoracic aortic dilatation: the ASAP study. Mol. Med. 17, 1365–1373. doi: 10.2119/molmed.2011.00286

Forrest, K. J., Kaple, K. R., Ramlawi, B., Gleason, G. T., Meduri, U. C., Yakubov, J. S., et al. (2020). Transcatheter aortic valve replacement in bicuspid versus tricuspid aortic valves from the STS/ACC TVT registry. JACC Cardiovasc. Interv. 13, 1749–1759. doi: 10.1016/j.jcin.2020.03.022

Forte, A., Bancone, C., Cobellis, G., Buonocore, M., Santarpino, G., Fischlein, T. J. M., et al. (2017). A possible early biomarker for bicuspid aortopathy: circulating transforming growth factor β-1 to soluble endoglin ratio. Circ. Res. 120, 1800–1811. doi: 10.1161/circresaha.117.310833

Forte, A., Della Corte, A., Grossi, M., Bancone, C., Provenzano, R., Finicelli, M., et al. (2013). Early cell changes and TGFβ pathway alterations in the aortopathy associated with bicuspid aortic valve stenosis. Clin. Sci. 124, 97–108. doi: 10.1042/cs20120324

Galian-Gay, L., Carro Hevia, A., Teixido-Turà, G., Rodríguez Palomares, J., Gutiérrez-Moreno, L., Maldonado, G., et al. (2019). Familial clustering of bicuspid aortic valve and its relationship with aortic dilation in first-degree relatives. Heart 105, 603–608. doi: 10.1136/heartjnl-2018-313802

Galvin, K. M., Donovan, M. J., Lynch, C. A., Meyer, R. I., Paul, R. J., Lorenz, J. N., et al. (2000). A role for smad6 in development and homeostasis of the cardiovascular system. Nat. Genet. 24, 171–174. doi: 10.1038/72835

Garcia, J., Barker, A. J., Murphy, I., Jarvis, K., Schnell, S., Collins, J. D., et al. (2016). Four-dimensional flow magnetic resonance imaging-based characterization of aortic morphometry and haemodynamics: impact of age, aortic diameter, and valve morphology. Eur. Heart. J. Cardiovasc. Imaging 17, 877–884. doi: 10.1093/ehjci/jev228

Gillis, E., Kumar, A. A., Luyckx, I., Preuss, C., Cannaerts, E., Van De Beek, G., et al. (2017). Corrigendum: candidate gene resequencing in a large bicuspid aortic valve-associated thoracic aortic aneurysm cohort: smad6 as an important contributor. Front. Physiol. 8:730. doi: 10.3389/fphys.2017.00730

Girdauskas, E., Disha, K., Borger, M. A., and Kuntze, T. (2014). Long-term prognosis of ascending aortic aneurysm after aortic valve replacement for bicuspid versus tricuspid aortic valve stenosis. J. Thorac. Cardiovasc. Surg. 147, 276–282. doi: 10.1016/j.jtcvs.2012.11.004

Girdauskas, E., Neumann, N., Petersen, J., Sequeira-Gross, T., Naito, S., Von Stumm, M., et al. (2020). Expression patterns of circulating micrornas in the risk stratification of bicuspid aortopathy. J. Clin. Med. 9:276. doi: 10.3390/jcm9010276

Girdauskas, E., Petersen, J., Neumann, N., Ungelenk, M., Kurth, I., Reichenspurner, H., et al. (2018). MiR-145 expression and rare NOTCH1 variants in bicuspid aortic valve-associated aortopathy. PLoS One 13:e0200205. doi: 10.1371/journal.pone.0200205

Girdauskas, E., Rouman, M., Disha, K., Espinoza, A., Misfeld, M., Borger, M. A., et al. (2015). Aortic dissection after previous aortic valve replacement for bicuspid aortic valve disease. J. Am. Coll. Cardiol. 66, 1409–1411. doi: 10.1016/j.jacc.2015.07.022

Goel, S. S., Tuzcu, E. M., Agarwal, S., Aksoy, O., Krishnaswamy, A., Griffin, B. P., et al. (2011). Comparison of ascending aortic size in patients with severe bicuspid aortic valve stenosis treated with versus without a statin drug. Am. J. Cardiol. 108, 1458–1462. doi: 10.1016/j.amjcard.2011.06.071

Goldstein, S. A., Evangelista, A., Abbara, S., Arai, A., Asch, F. M., Badano, L. P., et al. (2015). Multimodality imaging of diseases of the thoracic aorta in adults: from the american society of echocardiography and the European association of cardiovascular imaging: endorsed by the society of cardiovascular computed tomography and society for cardiovascular magnetic resonance. J. Am. Soc. Echocardiogr. 28, 119–182. doi: 10.1016/j.echo.2014.11.015

