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Abstract 

 

Bicuspid aortic valve (BAV) is found to affect 1-2% of the Western population and represents 

the most common congenital cardiac disorder. BAV is associated with valvular dysfunction 

and aortopathy and its main clinical significance lies in its association with increased variable 

rates of progressive valve calcification and/or dilatation of the ascending aorta. Often 

significant aortic stenosis and/or regurgitation ensue. Sometimes BAV is associated with 

other forms of congenital heart disease particularly that of coarctation of the aorta. 

Furthermore the natural history of BAV often results in the need for extensive, corrective 

valvular and/or aortic surgery before the age of 60.  Both inflammatory activation and 

endothelial dysfunction have been considered as potential modulators of these changes; 

however the predominant pathophysiological bases’ are unclear. Data from endothelial nitric 

oxide synthase (eNOS) -/- mice and aortic biopsies in patients undergoing surgery suggest 

an association between eNOS deficiency and BAV though detailed evaluation of NO 

signalling in BAV is lacking. Furthermore, valvular and aortic degeneration varies widely 

among individuals with BAV. Both aortic stenosis and aortic dilatation in the context of BAV 

have shown to be associated with an inflammatory process. Therefore the relative impacts of 

inflammatory infiltration and endothelial dysfunction on valvular function and aortic dilatation 

in a cohort of patients with BAV were examined. 
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Methods: 

A case-control study of patients with BAV was performed together with a multivariate analysis 

within the BAV group in order to identify factors associated with: 

(a) Development of significant valvular disease. 

(b) Dilatation of the ascending aorta. 

(c) Differential valve: aortic disease.  

 

BAV patients and controls underwent evaluation of endothelial function with flow mediated 

dilatation (FMD) and plasma concentrations of asymmetric dimethylarginine (ADMA). 

Correlations with inflammatory markers, myeloperoxidase (MPO) and high sensitivity C-

reactive protein (HsCRP), endothelial progenitor cell counts (EPC) were also examined. 

Morphological and physiological assessment of the valve and ascending aorta was 

performed with transthoracic echocardiography (TTE) and magnetic resonance imaging 

(MRI). 

 

Results: 

 

Patients with BAV (n=43) and controls (n=25) were age and gender-matched. FMD was 

significantly lower in the BAV patient group (7.85% ± 3.48% vs 11.58%± 3.98%, p = 0.001) 

and these differences were age-independent on ANOVA. Within the BAV cohort, upon 
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multivariate analysis, correlates of peak aortic valve velocity (peak AVmax) were ADMA and 

MPO plasma concentrations (both p< 0.01), while increasing age was noted as an 

independent correlate of ascending aortic diameter (p<0.05). Furthermore, both low FMD and 

inflammatory activation were multivariate correlates of selectivity for valvular over aortic 

disease.  

 

Conclusions:  

 

While BAV is associated with endothelial dysfunction evident from low FMD and inflammatory 

activation (specifically MPO release), its structural impact primarily acts on the integrity of the 

valve, rather than the aortic structure. Confirmatory therapeutic interventions should be 

directed at reversal of these pathophysiological changes as well as slowing of disease 

progression. 
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1.1 Clinical perspectives in contemporary western society 

 

Aortic stenosis (AS) is the most frequent type of valvular heart disease in the western world - 

it is defined as a narrowing of the aortic valve (AV) orifice area. This resultant progressive 

narrowing contributes to an increase in left ventricular (LV) after load (Sverdlov AL et al., 

2011).  Its precursor, aortic valve sclerosis (ASc), is defined as an irregular thickening often 

with focal calcification on the valve leaflets.  Conversely sclerotic AV leaflet excursion is 

generally not restricted, nor are the commissures fused resulting in the absence of significant 

LV outflow obstruction (Sverdlov AL et al., 2011). 

 

While AS may occur as a complex congenital disorder or as part of rheumatic heart disease, 

there are two main causes of AS in the western world (see table 1.1) The most common 

being that of degenerative calcific AS arising in individuals with advancing age and tricuspid 

aortic valves (TAV) (Lindroos M et al., 1993). In this condition changes are found within an 

otherwise normal valvular matrix and typically the onset of the process is around 50 years of 

age (Braunwald E & Goldman L., 2003). The time-course for commencement of ASc (early 

valvular inflammation) progressing to that of severe AS is slow and may take 30 years or 

longer (Sverdlov AL et al., 2012). Moreover some degree of valve calcification is found in 

75% of the population aged over 85 years and the prevalence of critical AS increases with 

age to approximately 3% for ages > 85 years (Lindroos M et al., 1993).  

 

The second major cause of AS is congenital bicuspid aortic valve (BAV) which presents at 

birth and is found to affect 1-2% of the western population (Braverman AC et al., 2005 & 
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Samuel C et al., 2010). Interestingly patients with BAV frequently develop significant 

progressive AS by age 50 and are also prone to have concomitant problems such as 

dilatation of the aorta, aortic regurgitation and coarctation of the descending aorta 

(Braverman AC et al., 2005).  

Table 1.1. 

 

*Rheumatic heart disease remains a common finding in the presence of social deprivation.  
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1.2  Inflammatory activation and the progression of AS 

 

AS is associated with an inflammatory infiltration within the valvular matrix (schematized in 

figure 1.1) (Chen K et al., 2003 & Otto CM et al., 1994). Furthermore there is evidence of 

systemic inflammatory activation. A critical issue is whether this low-grade inflammation is 

distinct in origin from that associated with atherosclerosis. A number of investigations 

suggest that all stages of aortic valve disease are also associated with impaired vascular 

endothelial function (El-Hamamsy I et al., 2009).   

 

The normal aortic valve endothelium is a potent generator of nitric oxide (NO) and 

prostacyclin (El-Hamamsy I et al., 2009 & Pompilio G et al., 1998). However with 

development of ASc/AS valvular tissue exhibits potential attenuation of NO release, due in 

part to the denudation of the valve endothelium (Pompilio G et al., 1998) but also potentially 

due to impairment of end-organ resistance to NO effect (Chirkov YY et al., 2002). Moreover, 

in patients with AS, platelets manifest both an increase in aggregation in response to 

adenosine 5`–diphosphate (ADP) and also inhibition of aggregation with the NO donor 

sodium nitroprusside (SNP) is reduced (Chirkov YY et al., 2002).  

 

A contributing mechanism to the earliest stages of AS development is increasing tissue 

concentrations of angiotensin II (ANGII), an important mediator of inflammation and fibrosis 

(Sverdlov AL et al., 2011). ANGII accumulates as a result of the effects of angiotensin 

converting enzyme (ACE) and possibly mast cell (MC) - derived neutral protease chymase. 

ANG II supports a pro-fibrotic and pro-inflammatory environment, further contributing to injury 

of the valvular matrix. (Sverdlov AL et al., 2011). Thioredoxin Interacting Protein (TXNIP) is a 
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pro-inflammatory intracellular protein which is expressed in response to non-laminar flow, 

redox stress, hyperglycaemia and lack of NO (Chong C et al., 2014). Accumulation of TXNIP 

within calcifying aorta valve cells has been demonstrated in a rabbit model of AS (Ngo DMT 

et al., 2011). In this model, ACE inhibition with Ramipril limited the development of AS and 

also prevented AS progression. However it remains unclear whether TXNIP is critically 

important regarding progression of human AS. See summary figure 1.1 

 

Figure 1.1 Postulation of inflammation and calcification in the progression of AS 

 

(Sverdlov et al., 2011)  
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1.3  Available therapy and economic impact. 

 

In patients with severe AS, therapeutic options are limited apart from aortic valve 

replacement (AVR). However in patients with mild to moderate AS strategies to retard 

progression of disease would potentially be of considerable advantage in fact, because 

severe AS usually develops in old age and co morbidities may preclude valve replacement in 

many patients. Trans-aortic valve implantation procedures (TAVI) may partially obviate this 

problem.  

 

During the 2010 – 2011 financial year the median cost for AVR (per patient) in Australia was 

$45 000 - $50 000, including hospital and medical service related charges (Neyt M et al., 

2011). Moreover TAVI procedures (an increasing option for very frail patients), have been 

reported to cost ~ $50 000 - $60 000, with the actual cost of the TAVI valve itself reaching 

approximately ~ $25 000 - $30 000 per patient (Neyt M et al., 2011). Thus if it were possible 

to reduce the likelihood of AS progression to that of severe obstructive stage, the benefits in 

health care cost would be considerable.  
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2.1  BAV: a special case. 