Goudot, G., Mirault, T., Bruneval, P., Soulat, G., Pernot, M., and Messas, E. (2019a). Aortic wall elastic properties in case of bicuspid aortic valve. Front Physiol. 10:299. doi: 10.3389/fphys.2019.00299

Goudot, G., Mirault, T., Rossi, A., Zarka, S., Albuisson, J., Achouh, P., et al. (2019b). Segmental aortic stiffness in patients with bicuspid aortic valve compared with first-degree relatives. Heart 105, 130–136. doi: 10.1136/heartjnl-2018-313232

Gould, R. A., Aziz, H., Woods, C. E., Seman-Senderos, M. A., Sparks, E., Preuss, C., et al. (2019). ROBO4 variants predispose individuals to bicuspid aortic valve and thoracic aortic aneurysm. Nat. Genet. 51, 42–50. doi: 10.1038/s41588-018-0265-y

Grewal, N., and Gittenberger-De Groot, A. C. (2019). Wall shear stress directional abnormalities in BAV aortas: toward a new hemodynamic predictor of aortopathy? Front. Physiol. 19:225. doi: 10.3389/fphys.2019.00225

Grewal, N., Gittenberger-De Groot, A. C., Poelmann, R. E., Klautz, R. J., Lindeman, J. H., Goumans, M. J., et al. (2014). Ascending aorta dilation in association with bicuspid aortic valve: a maturation defect of the aortic wall. J. Thorac. Cardiovasc. Surg. 148, 1583–1590. doi: 10.1016/j.jtcvs.2014.01.027

Guo, D. C., Pannu, H., Tran-Fadulu, V., Papke, C. L., Yu, R. K., Avidan, N., et al. (2007). Mutations in smooth muscle alpha-actin (ACTA2) lead to thoracic aortic aneurysms and dissections. Nat. Genet. 39, 1488–1493. doi: 10.1038/ng.2007.6

Guo, M. H., Appoo, J. J., Saczkowski, R., Smith, H. N., Ouzounian, M., Gregory, A. J., et al. (2018). Association of mortality and acute aortic events with ascending aortic aneurysm: a systematic review and meta-analysis. JAMA Netw. Open 1:e181281. doi: 10.1001/jamanetworkopen.2018.1281

Guzzardi, D. G., Barker, A. J., Van Ooij, P., Malaisrie, S. C., Puthumana, J. J., Belke, D. D., et al. (2015). Valve-related hemodynamics mediate human bicuspid aortopathy: insights from wall shear stress mapping. J. Am. Coll. Cardiol. 66, 892–900. doi: 10.1016/j.jacc.2015.06.1310

Harmon, A. W., and Nakano, A. (2013). Nkx2-5 lineage tracing visualizes the distribution of second heart field-derived aortic smooth muscle. Genesis 51, 862–869. doi: 10.1002/dvg.22721

Harrison, O. J., Torrens, C., Salhiyyah, K., Modi, A., Moorjani, N., Townsend, P. A., et al. (2019a). Defective NOTCH signalling drives smooth muscle cell death and differentiation in bicuspid aortic valve aortopathy. Eur. J. Cardiothorac. Surg. 56, 117–125. doi: 10.1093/ejcts/ezy464

Harrison, O. J., Visan, A. C., Moorjani, N., Modi, A., Salhiyyah, K., Torrens, C., et al. (2019b). Defective NOTCH signaling drives increased vascular smooth muscle cell apoptosis and contractile differentiation in bicuspid aortic valve aortopathy: a review of the evidence and future directions. Trends Cardiovasc. Med. 29, 61–68. doi: 10.1016/j.tcm.2018.06.008

Hiratzka, L. F., Bakris, G. L., Beckman, J. A., Bersin, R. M., Carr, V. F., and Casey, D. E. Jr., et al. (2010a). 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of patients with thoracic aortic disease: a report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines, American Association for Thoracic Surgery, American College of Radiology, American Stroke Association, Society of Cardiovascular Anesthesiologists, Society for Cardiovascular Angiography and Interventions, Society of Interventional Radiology, Society of Thoracic Surgeons, and Society for Vascular Medicine. Circulation 121, e266–e369. doi: 10.1161/CIR.0b013e3181d4739e

Hiratzka, L. F., Bakris, G. L., Beckman, J. A., Bersin, R. M., Carr, V. F., and Casey, D. E. Jr., et al. (2010b). 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of patients with thoracic aortic disease: executive summary. A report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines, American Association for Thoracic Surgery, American College of Radiology, American Stroke Association, Society of Cardiovascular Anesthesiologists, Society for Cardiovascular Angiography and Interventions, Society of Interventional Radiology, Society of Thoracic Surgeons, and Society for Vascular Medicine. Catheter. Cardiovasc. Interv. 76, E43–E86. doi: 10.1002/ccd.22537

Hiratzka, L. F., Creager, M. A., Isselbacher, E. M., Svensson, L. G., Nishimura, R. A., Bonow, R. O., et al. (2016). Surgery for aortic dilatation in patients with bicuspid aortic valves: a statement of clarification from the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. Circulation 133, 680–686. doi: 10.1161/cir.0000000000000331

Hope, M. D., Hope, T. A., Meadows, A. K., Ordovas, K. G., Urbania, T. H., Alley, M. T., et al. (2010). Bicuspid aortic valve: four-dimensional MR evaluation of ascending aortic systolic flow patterns. Radiology 255, 53–61. doi: 10.1148/radiol.09091437

Ignatieva, E., Kostina, D., Irtyuga, O., Uspensky, V., Golovkin, A., Gavriliuk, N., et al. (2017). Mechanisms of smooth muscle cell differentiation are distinctly altered in thoracic aortic aneurysms associated with bicuspid or tricuspid aortic valves. Front. Physiol. 8:536. doi: 10.3389/fphys.2017.00536

Ikonomidis, I., Aboyans, V., Blacher, J., Brodmann, M., Brutsaert, D. L., Chirinos, J. A., et al. (2019). The role of ventricular-arterial coupling in cardiac disease and heart failure: assessment, clinical implications and therapeutic interventions. a consensus document of the European society of cardiology working group on aorta & peripheral vascular diseases, European association of cardiovascular imaging and heart failure association. Eur J Heart Fail. 21, 402–424. doi: 10.1002/ejhf.1436

Iskandar, A., and Thompson, P. D. (2013). A meta-analysis of aortic root size in elite athletes. Circulation 127, 791–798. doi: 10.1161/circulationaha.112.000974

Jilaihawi, H., Chen, M., Webb, J., Himbert, D., Ruiz, C. E., Rodés-Cabau, J., et al. (2016). A bicuspid aortic valve imaging classification for the TAVR Era. JACC Cardiovasc. Imaging 9, 1145–1158. doi: 10.1016/j.jcmg.2015.12.022

Johnston, K. W., Rutherford, R. B., Tilson, M. D., Shah, D. M., Hollier, L., and Stanley, J. C. (1991). Suggested standards for reporting on arterial aneurysms. subcommittee on reporting standards for arterial aneurysms, Ad Hoc Committee on Reporting Standards, Society for Vascular Surgery and North American Chapter, International Society for Cardiovascular Surgery. J. Vasc. Surg. 13, 452–458. doi: 10.1067/mva.1991.26737

Kaneko, T., Shekar, P., Ivkovic, V., Longford, N. T., Huang, C. C., Sigurdsson, M. I., et al. (2018). Should the dilated ascending aorta be repaired at the time of bicuspid aortic valve replacement? Eur. J. Cardiothorac. Surg. 53, 560–568. doi: 10.1093/ejcts/ezx387

Khoo, C., Cheung, C., and Jue, J. (2013). Patterns of aortic dilatation in bicuspid aortic valve-associated aortopathy. J. Am. Soc. Echocardiogr. 26, 600–605. doi: 10.1016/j.echo.2013.02.017

Kong, W. K., Regeer, M. V., Ng, A. C., McCormack, L., Poh, K. K., Yeo, T. C., et al. (2017). Sex differences in phenotypes of bicuspid aortic valve and aortopathy: insights from a large multicenter, international registry. Circ. Cardiovasc. Imaging 10:e005155. doi: 10.1161/circimaging.116.005155

Kostina, A. S., Uspensky, V., Irtyuga, O. B., Ignatieva, E. V., Freylikhman, O., Gavriliuk, N. D., et al. (2016). Notch-dependent EMT is attenuated in patients with aortic aneurysm and bicuspid aortic valve. Biochim. Biophys. Acta 1862, 733–740. doi: 10.1016/j.bbadis.2016.02.006

Kovacic, J. C., Mercader, N., Torres, M., Boehm, M., and Fuster, V. (2012). Epithelial-to-mesenchymal and endothelial-to-mesenchymal transition: from cardiovascular development to disease. Circulation 125, 1795–1808. doi: 10.1161/circulationaha.111.040352

Kurt, M., Tanboga, I. H., Bilen, E., Isik, T., Kaya, A., Karakaş, M. F., et al. (2012). Abnormal left ventricular mechanics in isolated bicuspid aortic valve disease may be independent of aortic distensibility: 2d strain imaging study. J Heart Valve Dis. 21, 608–614. doi: 10.1007/s00395-012-0288-y

Lacro, R. V., Dietz, H. C., Sleeper, L. A., Yetman, A. T., Bradley, T. J., Colan, S. D., et al. (2014). Atenolol versus losartan in children and young adults with Marfan’s syndrome. N. Engl. J. Med. 371, 2061–2071. doi: 10.1056/NEJMoa1404731