 

Congenital bicuspid aortic valve (BAV) may be defined on the basis of the presence of two 

leaflets, often of unequal size. There is resultant fusion at the commissures with the larger 

leaflet contributing to a raphe (Braverman AC 2005 & Samuel C et al., 2010). Rarely are the 

aortic cusps of equal size with no raphe, known as pure bicuspid valve.  

BAV, a congenital anomaly, affects the heart with a prevalence of 1- 2% of the population 

(Braverman AC et al., 2005 & Samuel C et al., 2010) and is more common in males. The 

major pathophysiological consequence of BAV is the risk of progressive valvular dysfunction 

with both valvular stenosis and regurgitation occurring frequently (Otto CM., 2002). In 

patients with BAV, valvular gradients increase more rapidly compared to tricuspid aortic 

valves (TAV) (Bepu S et al., 1993). On the basis of this propensity for rapid development of 

stenosis, BAV underlies 70-80% of stenotic aortic valves in children and at least 40% of 

aortic stenosis in adults (Schoen FJ., 2008 & Cripe L et al., 2004). The most common 

complication in BAV patients, the early development of AS, often occurs in the 4th decade of 

age (Yener N et al., 2002). In contrast TAV AS development rarely occurs before the 6 th to 

7th decade (Sverdlov AL et al., 2011).  

The pathology of BAV is not restricted to the valvular tissue. Subjects with BAV tend to have 

a larger and stiffer aortic sinus and, are also at increased risk of developing aortic dilatation, 

aneurysm and dissection. Furthermore these aortic abnormalities represent the most 

common basis for aortic valve replacement under the age of 70 years (Braverman AC et al., 

2005). There is also an association with coarctation of the aorta, which is described more 

extensively on page 24.  
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As regards progression of aortopathy a BAV study by Thanassoulis G et al (2008), 

demonstrated a mean increase in the diameter of the ascending aorta of 0.37mm/year and 

0.17mm/year for the aortic sinus of Valsalva. As regards progression of aortic valve stenosis 

Tzemos N et al (2008), suggested that a mean annum increase in aortic valve gradient of 0.7 

mmHg arrived based on a prospective cohort of 642 subjects.  

BAV is not structurally a homogeneous disorder (Sabet HY et al., 1999). First, the pattern of 

cusp fusion varies: type 1 right/left coronary cusp fusion gives rise to anterior-posterior leaflet 

orientation making up to 70% of BAV cases (Table2) and (figure 2). The implications of the 

presence of BAV on cardiovascular anatomy also vary with the pattern of cusp fusion; 

specifically the known association between BAV, aortic sinus enlargement and the presence 

of coarctation is stronger for the right and left cusp fusion pattern than for other forms of BAV 

(Fernandes B et al., 2004 & Schaefer BM et al., 2007). This pattern of cusp fusion 

interestingly is associated with a greater risk of aortic dissection and rupture.  

Type II BAV comprises fusion of the right and non-coronary cusps and is observed in 

approximately 25% of BAV cases. This morphology is associated with a higher prevalence of 

significant aortic stenosis, regurgitation and arch dilatation, including a higher incidence to 

eventual AVR (Otto CM., 2002 & Schaefer BM et al., 2007).  

Approximately 1% of cases give rise to left and non-coronary cusp fusion – type III BAV. 

(Schaefer BM et al., 2007). Table 2 summarises the major anatomical features and potential 

physiological associations (on the basis primarily of findings in animal models) on BAV 

subtypes.   
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Table 2:  Subtypes of bicuspid aortic valves - their anatomical associations and 
laboratory model features to the different BAV subtypes (Sverdlov AL et al., 2011 & 
Abdulkareem N et al., 2013). 

 

Subtypes of BAV

Anatomical, associated and genetic features.

Subtype / prevalence Anatomical features association Laboratory model

Genetics

Type I

70-75%

Right and left coronary

cusp fusion. Resultant 

anterior – posterior 

orientation

Male predominance. 

Aortic root dilatation and 

co-arctation prevalence

Inbred Syrian hamster.

Likely an nomalous

septation of the proximal 

portion of the outflow 

tract, which is caused by 

distorted behaviour of the 

neural crest cells

Type II

25-30%

Right and non coronary 

cusp fusion. Resultant 

right and left 

commissural orientation. 

More common in 

females. Higher 

progressive aortic 

stenoisis and aortic 

regurgitation.

GATA 5 -/- Mice

eNOS -/- Mice

Morphological defect 

occurring before cardiac 

outflow-tract septation.  ? 

Reliance on NO 

dependent epithelial to 

mesenchymal

transformation. 

Type III

~1%

Fusion Non and left 

coronary cusp.

No known association Not known

 

 

 

Finally, there are limited data suggesting associations between BAV and some systemic 

syndromes, specifically Turner’s and Williams’ syndromes (Siu SC. & silversides C K., 2010). 

 

http://icvts.oxfordjournals.org/search?author1=Nada+Abdulkareem&sortspec=date&submit=Submit
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Figure 2.1 Schematic: Types of BAV

Bicuspid- Heterogeneous 

phenotype
Left–
non 

R-non

R-L # 
fusion

 

Type 1 BAV   Type II BAV 

 

2.2  Clinical diagnosis 

The majority of patients with BAV are asymptomatic for many years and indeed the 

diagnosis in childhood is most likely to be made on the basis of hypertension due to 

associated coarctation, alternatively, BAV may be an incidental finding on routine 

examination. Specifically cardiac examination of a systolic ejection murmur or that of aortic 

insufficiency may be heard. Suspicion of BAV clinically, generally requires further modality 

analysis, such as that of echocardiography.  
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2.3  Imaging studies   

(a) Echocardiography 

Two dimensional (2D) echocardiography; generally provides an accurate assessment for 

confirmation of BAV. The parasternal short axis (PSAX) view is used to determine valvular 

morphology as seen in (Figure 3.1). In optimal images the echocardiographic sonographer 

can determine, cusp fusion and the presence of a raphe or incidence of a pure BAV. In 

addition assessment of the possibility of coarctation through the descending AO can be 

imaged from a suprasternal view located near the suprasternal notch.  

Continuous wave (CW) and pulsed wave (PW) Doppler in addition to 2D echocardiography is 

applied during the examination for the determination of the degree of aortic stenosis. The 2-

D echocardiography view of apical-5 and apical 3 chambers are utilised. Furthermore a 

smaller footprint probe is used in numerous cardiac windows to obtain maximal CW Doppler 

through the AV. Valvular gradients can be determined utilising the simplified Bernoulli 

equation (4V2). The aortic valve area AVA is determined by utilising the continuity equation - 

dividing the left ventricular stroke volume by the aortic valve velocity time integral (VTI). The 

AVA and pressure gradients assist in grading the degree of stenosis to that of mild, 

moderate or severe.  

In the determination of the degree of aortic insufficiency, colour flow mapping (CFM) is 

utilised. CFM flow reversal in the suprasternal and abdominal aorta provide qualitative 

assessment for severity of the regurtitant lesion to that of moderate or severe.  
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The parasternal long axis view (PLAX) determines if there is systolic doming of the aortic 

valve, an indicator of BAV. The PLAX view also allows accurate measurements of the sinus 

of Valsalva, the sinotubular junction and the ascending aorta. In this view the determination 

and classification of aortic dilatation can be determined such as normal aorta (type N), 

dilatation of the ascending aorta (Type A) and effacement of the aorta (Type E). Examples of 

echographic images of normal valves with type 1 and type 2 are shown in figure 3.1. 

 

(b) Magnetic resonance imaging MRI and computerised tomography CT 

 

Cardiac magnetic resonance imaging (cMRI) can evaluate functional assessment of the LV 

with sequences in a standard short and long axis cardiac view. Gating to electrocardiogram 

(ECG) is provided and timed to mid-diastole.  Dimensions of the aortic root and ascending 

aorta are obtained from a dedicated short and long axis view. Ascending aortic dimension, 

measured at the level of pulmonary artery bifurcation is obtainable and measurements of the 

aorta and pulmonary artery trunk are of gold standard.  
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Figure 3.1 

  

Echocardiographic features of TAV Echocardiography features BAV type I 

 

Echocardiographic features BAV type II Systolic doming Echocardiography 
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2.4  Genetics 

It is clear that BAV may be familial (Cripe L et al., 2004) but current understanding of 

genotype-phenotype relationship is incomplete. Overall genetic investigations suggest an 

autosomal dominant inheritance with a 3:1 male prevalence. The NOTCH 1 gene is known to 

be expressed in Cardiac embryogenesis in development of the cardiac outflow tract and the 

aortic valve; it may be responsible for abnormal valvular development potentially giving rise 

to BAV (Samuel C et al., 2010). Interestingly the NOTCH 1 gene has been linked to calcified 

AS progression (Acharya A et al., 2011). 

2.4.1  Laboratory models of BAV: Clinical correlates 

A number of unique findings have emerged regarding BAV. Lee TC et al (2000), found that 

homozygous deletion of the endothelial nitric oxide synthase (eNOS) gene in mice was often 

associated with bicuspid aortic valve. Fernandez B et al (2009), supported this concept of 

nitric oxide (NO) deficiency, utilizing eNOS -/- mice showing a predominance to type II BAV 

(the right-non coronary cusp fusion). Furthermore Laforest B et al (2011), showed that a 

targeted deletion of gata 5 gene leads to mice displaying fusion of the right and non-coronary 

cusps type II BAV.  

It appears type II BAV may result from a morphological defect that arises before the cardiac 

outflow tract septation. The separation of the valve leaflets in the prenatal heart has therefore 

been linked to an exacerbated nitric oxide-dependent endothelial-to-mesenchymal 

transformation (Fernandez B et al., 2009).  
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Type 1 BAV (right – left coronary cusp fusion) has been shown to occur in inbred Syrian 

hamsters with no apparent association to eNOS deficiency and as yet no evaluation of NO – 

mediated physiology (Fernandez B et al., 2009). Type I BAV may result from the anomalous 

septation of the proximal portion of the outflow tract, due likely to the distorted behavior of 

neural crest cells (Ratnasari P et al., 2012). This may also explain the association of Type I 

BAV to an increased incidence of associated coarctation of the aorta and pronounced aortic 

wall degeneration when compared to BAV with fusion of the right and non-coronary cusp 

type II BAV (Ratnasari P et al., 2012). 

A number of studies have established actual clinical correlates of the above animal model 

physiology.  Aicher D et al (2007), found that in BAV, endothelial cells of the aorta exhibited 

reduced eNOS protein expression when compared to TAV. In this study among BAV 

patients, there was a significant inverse correlation between aortic diameter and eNOS 

expression. Moreover Tzemos N et al (2010), revealed that young men with BAV and dilated 

proximal aortas exhibit systemic endothelial dysfunction as expressed utilising flow mediated 

dilatation (FMD). Therefore based on results of aortic biopsies (Aicher D et al., 2007) and by 

analogy with the occurrence of BAV in endothelial nitric oxide synthase (eNOS) knockout 

mice (Lee TC et al., 2000) an apparent nexus between BAV and endothelial dysfunction 

appears evident. 

2.4.2  Interaction with pro-inflammatory stimuli. 

Macrophage infiltration and neovascularization is increased in BAV when compared to that 

observed in TAV (Wallby L et al., 2002).  Furthermore excised aortic tissue in BAV suggests 

both the valve and aorta exhibit an inflammatory process which is more aggressive in BAV 
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(Wallby L et al., 2002). Some, but not all, investigators (LeMaire SA et al., 2005 & Tzemos N 

et al., 2010) have also found evidence of systemic inflammatory activation in BAV.  

 

There is currently a growing body of evidence implicating an increased expression and activity 

of the matrix metalloproteinases (MMP), a large family of zinc-dependant endopeptidases 

responsible for degradation of the extracellular matrix (in particular MMP 2 and MMP 9),  

however this increase has been reflected in some (Tzemos N et al., 2010), but not all studies. 

This degradation affects type IV collagen and elastin (Katie L. Losenno et al., 2009). 

 

2.5  Endothelium and valve homeostasis 

(a)  Protective role 

 

The normal aortic valve matrix consists of valvular endothelial cells (VECs), which line the 

surface of the valve and are phenotypically different from other endothelial cell populations 

(Pompilio L et al., 1998). The homeostatic role of the aortic valve endothelium is known to 

exhibit a potent source of anti-inflammatory and anti-thrombotic autocoids such as NO and 

prostacyclin, both generating vasodilator effects. In addition, the VECs in a normal valvular 

matrix generate vasoconstriction such as endothelin-1 factors. Together these factors affect 

the homeostatic milieu status of the valvular matrix (Pompilio L et al., 1998).  However data 

are fragmentary as to the physiological effectiveness of NO / prostacyclin release in:- 

 (a)  Limiting potential for thrombus formation on valve leaflets and  

http://www.hindawi.com/28264958/
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(b) Stabilising subjacent fibroblasts against transformation to myofibroblasts. Chirkov 

YY et al (2006), demonstrated attenuation of anti-aggregatory effect in valves excised from 

patients with AS. 

 

2.6  Determinants of anti-inflammatory role of nitric oxide 

 

Nitric oxide, apart from its vasomotor and anti-aggregatory effects, is an important anti-

inflammatory agent. For example, Liberts EA et al (2006), demonstrated that NO donors 

especially in combination with perhexaline, limited superoxide (02
- ) release for circulating 

white blood cells. Furthermore, Kennedy JA et al (2009), demonstrated that NO donors’ 

suppress pro-inflammatory / pro-calcific changes in the aortic valve matrix (see below). 

Finally, recently it was shown that there is a reciprocal relationship between expression of the 

pro-inflammatory agent thioredoxin interacting protein (TXNIP) and tissue responsiveness to 

NO (Sverdlov  AL et al., 2013). 

 

The integrity of NO signalling in valve tissue, as elsewhere, is subject to a number of 

biomedical modulators. For example, asymmetric dimethyl arginine (ADMA) functions in part 

to inhibit NO synthases: plasma concentrations of ADMA are elevated in AS (Ngo DMT et al., 

2007). Furthermore NO effects are attenuated by oxidative stress due to “scavenging” of NO -  

free radical and also to oxidation / haem depletion of the NO “receptor” soluble guanylate 

cyclase (see Cirkov YY & horowitz JD 2007 for review). 
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2.7  Replacement of valve endothelium – role of endothelial progenitor cells 

 

The maintenance of endothelial integrity and function is vital to the preservation of a healthy 

vasculature. Following a mechanical or chemical injury, the endothelium undergoes a process 

of repair (Asahara T et al., 1999). This process depends on new endothelial cells recruited 

from bone-marrow derived circulating endothelial progenitor cells (EPC’s) (Asahara T et al., 

1999). In 2003 Aicher D et al, showed that EPC’s isolated from eNOS -/- mice exhibit impaired 

function. Furthermore Vaturi M et al (2011) compared EPC counts and function in patients 

with BAV. In this study patients with at least moderate aortic regurgitation and/or stenosis had 

impaired EPC functional properties as compared to that of BAV patients without significant 

aortic stenosis or regurgitation. Interestingly these patients appeared to have reduced levels 

of circulating EPCs defined on the basis of co expressed CD133 or CD34.  

 

2.8  Transformation of valve matrix and development of inflammation / 

calcification 

 

Calcification is present early on in the pathogenesis of AS. Co-localisation of calcification 

occurs in areas of the valve where increased lipids, particularly apolipoprotein (a), B and E 

accumulate  (Freeman RV and Otto CM., 2005). Additionally within the valvular matrix 

oxidised low density lipoproteins (LDL’s) accumulate and are taken up by macrophages to 

form foam cells. Within the early stages there is additional inflammatory cell predominance 

and activation of T lymphocytes, which trigger cytokine release with an association of pro-

inflammatory and growth factor-stimuli. In particular activation of transforming growth factor β1 

(TGFβ1) is notably involved. Kennedy JA et al (2009), demonstrated that in a cell culture 

model of porcine aortic valve fibroblasts that TGFβ1 induced calcific nodule formation.   