Laforest, B., Andelfinger, G., and Nemer, M. (2011). Loss of Gata5 in mice leads to bicuspid aortic valve. J. Clin. Invest. 121, 2876–2887. doi: 10.1172/jci44555

Lamouille, S., Xu, J., and Derynck, R. (2014). Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell. Biol. 15, 178–196. doi: 10.1038/nrm3758

Lang, R. M., Badano, L. P., Mor-Avi, V., Afilalo, J., Armstrong, A., Ernande, L., et al. (2015). Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 28, 1.e14–39.e14. doi: 10.1016/j.echo.2014.10.003

Lee, S. Y., Shim, C. Y., Hong, G. R., Seo, J., Cho, I., Cho, I. J., et al. (2015). Association of aortic phenotypes and mechanical function with left ventricular diastolic function in subjects with normally functioning bicuspid aortic valves and comparison to subjects with tricuspid aortic valves. Am J Cardiol. 116, 1547–1554. doi: 10.1016/j.amjcard.2015.08.017

Li, F., Huang, Z., Wang, Y., Ren, X., Tong, M., Zhang, J., et al. (2019). The heterogeneous phenotype of bicuspid aortopathy attribute to different dominant pathogenesis. Ann. Thorac. Cardiovasc. Surg. 25, 265–273. doi: 10.5761/atcs.oa.18-00287

Lindeman, H. J., and Matsumura, J. S. (2019). Pharmacologic management of aneurysms. Circ. Res. 124, 631–646. doi: 10.1161/CIRCRESAHA.118.312439

Lindsay, M. E., and Dietz, H. C. (2011). Lessons on the pathogenesis of aneurysm from heritable conditions. Nature 473, 308–316. doi: 10.1038/nature10145

Liu, T., Xie, M., Lv, Q., Li, Y., Fang, L., Zhang, L., et al. (2018). Bicuspid aortic valve: an update in morphology, genetics, biomarker, complications, imaging diagnosis and treatment. Front. Physiol. 9:1921. doi: 10.3389/fphys.2018.01921

Lu, H., and Daugherty, A. (2017). Aortic aneurysms. Arterioscler. Thromb. Vasc. Biol. 37, e59–e65. doi: 10.1161/atvbaha.117.309578

Luyckx, I., MacCarrick, G., Kempers, M., Meester, J., Geryl, C., Rombouts, O., et al. (2019). Confirmation of the role of pathogenic SMAD6 variants in bicuspid aortic valve-related aortopathy. Eur. J. Hum. Genet. 27, 1044–1053. doi: 10.1038/s41431-019-0363-z

Mahadevia, R., Barker, A. J., Schnell, S., Entezari, P., Kansal, P., Fedak, P. W., et al. (2014). Bicuspid aortic cusp fusion morphology alters aortic three-dimensional outflow patterns, wall shear stress, and expression of aortopathy. Circulation 129, 673–682. doi: 10.1161/circulationaha.113.003026

Maleki, S., Cottrill, K. A., Poujade, F. A., Bhattachariya, A., Bergman, O., Gådin, J. R., et al. (2019). The mir-200 family regulates key pathogenic events in ascending aortas of individuals with bicuspid aortic valves. J. Intern. Med. 285, 102–114. doi: 10.1111/joim.12833

Maleki, S., Kjellqvist, S., Paloschi, V., Magné, J., Branca, R. M., Du, L., et al. (2016). Mesenchymal state of intimal cells may explain higher propensity to ascending aortic aneurysm in bicuspid aortic valves. Sci. Rep. 6:35712. doi: 10.1038/srep35712

Markl, M., Frydrychowicz, A., Kozerke, S., Hope, M., and Wieben, O. (2012). 4D flow MRI. J. Magn. Reson. Imaging 36, 1015–1036. doi: 10.1002/jmri.23632

Martin, L. J., Ramachandran, V., Cripe, L. H., Hinton, R. B., Andelfinger, G., Tabangin, M., et al. (2007). Evidence in favor of linkage to human chromosomal regions 18q, 5q and 13q for bicuspid aortic valve and associated cardiovascular malformations. Hum. Genet. 121, 275–284. doi: 10.1007/s00439-006-0316-9

Matthias Bechtel, J. F., Noack, F., Sayk, F., Erasmi, A. W., Bartels, C., and Sievers, H. H. (2003). Histopathological grading of ascending aortic aneurysm: comparison of patients with bicuspid versus tricuspid aortic valve. J. Heart. Valve. Dis. 12, 54–59. discussion 59-61,

Michelena, H. I., Khanna, A. D., Mahoney, D., Margaryan, E., Topilsky, Y., Suri, R. M., et al. (2011). Incidence of aortic complications in patients with bicuspid aortic valves. Jama 306, 1104–1112. doi: 10.1001/jama.2011.1286

Mohamed, S. A. (2019). MicroRNA detection in the pathogenesis of BAV-associated aortopathy-mediated vascular remodelling through EndMT/EMT. J. Intern. Med. 285, 115–117. doi: 10.1111/joim.12856

Nataatmadja, M., West, J., Prabowo, S., and West, M. (2013). Angiotensin II receptor antagonism reduces transforming growth factor beta and Smad signaling in thoracic aortic aneurysm. Ochsner. J. 13, 42–48.