 

http://circ.ahajournals.org/search?author1=Rosario+V.+Freeman&sortspec=date&submit=Submit
http://circ.ahajournals.org/search?author1=Catherine+M.+Otto&sortspec=date&submit=Submit
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Inflammatory activation and expression of mediators such as TXNIP, additional release of 

reactive oxygen species (ROS), along with chemical mediators supporting a pro-inflammatory 

and pro-fibrotic milieu all support valvular fibroblasts to promote cell proliferation and matrix 

synthesis. The stimulation of a pro-inflammatory and pro-fibrotic environment drives valvular 

fibroblasts to differentiation towards myofibroblasts, which in turn tend to produce superoxide 

readily in response to stimulation of nicotinamide adenine dinucleotide phosphate-oxidase 

(NADPH) oxidase activity. 

 

Within the valvular matrix myofibroblasts exhibit an osteoblast phenotype and secrete 

increased collagen and promote disorganised fibrous tissue accumulation (Dwek MR et al., 

2012). Additionally these myofibroblasts in association with inflammatory cells secrete matrix 

metalloproteinases (MMP’s), which have an important role in the restructure of the valvular 

matrix (Dwek MR et al., 2012). The differentiation of the myofibroblasts to phenotypic 

osteoblasts encourages further accumulation of calcification within the aortic valve. The 

osteoblasts under a highly regulated process promote a likeness to skeletal bone formation 

(Sverdlov AL et al., 2011). Furthermore expression of an inhibitor of calcification, fetuin A, has 

been found to be diminished in the progressive stages of AS  (Freeman R V and Otto C M., 

2005).  

 

This process: - valvular fibroblasts -> myofibroblasts -> Osteoblasts are reviewed in figure 1.1. 

The process of bone formation is largely at the “end stage” of AS disease where a reduction in 

aortic valve area (AVA) ensues due to bone-like calcific nodules (Sverdlov AL et al., 2011).  

 

 

 

 

http://circ.ahajournals.org/search?author1=Rosario+V.+Freeman&sortspec=date&submit=Submit
http://circ.ahajournals.org/search?author1=Catherine+M.+Otto&sortspec=date&submit=Submit
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2.9    Can we improve treatment?  

 

2.9.1  Improve prediction of rapid progression:  

 

Prediction of valvular disease progression would be beneficial to the BAV patient as the 

outcome in severe symptomatic AS is often AVR. Patients with bicuspid aortic valve exhibit 

variable rates of development of aortic valve dysfunction and also of dilatation of the 

ascending aorta (AscAO) although valve dysfunction is usually the dominant process. Both 

inflammatory activation (IA) and endothelial dysfunction (ED) have been considered as 

potential modulators of these changes (Tzemos et al., 2008). The progression towards severe 

aortic stenosis is substantially accelerated in BAV compared to TAV. There are a number of 

interesting potential pathological determinants of disease progression. However to date no 

study has correlated these parameters with either valvular degeneration or valvular aortopathy 

in the BAV patient.  

 

2.9.2  Slowing progression. 

 

Theoretically, promising pharmacological targets in reducing the progression of AS have 

included lipid lowering drugs such as statins. However studies have proved disappointing 

reviewed by (Ngo DTM et al., 2012). There is increasing evidence that both angiotensin 

converting enzyme (ACE) inhibitors and angiotensin receptor (AT1) blockers may prove 

effective. For example in a rabbit model Ngo DTM et al (2011), showed that ACE inhibition 

with Ramipril limited the development of AS and also prevented AS progression with 

concomitant reduction in calcification and macrophage infiltration. Experimental data showed 

a diminution in TXNIP accumulation and preservation of NO signalling. Other evidence in 
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favour of the potential utility of ACE inhibitors / AT1 antagonists in Asc / AS is that angiotensin 

II accumulates in the valvular matrix and suggests a potential therapeutic target. Clinical 

evidence in favour of ACE inhibitor / AT1 antagonist therapy in limiting AS progression 

remains fragmentary, with no large prospective clinical trials. However utility of these drugs 

appear to include reduced morbidity in AS (Ngo DTM et al., 2012). Sverdlov A et al (2011), 

demonstrated that in an ageing normal population therapy with ACE inhibitors / AT1 

antagonists predicted retention of normal aortic valve anatomy, rather than development of 

aortic sclerosis. Thus it is possible that such therapy is selectively useful in the early stages of 

the valve fibrosis / calcification process. 

 

3.0  Scope of present study 

 

BAV phenotypically is a heterogeneous disorder with valvular dysfunction and aortopathy. As 

previously mentioned the majority of BAV cases (approximately 75% of bicuspid aortic 

valves),  involve fusion of the right and left coronary cusps termed type I BAV and this type is 

associated with, prominent aortic dilatation and descending aortic coarctatation. Type II BAV 

(predominantly the remainder of subtypes) involves right and non coronary cusp fusion and 

association with early development of valve stenosis and or regurgitation being a common 

finding (Siu SC and Silversides CK., 2010).  

 

As regards pathogenesis, uncertainty still remains due probably to significant heterogeneity. 

Data from endothelial nitric oxide synthase (eNOS)  -/- mice and aortic biopsies in patients 

undergoing surgery suggest an association between eNOS deficiency and BAV. However, 



36 
 

detailed evaluation of NO signalling in BAV is lacking, both inflammatory activation (IA) and 

endothelial dysfunction (ED) have been considered as potential modulators of valvular 

disease changes, however to date no association with disease progression has been 

investigated. Furthermore, the rate of progression of valve disease and aortopathy is not well 

predicted by subtype, nor by any previously identified clinical or biochemical parameters 

(Rossi A et al., 2013 and Schaefer BM et al., 2008). 

 

The impact of clinical heterogeneity of disease progression is such that while some patients 

require surgery in early adult life, others will never require either valve or aortic surgery (Siu 

SC and Silversides CK., 2010). The rate of progression of valve disease appears to be largely 

dissociated from that of aortic dilatation, suggesting the existence of different 

pathophysiological processes (Kang JW et al., 2013). 

 

The main purpose of the present study is to report the results of a case-control study 

of patients with BAV, which sought to test the hypothesis that; BAV is associated with 

both endothelial dysfunction and inflammatory activation. Furthermore, the present 

study will sought to identify biochemical correlates within the BAV cohort of (i) valvular 

dysfunction (ii) ascending aortic dilatation and (iii) selective occurrence of valvular 

dysfunction. 

 

Endothelial function: Will be quantified utilising flow mediated dilatation (FMD), asymmetric 

dimethylarginine (ADMA) and   tissue responsiveness to nitric oxide (NO) measured as 

response to sodium nitroprusside (SNP) (expressed as a percentage of ADP aggregation 

response). 
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Inflammatory activation: Evaluated utilising myeloperoxidase (MPO), high sensitivity C-

reactive protein (HsCRP) and matrix metallopeptidase 2 (MMP2). 

 

Structural assessment: Morphological and physiological assessment of the valve and 

ascending aorta will be performed with transthoracic echocardiography (2D, colour flow 

mapping and Doppler) and MRI. 

 

3.1  Hypothesis to be tested 

 

a) Primary 

 

Bicuspid Aortic Valve disease is associated with endothelial dysfunction, as evidence by 

reduced FMD and increased ADMA levels as compared to age-matched controls. 

 

Bicuspid Aortic Valve disease is associated with inflammatory activation, as evidence by 

increased MPO, MMP2 and HsCRP levels as compared to age-matched controls. 

 

 

 

 



38 
 

b)  Secondary 

 

1. Tissue responsiveness to NO : anti-aggregatory effects 

 

 

i.  Inhibition of ADP-induced aggregation by the NO donor sodium nitroprusside (SNP)      

(expressed as a percentage of ADP aggregation response). 

 

 

2. Endothelial progenitor cell production 

 

i. BAV is associated with increased counts of progenitor cells. 

 

3. Anatomic correlates 

 

BAV is associated with increased ascending AO diameter compared to control    

patients. 

  

3.2 STUDY DESIGN 

 

Case control study of adolescents and adults with proven bicuspid aortic valve versus 

age-matched controls with tricuspid aortic valve.  
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3.2.1   Subject / patient selection 

 

(a) BAV: Adult patients with BAV recruited from clinical data bases across South    

Australia. The only criterion for selection: definitive echocardiographic documentation of BAV.  

 

(b) Criteria for exclusion: concomitant complex congenital heart disease and terminal 

malignancy.  Individuals with known ischemic or structural heart disease.  

 

(c) Controls:  age and gender-matched patients.  