Neptune, E. R., Frischmeyer, P. A., Arking, D. E., Myers, L., Bunton, T. E., Gayraud, B., et al. (2003). Dysregulation of TGF-beta activation contributes to pathogenesis in Marfan syndrome. Nat. Genet. 33, 407–411. doi: 10.1038/ng1116

Nolte, J. E., Rutherford, R. B., Nawaz, S., Rosenberger, A., Speers, W. C., and Krupski, W. C. (1995). Arterial dissections associated with pregnancy. J. Vasc. Surg. 21, 515–520. doi: 10.1016/s0741-5214(95)70296-2

Ohyama, Y., Ambale-Venkatesh, B., Noda, C., Chugh, A. R., Teixido-Tura, G., Kim, J. Y., et al. (2016). Association of aortic stiffness with left ventricular remodeling and reduced left ventricular function measured by magnetic resonance imaging: the multi-ethnic study of atherosclerosis. Circ. Cardiovasc. Imaging 9, 1–9. doi: 10.1161/circimaging.115.004426

Oliver, J. M., Alonso-Gonzalez, R., Gonzalez, A. E., Gallego, P., Sanchez-Recalde, A., Cuesta, E., et al. (2009). Risk of aortic root or ascending aorta complications in patients with bicuspid aortic valve with and without coarctation of the aorta. Am. J. Cardiol. 104, 1001–1006. doi: 10.1016/j.amjcard.2009.05.045

Pan, S., Lai, H., Shen, Y., Breeze, C., Beck, S., Hong, T., et al. (2017). DNA methylome analysis reveals distinct epigenetic patterns of ascending aortic dissection and bicuspid aortic valve. Cardiovasc. Res. 113, 692–704. doi: 10.1093/cvr/cvx050

Parai, J. L., Masters, R. G., Walley, V. M., Stinson, W. A., and Veinot, J. P. (1999). Aortic medial changes associated with bicuspid aortic valve: myth or reality? Can. J. Cardiol. 15, 1233–1238.

Park, C. B., Greason, K. L., Suri, R. M., Michelena, H. I., Schaff, H. V., and Sundt, T. M. III (2011). Fate of nonreplaced sinuses of Valsalva in bicuspid aortic valve disease. J. Thorac. Cardiovasc. Surg. 142, 278–284. doi: 10.1016/j.jtcvs.2010.08.055

Park, J. E., Park, J. S., Jang, S. Y., Park, S. H., Kim, J. W., Ki, C. S., et al. (2019). A novel SMAD6 variant in a patient with severely calcified bicuspid aortic valve and thoracic aortic aneurysm. Mol. Genet. Genomic. Med. 7:e620. doi: 10.1002/mgg3.620

Park, J. Y., Foley, T. A., Bonnichsen, C. R., Maurer, M. J., Goergen, K. M., Nkomo, V. T., et al. (2017). Transthoracic echocardiography versus computed tomography for ascending aortic measurements in patients with bicuspid aortic valve. J. Am. Soc. Echocardiogr. 30, 625–635. doi: 10.1016/j.echo.2017.03.006

Park, K. H., Chung, S., Kim, D. J., Kim, J. S., and Lim, C. (2017). Natural history of moderately dilated tubular ascending aorta: implications for determining the optimal imaging interval. Eur. J. Cardiothorac. Surg. 51, 959–964. doi: 10.1093/ejcts/ezx024

Peterson, J. C., Wisse, L. J., Wirokromo, V., Van Herwaarden, T., Smits, A. M., Gittenberger-De Groot, A. C., et al. (2020). Disturbed NO signalling gives rise to congenital bicuspid aortic valve and aortopathy. Dis. Model. Mech. 13:dmm044990. doi: 10.1242/dmm.044990

Piatti, F., Sturla, F., Bissell, M. M., Pirola, S., Lombardi, M., Nesteruk, I., et al. (2017). 4D Flow analysis of BAV-related fluid-dynamic alterations: evidences of wall shear stress alterations in absence of clinically-relevant aortic anatomical remodeling. Front. Physiol. 8:441. doi: 10.3389/fphys.2017.00441

Rabkin, S. W. (2014). Differential expression of MMP-2, MMP-9 and TIMP proteins in thoracic aortic aneurysm - comparison with and without bicuspid aortic valve: a meta-analysis. Vasa 43, 433–442. doi: 10.1024/0301-1526/a000390

Ren, P., Hughes, M., Krishnamoorthy, S., Zou, S., Zhang, L., Wu, D., et al. (2017). Critical role of ADAMTS-4 in the development of sporadic aortic aneurysm and dissection in mice. Sci. Rep. 7:12351. doi: 10.1038/s41598-017-12248-z

Reutersberg, B., Salvermoser, M., Trenner, M., Geisbüsch, S., Zimmermann, A., Eckstein, H. H., et al. (2019). Hospital incidence and in-hospital mortality of surgically and interventionally treated aortic dissections: secondary data analysis of the nationwide German diagnosis-related group statistics from 2006 to 2014. J. Am. Heart. Assoc. 8:e011402. doi: 10.1161/jaha.118.011402

Rocchiccioli, S., Cecchettini, A., Panesi, P., Farneti, P.A., Mariani, M., Ucciferri, N., et al. (2017). Hypothesis-free secretome analysis of thoracic aortic aneurysm reinforces the central role of TGF-β cascade in patients with bicuspid aortic valve. J. Cardiol. 69, 570–576. doi: 10.1016/j.jjcc.2016.05.007

Rodríguez-Palomares, J. F., Dux-Santoy, L., Guala, A., Kale, R., Maldonado, G., Teixidó-Turà, G., et al. (2018). Aortic flow patterns and wall shear stress maps by 4D-flow cardiovascular magnetic resonance in the assessment of aortic dilatation in bicuspid aortic valve disease. J. Cardiovasc. Magn. Reson. 20:28. doi: 10.1186/s12968-018-0451-1

Rodríguez-Palomares, J. F., Teixidó-Tura, G., Galuppo, V., Cuéllar, H., Laynez, A., Gutiérrez, L., et al. (2016). Multimodality assessment of ascending aortic diameters: comparison of different measurement methods. J. Am. Soc. Echocardiogr. 29, 819.e4–826.e4. doi: 10.1016/j.echo.2016.04.006

Roman, M. J., Pugh, N. L., Devereux, R. B., Eagle, K. A., Holmes, K., Le-Maire, S. A., et al. (2017). Aortic dilatation associated with bicuspid aortic valve: relation to sex, hemodynamics, and valve morphology (the national heart lung and blood institute-sponsored national registry of genetically triggered thoracic aortic aneurysms and cardiovascular conditions). Am. J. Cardiol. 120, 1171–1175. doi: 10.1016/j.amjcard.2017.06.061

Rose, M. J., Jarvis, K., Chowdhary, V., Barker, A. J., Allen, B. D., Robinson, J. D., et al. (2016). Efficient method for volumetric assessment of peak blood flow velocity using 4D flow MRI. J. Magn. Reson. Imaging 44, 1673–1682. doi: 10.1002/jmri.25305

Rossi, A., Van Der Linde, D., Yap, S. C., Lapinskas, T., Kirschbaum, S., Springeling, T., et al. (2013). Ascending aorta dilatation in patients with bicuspid aortic valve stenosis: a prospective CMR study. Eur. Radiol. 23, 642–649. doi: 10.1007/s00330-012-2651-7

Rueda-Martínez, C., Lamas, O., Mataró, M. J., Robledo-Carmona, J., Sánchez-Espín, G., Moreno-Santos, I., et al. (2017). Fibrillin 2 is upregulated in the ascending aorta of patients with bicuspid aortic valve. Eur. J. Cardiothorac. Surg. 51, 104–111. doi: 10.1093/ejcts/ezw277

Russo, C. F., Mazzetti, S., Garatti, A., Ribera, E., Milazzo, A., Bruschi, G., et al. (2002). Aortic complications after bicuspid aortic valve replacement: long-term results. Ann. Thorac. Surg. 74, S1773–S1776. doi: 10.1016/s0003-4975(02)04261-3 discussion S1792-1779,

Schmid, F. X., Bielenberg, K., Holmer, S., Lehle, K., Djavidani, B., Prasser, C., et al. (2004). Structural and biomolecular changes in aorta and pulmonary trunk of patients with aortic aneurysm and valve disease: implications for the Ross procedure. Eur. J. Cardiothorac. Surg. 25, 748–753. doi: 10.1016/j.ejcts.2004.02.028

Sellers, L. S., Milad, N., Chan, R., Mielnik, M., Jermilova, U., Huang, L. P., et al. (2018). Inhibition of Marfan syndrome aortic root dilation by losartan: role of angiotensin II receptor type 1-independent activation of endothelial function. Am. J. Pathol. 188, 574–585. doi: 10.1016/j.ajpath.2017.11.006

Sequeira Gross, T., Naito, S., Neumann, N., Petersen, J., Kuntze, T., Reichenspurner, H., et al. (2018). Does statin therapy impact the proximal aortopathy in aortic valve disease? Qjm 111, 623–628. doi: 10.1093/qjmed/hcy129