 

3.2.2    Clinical data 

  

Assessment of patients / subjects will include history, pharmacotherapy and prior management 

of BAV with a physical examination for BMI and blood pressure.  

 

3.2.3  Statistical methods 

 

Comparisons between patients and controls will be performed utilizing non-paired t-tests or 

Wilcoxon tests as appropriate for quantitative data and χ2 tests for categorical data. Differential 

interactions between age and patients physiological / biochemical parameters will be evaluated 

by ANCOVA.  Determinants of valve dysfunction, ascending aortic dilatation and the ratio 
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AVmax : AscAo will be sought via univariate comparison followed by backwards stepwise 

multiple logistic regression.  

 

Comparisons utilising a multivariate analysis within the BAV group will be sought in order to 

identify factors associated with: 

(a)  Development of significant valvular disease. 

(b)  Dilatation of the ascending aorta. 

(c)  Differential valve: aortic disease AVmax : AscAo.  

 

Correlations between MRI and echo-based measures of aortic dimensions will be evaluated by 

linear regression and by Bland-Altman plots. Data will be expressed throughout as mean ± SD 

unless otherwise stated. 

 

3.2.4 Methods 

 

(a) Echocardiography 

Transthoracic echocardiography (TTE) studies, will be performed on all subjects utilising, M-

mode, 2-dimensional (2D) echocardiography (with the intention of strain and strain rate for LV 

functional analysis) and Doppler analysis. The peak and mean pressure gradients across the 

aortic valve will be calculated utilising the simplified Bernoulli equation provided by analysis 

software from GE. A continuous-wave Doppler (CWD) recording requires attempts from all 
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cardiac windows to obtain the highest peak flow across the AV. As per American Society of 

Echocardiography (ASE) guidelines, the aortic valve area (AVA) will be determined using the 

continuity equation utilising the peak AV gradient. Dimensionless performance index (DPI) is 

calculated by dividing the left ventricular outflow tract (LVOT) velocity time interval (VTI), 

pulsed wave Doppler (PWD) by the CWD peak flow across the aortic valve VTI and is utilised 

as a supplementary to AVA. This dimensionless index is known as an accurate method of 

determining the degree of aortic valve stenosis and is particularly useful in concomitant 

valvular regurgitation such as that seen in BAV patients. Measurements of the aorta at the 

different levels, the sinus of valsalva, sinotubular junction and ascending aorta will be utilised 

from the parasternal long axis view. For these measurements the leading edge to leading 

edge technique as per ASE guidelines will be performed. The degree of valvular regurgitation 

utilising colour Doppler flow mapping (CFM) and any significant regurgitation will be further 

analysed with PW and CW in the descending aorta looking for flow reversal, to further quantify  

regurgitant  lesions. Coarctation will be sought by CW down the descending aorta looking for 

a gradient across the potential narrowing.    

 

(b) Cardiac magnetic resonance imaging 

 

Cardiac magnetic resonance imaging (CMRI) was sought by a 1.5 T Philips Integra and 

Achieva scanner (Philips Medical Systems, Best, The Netherlands), with a five-element 

cardiac phased-array surface coil with electrocardiographic gating. Imaging parameters as 

follows: field of view 360 mm, TR 2 x RR interval, TE 80 milliseconds, turbo factor 35, matrix 

240/560. Functional assessment of the left ventricle will be assessed using a cine-CMR 

Balanced Turbo Field Echo - sequences in standard short and long axis cardiac views. Gating 

will be prospective and timed to mid-diastole.  MRI quantitative analysis will be performed on 
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a Philips View-forum workstation by an experienced CMR cardiologist. Dimensions of the 

aortic root and ascending aorta will be obtained in triplicate from dedicated short and long axis 

views. The ascending aortic dimensions will be measured at the level of the pulmonary artery 

bifurcation.  

 

3.2.5 Investigations 

 

Endothelial function / NO signalling assessment. 

 

(a) Flow mediated dilatation (FMD) 

 

Maintenance of vascular tone relies heavily on the vascular endothelium and a balance 

between endothelium derived relaxation and contraction factors.  Many blood vessels respond 

to an increase in blood flow, generating sheer stress. This is designated flow-mediated 

dilatation (FMD) (Celermajer DS et al., 1992). This change in blood flow affects the 

endothelial cells to respond with variable release of NO such that vasodilatation ensues 

(Celermajer DS et al., 1992). 

FMD is frequently used as a physiological index of the integrity of the NO pathway. 

Synthesised from L-arginine by endothelial nitric oxide synthase (eNOS), NO is a potent 

endogenous vasodilator and plays a critical role in endothelial derived vasodilatation (Böger 

RH and Ron ES., 2005). NO vasodilator effects are exerted largely via the release of cyclic 

http://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%B6ger%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=15771559
http://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%B6ger%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=15771559
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ron%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=15771559
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guanosine monophosphate (cGMP) through activation of soluble guanylyl cyclase (Böger RH 

and Ron ES., 2005). 

In response to shear stress, endothelial cell membranes activate a specialised calcium- 

activated potassium channel. The calcium released also activates eNOS, and the NO 

generation sequentially accounts for FMD (Coretti MC et al., 2002). Interestingly there is some 

redundancy in the system. Treatment with nitric oxide synthase (NOS) inhibitors do not 

completely abolish FMD, suggesting the presence of more than one mediator with the 

capability of acting as a signal between the endothelium and the smooth muscle influence 

FMD (Coretti MC et al., 2002). It is possible for example that vasodilator prostanoids play a 

significant part.  

 

(b) FMD Technique-measurement 

 

Numerous factors affect FMD: including temperature, food, drugs and sympathetic stimuli 

(Coretti MC et al., 2002).  Subjects should be fasted, scanning should take place in a quiet 

and temperature controlled room. High resolution ultrasound is used to scan the brachial 

artery in a longitudinal section. Flow increase is induced by a forearm cuff inflated up to 260 

mmHg for 5 minutes. Upon cuff deflation reactive hyperaemia is induced and ultrasound 

images ensue. The Increase in vessel diameter emerges approximately 45-60 seconds post 

deflation (Coretti MC et al., 2002). The increase in diameter at this time has been shown to be 

an endothelium-dependent process mediated by NO (Pleiner J & Woltz M., 2007). A sudden 

increase in blood flow into the vascular bed following release of the cuff triggers endothelial 

mediated dilatation. As a control the response of the brachial artery to sublingual glycerol 

trinitrate (50 mcg GTN) is recorded. Brachial ultrasound is performed continuously for 3 

http://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%B6ger%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=15771559
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ron%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=15771559


44 
 

minutes post deflation. Measurements of arterial dimensions are performed by leading edge 

technique during peak diastole (R wave on ECG) in triplicate and averaged.  

 

(c) Endothelial progenitor cell (EPC) counts 

 

EPC counts; determined using flow cytometric analysis (FACScan, Becton Dickinson). 

Mononuclear cells positive for cell surface antigens, CD34 fluorescein isothiocyanate and 

CD133 phycoerythrin (Miltenyi Biotech GmbH, Bergisch Gladbach, Germany) and quantitated. 

 

(d)         NO responsiveness / Platelet study 

 

This was performed at Basil Hetzel institute as previously described see Chirkov et al., 1999 

for review.  

 

Blood was collected in plastic tubes containing 1:10 volume of acid citrate anticoagulant (2 

parts of 0.1 mol/L citric acid to 3 parts of 0.1 mol/L trisodium citrate); acidified citrate was used 

in order to minimize deterioration of platelet function during experiments. Blood was 

centrifuged at 250g for 10 minutes at room temperature to obtain platelet-rich plasma. Platelet-

poor plasma was prepared by further centrifugation of the remaining blood at 2500g for 20 

minutes. Platelet counts were performed on the STKS Coulter Counter (Coulter Electronics 

Inc) and the platelet-rich plasma was adjusted with platelet-poor plasma to a constant count of 

250 000/µL(Chirkov et al., 1999).  