Shibayama, K., Harada, K., Berdejo, J., Tanaka, J., Mihara, H., Itabashi, Y., et al. (2014). Comparison of aortic root geometry with bicuspid versus tricuspid aortic valve: real-time three-dimensional transesophageal echocardiographic study. J. Am. Soc. Echocardiogr. 27, 1143–1152. doi: 10.1016/j.echo.2014.07.008

Sievers, H. H., and Schmidtke, C. (2007). A classification system for the bicuspid aortic valve from 304 surgical specimens. J. Thorac. Cardiovasc. Surg. 133, 1226–1233. doi: 10.1016/j.jtcvs.2007.01.039

Siu, S. C., and Silversides, C. K. (2010). Bicuspid aortic valve disease. J. Am. Coll. Cardiol. 55, 2789–2800. doi: 10.1016/j.jacc.2009.12.068

Sophocleous, F., Berlot, B., Ordonez, M. V., Baquedano, M., Milano, E. G., De Francesco, V., et al. (2019). Determinants of aortic growth rate in patients with bicuspid aortic valve by cardiovascular magnetic resonance. Open Heart 6:e001095. doi: 10.1136/openhrt-2019-001095

Stern, C., Scharinger, B., Tuerkcan, A., Nebert, C., Mimler, T., Baranyi, U., et al. (2019). Strong signs for a weak wall in tricuspid aortic valve associated aneurysms and a role for osteopontin in bicuspid aortic valve associated aneurysms. Int. J. Mol. Sci. 20:4782. doi: 10.3390/ijms20194782

Taylor, A. P., Yadlapati, A., Andrei, A. C., Li, Z., Clennon, C., McCarthy, P. M., et al. (2016). Statin use and aneurysm risk in patients with bicuspid aortic valve disease. Clin. Cardiol. 39, 41–47. doi: 10.1002/clc.22492

Thanassoulis, G., Yip, J. W., Filion, K., Jamorski, M., Webb, G., Siu, S. C., et al. (2008). Retrospective study to identify predictors of the presence and rapid progression of aortic dilatation in patients with bicuspid aortic valves. Nat. Clin. Pract. Cardiovasc. Med. 5, 821–828. doi: 10.1038/ncpcardio1369

Toprak, B., Szöcs, K., Zengin-Sahm, E., Sinning, C., Hot, A., Bannas, P., et al. (2020). Marfan syndrome versus bicuspid aortic valve disease: comparative analysis of obstetric outcome and pregnancy-associated immediate and long-term aortic complications. J. Clin. Med. 9:1124. doi: 10.3390/jcm9041124

Tretter, J. T., and Mori, S. (2019). Two-dimensional imaging of a complex three-dimensional structure: measurements of aortic root dimensions. J. Am. Soc. Echocardiogr. 32, 792–794. doi: 10.1016/j.echo.2019.02.001

Van Ooij, P., Markl, M., Collins, J. D., Carr, J. C., Rigsby, C., Bonow, R. O., et al. (2017). Aortic valve stenosis alters expression of regional aortic wall shear stress: new insights from a 4-dimensional flow magnetic resonance imaging study of 571 subjects. J. Am. Heart. Assoc. 6:e005959. doi: 10.1161/jaha.117.005959

Vendramin, I., Meneguzzi, M., Sponga, S., Deroma, L., Cimarosti, R., Lutman, C., et al. (2016). Bicuspid aortic valve disease and ascending aortic aneurysm: should an aortic root replacement be mandatory? Eur. J. Cardiothorac. Surg. 49, 103–109. doi: 10.1093/ejcts/ezv069

Verma, S., and Siu, S. C. (2014). Aortic dilatation in patients with bicuspid aortic valve. N. Engl. J. Med. 370, 1920–1929. doi: 10.1056/NEJMra1207059

Vis, J. C., Rodríguez-Palomares, J. F., Teixidó-Tura, G., Galian-Gay, L., Granato, C., Guala, A., et al. (2019). Implications of asymmetry and valvular morphotype on echocardiographic measurements of the aortic root in bicuspid aortic valve. J. Am. Soc. Echocardiogr. 32, 105–112. doi: 10.1016/j.echo.2018.08.004

Vorkapic, E., Folkesson, M., Magnell, K., Bohlooly, Y. M., Länne, T., and Wågsäter, D. (2017). ADAMTS-1 in abdominal aortic aneurysm. PLoS One 12:e0178729. doi: 10.1371/journal.pone.0178729

Wang, Z., Wang, D. Z., Pipes, G. C., and Olson, E. N. (2003). Myocardin is a master regulator of smooth muscle gene expression. Proc. Natl. Acad. Sci. U.S.A. 100, 7129–7134. doi: 10.1073/pnas.1232341100

Weismann, C. G., Lombardi, K. C., Grell, B. S., Northrup, V., and Sugeng, L. (2016). Aortic stiffness and left ventricular diastolic function in children with well-functioning bicuspid aortic valves. Eur. Heart J. Cardiovasc. Imaging 17, 225–230. doi: 10.1093/ehjci/jev151

Wright, J. T. Jr., Williamson, J. D., Whelton, P. K., Snyder, J. K., Sink, K. M., Rocco, M. V., et al. (2015). A randomized trial of intensive versus standard blood-pressure control. N. Engl. J. Med. 373, 2103–2116. doi: 10.1056/NEJMoa1511939

Wu, J., Song, H. F., Li, S. H., Guo, J., Tsang, K., Tumiati, L., et al. (2016). Progressive aortic dilation is regulated by mir-17-associated miRNAs. J. Am. Coll. Cardiol. 67, 2965–2977. doi: 10.1016/j.jacc.2016.04.027

Yasuda, H., Nakatani, S., Stugaard, M., Tsujita-Kuroda, Y., Bando, K., Kobayashi, J., et al. (2003). Failure to prevent progressive dilation of ascending aorta by aortic valve replacement in patients with bicuspid aortic valve: comparison with tricuspid aortic valve. Circulation 108, (Suppl. 1), Ii291–Ii294. doi: 10.1161/01.cir.0000087449.03964.fb

Yuan, S. M. (2013). Postpartum aortic dissection. Taiwan J. Obstet. Gynecol. 52, 318–322. doi: 10.1016/j.tjog.2013.06.003

Zhao, Q., Shi, K., Yang, Z. G., Diao, K. Y., Xu, H. Y., Liu, X., et al. (2018). Predictors of aortic dilation in patients with coarctation of the aorta: evaluation with dual-source computed tomography. BMC Cardiovasc. Disord. 18:124. doi: 10.1186/s12872-018-0863-8

Zhu, C., Tian, B., Leach, J. R., Liu, Q., Lu, J., Chen, L., et al. (2017). Non-contrast 3D black blood MRI for abdominal aortic aneurysm surveillance: comparison with CT angiography. Eur. Radiol. 27, 1787–1794. doi: 10.1007/s00330-016-4559-0


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 © 2021 Wang, Deng, Lv, Li, Liu and Xie. 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/images/fphys-12-615175-t001.jpg
Genes

References

ACTA2
SMAD6

NOTCH1

ROB04

GatA5

TGFBR1/2

FBN1

ADAMTSL1

ADAMTS-4

NOS3

chromosomes 18q, 54, and 13q

Guo et al., 2007

Galvin et al., 2000; Gillis et al., 2017; Luyckx
etal, 2019

Harrison et al., 2019a

Gould et al., 2019

Laforest et al., 2011

Arrington et al., 2008; Rocchiccioli et al., 2017
Folkersen et al., 2011

Vorkapic et al., 2017

Ren et al., 2017

Peterson et al., 2020

Martin et al., 2007





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Aortic Dilatation in Patients With Bicuspid Aortic Valve



		INTRODUCTION



		DEFINITIONS



		EPIDEMIOLOGY



		NATURAL COURSE



		PATHOPHYSIOLOGY



		Genetic Predisposition



		Histopathological Features of the Aorta



		Epigenetics







		HEMODYNAMICS



		CLINICAL SIGNIFICANCE



		Imaging Diagnosis



		Intervention and Prognosis



		Special Populations







		FUTURE PERSPECTIVE



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Physiology

Aortic Dilatation in Patients With
Bicuspid Aortic Valve









OPS/images/fphys-12-615175-g001.jpg
eft common carotid artery

left subclavian artery
Innominate artery

» Aortic arch

Anatomical feature Tkl
ascending aorta
of aorta
Left coronary :
Descendin
artery thoracic amgta
aortic
Sinotubular junction sinuses
Right " Aortic root
coronary artery

Abdominal aorta

B

Patterns of

bicuspid aortopathy

Fazel’s Class : Cluster | Cluster II Cluster 11 Cluster [V
Park’s Class : Type 111 Type | Type | Type 11

Della Corte’s Class :  Root phenotype Ascending phenotype  Ascending phenotype Root phenotype





OPS/images/logo.jpg
’ frontiers
in Physiology





OPS/images/fphys-12-615175-g003.jpg
[ Echocardiography ]—

CTA

MRI

O

[Pathophysiology

Genetic
Histopathological
Epigenetics

\

J

Hemodynamics

Valve function
Valve Phenotype

[ aortic aneurysm

aortic
dissection/rupture

Multimodal
imaging

Pathogenetic
mechanisms

Natural
progression

é Aortic A
dilatation
of

( Treatment strategies A

_ BAV

k.

Surgical intervention
Drug treatment
Non-drug treatment






OPS/images/fphys-12-615175-g002.jpg
3D WSS Heatmaps
Normal WSS (°) left-anterior view right-posterior view Elevated WSS (°)

,-.’L" - iz ‘