 

Aggregation in whole blood and platelet-rich plasma was examined using a dual-channel 

impedance aggregometer (Model 560, Chrono-Log). Tests were performed at 37°C and 
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stirring speed of 900 rpm. Samples of blood or platelet-rich plasma were diluted 2-fold with 

normal saline (final volume 1 mL) and prewarmed for 5 minutes at 37°C. Aggregation was 

induced with adenosine 5'-diphosphate (ADP) (final concentration of 1 µmol/L) in experiments 

with whole blood and 0.5 µmol/L ADP with platelet-rich plasma. Aggregation was monitored 

continually for 7 minutes, and responses were recorded (RO-3 Rikadenki chart recorder) for 

electrical impedance, in ohms. SNP and NTG (final concentration of 10 and 100 µmol/L, 

respectively) were added to samples 1 minute before ADP. SOD and catalase (final 

concentration of 300 U/mL for both enzymes) were added immediately before NTG or SNP. 

1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ) (1 µmol/L) was added 5 minutes before 

NTG or SNP. The duration of incubations were estimated as those optimal in preliminary 

experiments. In control tests, physiological saline was added in appropriate volumes. 

Inhibition of aggregation was evaluated as a percentage comparing the extent of maximal 

aggregation in the presence and absence of the anti-aggregatory agent studied (Chirkov et al., 

1999). 

 

Platelet aggregation induced by ADP (final concentrations of 2.5μmol/L) and platelet 

responsiveness to NO, inhibition of aggregation by the NO donor sodium nitroprusside (SNP) 

(expressed as a percentage of ADP aggregation response) were examined utilizing a dual-

channel impedance aggregometer (Model 560, Chrono-Log, Havertown, PA, USA (Chirkov et 

al., 1999). 
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Fig 4.0 NO responsiveness / Platelet study 

 

Figure shows. Inhibition of ADP (1 μM)-induced platelet aggregation in whole blood by SNP 
(10 μM): demonstration of NO resistance. (A) Normal subject. (B) Patient with unstable angina 
pectoris, showing both hyperaggregability and reduced responsiveness to antiaggregatory 
effect of SNP), image taken from, (Yuli Y and Horowitz JD 2007) 

 

3.2.6 Biochemical evaluations 

 

(a) Asymmetric dimethylarginine – ADMA 

 

Concentrations of plasma ADMA were measured by high-performance liquid chromatography 

(HPLC) using the derivatisation reagent AccQ-Fluor after solid phase extraction as previously 

described see Heresztyn T et al.,2004.  Examination was performed in the Basil Hetzel 

institute.  

 

 



47 
 

(b) High sensitivity C-reactive protein – hsCRP 

 

High sensitivity C-reactive protein (hs CRP) concentrations were measured utilizing a latex-

enhanced immunoturbidometric assay (Olympus au5400, Dallas, Texas, USA). This test was 

performed at the Queen Elizabeth Hospital South Australia. Examination was performed in the 

Basil Hetzel institute.  

 

(c) Myeloperoxidase – MPO 

 

Concentrations of MPO from EDTA-stored plasma were determined using a MPO ELISA 

assay (Mercodia, Uppsala, Sweden) as manufacturer’s instructions. Examination was 

performed in the Basil Hetzel institute.  

 

(d) Matrix metallopeptidase 2 MMP2  

 

MMP2 levels were measured using a MMP2 ELISA kit (GE Health Care, Amersham, UK). 

Examination was performed in the Basil Hetzel institute.  
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3.3 Results 

 

3.3.1  Patient / subject characteristics 

 

The study compared 43 BAV patients and 25 control subjects as summarised in Table 1A. 

The two groups were well-matched, with a relatively low prevalence of conventional risk 

factors for endothelial dysfunction. However the age of both BAV and controls varied widely.   

 

Table 1 A. Clinical characteristics 

 

CClliinniiccaall  cchhaarraacctteerriissttiiccss BBAAVV 

((nn  ==  4433)) 

CCoonnttrroollss 

((nn  ==  2255)) 

Age: Mean ± SD 

Females 

HT 

Diabetes 

Hyperlipidemia 

Smoking 

45 ± 16 

33% 

18% 

2% 

4% 

2% 

45 ± 15 

48% 

16% 

0% 

0% 

0% 
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Among the BAV patients, 86% had Type 1 BAV, where two patients had previous surgery or 

stenting for coarctation. One patient had previously undergone an aortic valve replacement - 

data from this patient was utilized only for physiological/biochemical comparisons with control 

subjects. 

 

Patients were classified as BAV once definitive echocardiography evidence was obtained; In 

contrast control patients with no known history of BAV were also confirmed to have normal 

valvular structure by echocardiography.  

 

3.3.2 Comparisons: BAV patients Vs Controls 

 

(a) Parameters of endothelial function / NO signaling 

 

The major difference between the BAV and Control groups was that FMD (%) was substantially 

lower in the BAV patient cohort as compared to controls 7.85 ± 3.48 / 11.58 ± 3.98 respectively 

(p= 0.001); see table 1 B. These differences were age-independent as depicted in figure 1 

analysis by ANCOVA shows the relationship between age and FMD for BAV and control 

subjects. FMD was significantly greater for controls than BAV patients (F = 10.5, p = 0.002) with 

no significant impact of age or age: FMD interaction. 
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Fig 1. Relationship between age and FMD for BAV and control subjects 

(F = 10.5, p = 0.002) 

 

 

 

Interestingly ADMA (µM) concentrations, although marginally higher than control patients, did 

not differ significantly between the 2 groups:  BAV 0.54 ± 0.08 and control 0.51 ± 0.07 (table 1 

B). These data therefore suggest that FMD difference between groups reflects clearance, rather 

than formation, of NO. 

 

Other physiological/biochemical parameters related to NO signalling, for instance platelet 

response to SNP %, did not differ significantly between BAV patients (table 1 B).  
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Although EPC counts tended to be marginally higher in the BAV group, this did not reach 

statistical significance (table 1 B).  

 

Table 1.B Comparison of physiological and biochemical parameters of nitric oxide 

function between groups.  

 

Comparisons BAV Controls 

 

1. Endothelial function 

FMD (%) 

ADMA (µM) 

Platelet response to SNP (%) 

EPC counts 

 

 

 

7.85 ± 3.48 

0.54 ± 0.08 

53 ± 28 

72 (43-110) 

 

 

11.58 ± 3.98** 

0.51 ± 0.07 

42 ± 34 

57 (36-86) 

** statistically significant p = 0.001. 
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(b) Parameters of inflammatory activation 

 

As summarised in Table 1 C, there were no significant differences regarding markers of 

inflammatory activation between the BAV and control groups.  Importantly, both MPO and 

MMP were assayed as enzyme concentrations rather than activity.  

 

Table 1 C Markers of inflammatory activation 

 

 

Inflammatory markers 

 

 

BAV 

 

 

Controls 

 

 

hs-CRP (mg/L) 

MPO (ng/ml) 

MMP2 (ng/ml) 

 

1.8 (0.8-4.1) 

67 ± 13 

840 ± 388 

 

 

1.0 (0.7-4) 

62 ± 20 

909 247 
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3.3.3 Determinants of valvular dysfunction 

 

(a) Parameters of endothelial function / NO signaling 

 

Valvular dysfunction in BAV patients was expressed by aortic valve peak flow. This was 

determined by Doppler echocardiography and expressed as AVmax. In addition dimensionless 

performance index (DPI) was expressed utilizing Doppler echocardiography as previously 

described. 

It was found that DPI was directly correlated with FMD (r = 0.45, p = 0.003; Fig 2) and that 

AVmax was also directly correlated with ADMA concentrations (r = 0.43, p = 0.006 Fig 3). 

However, parameters of valvular dysfunction were not significantly correlated with either platelet 

response to NO or to EPC count (data not shown). 

 Fig 2.  Univariate correlates of valvular dysfunction: FMD  

(r = 0.45, p = 0.003)  
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Fig 3. Univariate correlates of valvular dysfunction: ADMA  

(r = 0.43, p = 0.006) 
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(b) Inflammatory activation 

 

As regards inflammatory activation markers: a direct and strong correlation between peak AVmax 

and CRP was observed (r = 0.49, p = 0.001), including a direct correlation with MPO (r = 0.49, p 

= 0.001); see figures 4 and 5 respectively. 

 

Fig 4 Univariate correlates of valvular dysfunction: CRP  

(r = 0.49, p = 0.001), 

 

 

 

 

 

 

 



56 
 

Fig 5 Univariate correlates of valvular dysfunction: MPO  

(r = 0.49, p = 0.001)

 

 

 

In addition to direct univariate analysis, results of backwards stepwise multiple logistic 

regression for peak AVmax were as follows: 

 

Endothelial function and NO signalling. 

Backwards stepwise multiple logistic regression showed a significant correlation of peak AVmax 

and ADMA, while a negative association with FMD was of borderline statistical significance 

(table 2 A).  
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Inflammatory activation 

A significant correlation was seen for MPO concentration, p = 0.002 

 (table 2A).  

 

Table 2 A: Summary: Predictors of valve dysfunction on multivariate analysis: - Results 

of backwards stepwise multiple logistic regressions for peak AVmax 

 

 

Dependent 

variable 

 

 

Predictors 

 

 

β 

 

p 

 

 

 Valvular 

dysfunction  

AVmax 

 

 

 

 

ADMA 

MPO 

FMD 

 

 

3.2 

3.4 

-1.8 

 

 

 

0.003 

0.002 

0.07 
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3.3.4 Determinants of ascending aortic dilatation 

 

Ascending aortic dimensions were measured on MRI and echocardiography and were closely 

related (r= 0,72, p < 0.00001). Relationships between MRI and echo-based measurements of 

aortic dimensions were evaluated by linear regression and by Bland-Altman plots (see figure 

6).  

 

Fig 6 Bland – Altman plot MRI and Echocardiography 
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Univariate analysis revealed the major clinical correlate of increasing ascending aortic 

diameter was that of increasing age (figure 7). On multivariate analysis (table 2 B), increasing 

age correlated with ascending aortic diameter. Interestingly no biochemical parameters 

predicted aortic dilatation.  

 

Fig 7. Univariate correlates of aortopathy: Age 

(r = 0.47, p = 0.002) 
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Table 2 B. Age correlation with ascending aortic diameter 

 

 

      Ao dilatation 

 

    Predictors 

 

β 

 

p 

 

AscAo  

Aortic Sinus 

 

Age 

Age 

 

0.35 

0.45 

 

0.04 

0.006 

 

 

 

3.3.5 Determinants of “selective” aortic valve degeneration 

 

In the BAV patient group, there was no significant overall correlation between AVmax and 

ascending aortic diameter (figure 8).  
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Fig 8: Relationship between AscAo diameter and AVmax  

(r = 0.1,p = 0.5) 
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The ratio AVmax : AscAo was utilised to show selective valvular degeneration of the BAV group. 

Increased MPO (Figure 9 A and table 2 C) and impaired FMD (Figure 9 B and table 2 C) 

respectively were notably selective for valvular disease, with a similar trend for increased ADMA 

(p = 0.057). Furthermore, type 2 BAV patients also exhibit selective valvular degeneration 

(Table 2 C).  
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Fig 9 A Relationships between plasma MPO concentrations  

(r = 0.61, p = 0.0001)         
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Fig 9 B Relationships between FMD (%)  

(r = -0.39, p = 0.016) 
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Table 2 C Multivariate analysis: significant correlates of selective involvement of aortic 

valve over aorta, as measured by AVmax:AscAO  

 

Independent 

variable 

 

AVmax: AscAo 

 

 

 

Predictors 

 

 ADMA 

MPO 

FMD 

BAV type 

 

β 

 

 2.0 

4.2 

-3.5 

0.27 

 

p 

 

0.057 

0.0001 

0.002 

0.03 
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3.4 Discussion 

 

Results from the current study demonstrate that BAV is associated with vascular endothelial 

dysfunction as evidenced by increased plasma ADMA concentration and reduction in FMD. In 

addition BAV is associated with inflammatory activation as measured by increased plasma 

MPO concentrations and hsCRP; moreover these parameters correlate independently with 

the extent of valvular dysfunction.  

 

On the other hand this study has failed to evaluate and identify biochemical and/or 

physiological correlates of BAV aortopathy. The current data signify the extent of systemic 

inflammatory activation and of endothelial dysfunction correlate with valvular, rather than 

aortic disease in bicuspid aortic valve.  

 

Flow-mediated dilatation is currently used as a non-invasive physiological index for 

quantifying function of the nitric oxide (NO) pathway, encompassing both NO synthase (NOS) 

and distal activation of soluble guanylate cyclase (sGC) (Böger RH and Ron ES., 2005). The 

concept that BAV might be related to impairment of NO signalling arises from observations 

that eNOS -/- mice demonstrate an increased incidence of BAV (Leet TC., et al 2000). 

Furthermore, a comparison of eNOS expression in punch biopsies of ascending aorta in 

patients undergoing simultaneous aortic valve and coronary surgery also suggested that 

eNOS expression was reduced in patients with BAV (Aicher D et al., 2007). The current study 

extends these observations and has also confirmed that BAV is associated with FMD 

impairment to a similar extent to the findings reported in a study by Tzemos N et a (2010). In 

the current study, in addition to FMD being reduced relative to valves in controls, FMD was 

http://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%B6ger%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=15771559
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ron%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=15771559
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found to correlate with valvular disease progression, utilising DPI measurements by 

echocardiography. The data from this study therefore suggest a strong relationship between 

vascular endothelial dysfunction (utilizing FMD as a physiological correlate) and progression 

of valvular disease. Moreover the current study utilized the biochemical marker of endothelial 

dysfunction ADMA, and showed that increased plasma levels directly correlated with valvular 

dysfunction. ADMA is known as a competitive inhibitor of nitric oxide synthase (NOS) 

(vallance et al 1992), thus this study further contributes to the current literature emphasising 

that BAV is associated with impaired NO signalling.  Interestingly there was no significant 

correlation between ADMA concentrations and FMD, raising the possibility that both NO 

generation and signalling may have been affected. However the design of the study did not 

permit assessment of valvular endothelial function: this would be impossible except in animal 

models of aortic valve disease. Furthermore, the results did not delineate exactly how 

impaired FMD with BAV adds to the impact of normal ageing. 

 

BAV remains a major cause of cardiovascular morbidity and mortality and is known to be 

associated with the early development in some patients of severe valvular dysfunction thus 

contributing to the costly requirements for valvular repair or replacement. Furthermore while 

there is a smaller risk of rupture of aneurysmal aorta in BAV (Siu SC and Silversides CK., 

2010), in general the prognosis of BAV is determined by the rate of progression of valvular 

disease (Ferencik M and Pape L A., 2010). Therefore the identification of physiological 

correlates of deterioration of valvular function is potentially useful for clinical descision making 

in BAV patients.   
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Inflammatory activation 

 

The concept that BAV is also associated with inflammatory activation comes from studies by 

Forte A et al (2013), who evaluated histology of explanted aortae from BAV patients. There 

was increased expression and / or activity of MMP – 2 and MMP - 9. This increase has been 

reflected in plasma MMP levels in some Tzemos N et al (2010), but not all studies.  

 

In the current study, there was no significant difference in hsCRP, MMP-2 and MPO 

concentrations between patients and controls. However, within the BAV cohort elevated 

plasma MPO concentrations strongly correlated with valvular dysfunction. Interestingly It has 

previously been demonstrated that aortic stenosis is associated with inflammatory infiltration 

(Chen K, et al., 2003 and Sanchez PL et al., 2006), but the possibility that neutrophil 

infiltration and activation with associated release of MPO might play a pivotal role has 

previously received little attention. 

 

It is possible that these two categories of biochemical anomaly may be interdependent. These 

data are consistent with recent findings that; 

(a) nitric oxide (where formation is inhibited by ADMA) (noted to be increased in BAV and 

correlate with valvular dysfunction), stabilises neutrophils, inhibiting MPO release while  

(b) MPO inhibits the enzyme dimethylarginine dimethylaminohydrolase (DDAH) which 

degrades ADMA (Von Leitner EC et al., 2011). Importantly, although MPO is released mainly 

from neutrophils, it has been shown that once released it binds to the endothelium in a 

neutrophil-independent manner, and there oxidises NO, as well as inhibiting NO generation by 
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“uncoupling” NO synthase (Xu J et al 2006). The possibility of using MPO inhibitors to 

decrease inflammatory activation within bicuspid valves is raised by the data, but has not yet 

been evaluated by any research group.  

 

Of particular interest is the concept that inflammation and endothelial dysfunction together are 

responsible for deterioration of valvular function this has not previously been specifically 

considered, but is strongly suggested by the current data. Conversely these data should not 

be regarded as evidence of an “all or none” relationship: there is biopsy evidence of 

decreased eNOS expression (Aicher D et al., 2007) and of increased MMP activity (Tzemos N  

et al ., 2010 & LeMaire SA  et al., 2005) in the aortae of BAV patients.  

 

While there is some degree of aortic root / ascending aortic dilatation occurring in all patients 

with BAV, there are somewhat greater rates of dilatation in the ascending aorta than at the 

aortic sinus level (Kim et al., 2012). Rates of development of aortopathy are largely, but not 

entirely independent of the extent of valvular regurgitation, and are far greater for patients with 

type I BAV (Schaefer BM et al., 2008). Therefore it might have been argued that an approach 

specifically targeting measurement of intra-aortic inflammation, for example by PET scanning, 

might have facilitated a focus on this aspect of pathogenesis.  

 

The main limitation of the current study is a failure to identify biochemical and physiological 

correlates of age-related dilatation of the ascending aorta. Despite their being a strong 

probability that inflammation and endothelial dysfunction play a role in this process, this study 

showed no convincing evidence to support this notion.  Interestingly, two studies (LeMaire SA 
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et al (2005) & Balistreri CR et al (2013), have commented specifically on the limited nature of 

inflammatory activation in the aortae of BAV patients.   

 

The current study showed no significant correlation between EPC numbers and aortic 

dilatation. Although there was a trend for higher counts in the BAV group compared to 

controls there was no statistically significant difference in evaluation.  Interestingly, one study 

demonstrated an association between EPC dysfunction in BAV (Vaturi M et al., 2011). This 

study evaluated a group of BAV patients without significant valvular disease (BAV control) and 

BAV patients with at least moderate aortic regurgitation and/or stenosis (dysfunctional group). 

Patients in the valvular dysfunction group appeared to exhibit an impaired functional property 

of EPCs after 7 days of culture. Specifically, EPCs from patients within the dysfunctional valve 

group had decreased capacity to form colonies and to migrate compared to patients with 

normal functioning valves. Additionally, patients with dysfunctional BAVs tended to have a 

lower level of circulating EPCs represented by co expressed CD133 or CD34.  

 

As the patients studied had predominantly type 1 BAV, it is possible that the conclusions of 

this study may be specific for that subtype. Furthermore we recently showed that an increase 

specific to aortic sinus diameter (ASD ) were associated with an increase in EPC count (Ali OA 

et al., 2011). However the current study did not support the concept that increased ASD 

diameter statistically correlates with EPC count, despite a similar trend. The current study also 

did not examine the function of EPCs, so it is possible that EPC dysfunction might have been 

present.  
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Finally the current study’s findings are purely correlative with the degree of dysfunction at the 

valvular level: the study was not potentially able to demonstrate any cause and effect 

relationship in this setting.  

 

3.4.5 Conclusion and future perspectives 

 

The current study has established a number of novel pathophysiological correlates with 

variable rates of progression of aortic stenosis severity in BAV, but has failed to identify 

anything beyond subject ageing as a basis for progression of aortopathy. Nevertheless it has 

been documented that in most cases it is valve disease rather than aortopathy which, 

precipitates surgery in BAV (Siu SC & Silversides CK., 2010).  

 

The current results do not provide precise mechanisms mediating the association between 

BAV and MPO concentrations and AS progression rates. However MPO indicates leukocyte 

infiltration, which might accelerate degeneration and valvular dysfunction. In theory, MPO 

inhibitors and direct soluble guanylate cyclase activators could be utilised to identify the 

precise roles of each of these individual factors.  

 

The final issue which remains to be considered is whether both ACE inhibitors and 

angiotensin receptor (AT1) blockers may fulfil promise towards reducing disease progression 

(Ngo DTM et al., 2012 & Nadir MA et al., 2012).  For example Ngo DTM et al., 2011: in 

experimental AS, showed that ramipril, an ACE inhibitor, retards the development of valvular 

calcification and prevents TxNIP accumulation within the valve with the preservation of NO 

signalling in a rabbit model. A large series of patients with moderate AS appeared to have 
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more favourable outcomes with treatment of ACE inhibitors or angiotensin receptor blockers 

(O'Brien et al., 2005), however this was not a randomised study but supports the need for 

prospective, randomized trials of ACEIs in calcific aortic valve disease.  

  

The proper testing of therapeutic assumptions inherent in this thesis remains a high clinical 

priority.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 
 

References cited: 

Abdulkareem N, Smelt J, Jahangiri M. Bicuspid aortic valve aortopathy: genetics, 

pathophysiology and medical therapy. Interactive CardioVascular and Thoracic Surgery 2013; 

17, 554–559. 

 

Acharya A, Hans SP, Koenig SN, Nichols HA, Galindo CL, Garner HR, Merrill WH, Hinton RB, 

Garg V. Inhibitory Role of Notch1 in Calcific Aortic Valve Disease. PloS biology 2013; 

November 2011 Volume 6 Issue 11. 

 

Aicher D, Urbich C, Zeiher A, Dimmeter S, Hans-joachim S. Endothelial nitric oxide synthase 

in bicuspid aortic valve disease. Ann Thorac Surg 2007; 83(4):1290-4. 

 

Ali OA, Chapman MJ, Chirkov YY, Horowitz JD, Nguyen HT. Physiological correlates of 

progression of aortic and valve disease in patients with type I bicuspid aortic valve. European 

Journal Echocardiography 2011; Abstracts Supplement December 2011. P253. 

 

Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver M, Kearne M, Magner M, 

Isner JM. Bone marrow origin of endothelial progenitor cells responsible for postnatal 

vasculogenesis in physiological and pathological neovascularization. Circ Res 1999; Aug 

6;85(3):221-8. 

 

 

Beppu S, Suzuki S, Matsuda H, Ohmori F, Nagata S, Miyatake K. Rapidity of progression of 

aortic stenosis in patients with congenital bicuspid aortic valves. Am J Cardiol 1993; 

71(4):322-7. 

http://icvts.oxfordjournals.org/search?author1=Nada+Abdulkareem&sortspec=date&submit=Submit
http://icvts.oxfordjournals.org/search?author1=Marjan+Jahangiri&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed/?term=Asahara%20T%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/?term=Masuda%20H%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/?term=Takahashi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kalka%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pastore%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/?term=Silver%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kearne%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/?term=Magner%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/?term=Isner%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=10436164
http://www.ncbi.nlm.nih.gov/pubmed/10436164


73 
 

 

Böger RH and Ron ES. L-Arginine improves vascular function by overcoming deleterious 

effects of ADMA, a novel cardiovascular risk factor. Altern Med Rev 2005; Mar; 10(1):14-23. 

 

Braunwald E, Goldman L 2003. Primary cardiology. 2nd ed. Philadelphia: Saunders; 2003. 

 

Braverman AC, Guven H, Beardslee MA, Makan M, Kates AM, Moon MR. The bicuspid aortic 

valve. Curr Probl Cardiol 2005; 30(9):470-522. 

 

Celermajer DS, Sorensen KE, Gooch VM, Spiegelhalter DJ, Miller OI, Sullivan ID, Lloyd JK, 

Deanfield JE. Non-invasive detection of endothelial dysfunction in children and adults at risk 

of atherosclerosis Lancet 1992; 340: 1111-1115. 

 

Chen K, Thomas SR, Keaney JF, Jr. Beyond LDL oxidation: ROS in vascular signal 

transduction. Free RAdic Biol Med 2003; 35(2):117-132.  

 

Chirkov YY, Holmes AS, Chirkova LP, Horowitz JD. Nitrate resistance in platelets from 

patients with stable angina pectoris. Circulation 1999; Jul 13; 100(2):129-34. 

 

Chirkov YY, Holmes AS, Willoughby SR, Stewart S, Horowitz JD. Association of aortic 

stenosis with platelet hyperaggregability and impaired responsiveness to nitric oxide. The 

American Journal of Cardiology 2002; Volume 90, Issue 5, 1 September 2002, Pages 551–

554. 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%B6ger%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=15771559
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ron%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=15771559
http://www.ncbi.nlm.nih.gov/pubmed/15771559
http://www.ncbi.nlm.nih.gov/pubmed/10402441
http://www.ncbi.nlm.nih.gov/pubmed/10402441
http://www.sciencedirect.com/science/article/pii/S0002914902025365
http://www.sciencedirect.com/science/article/pii/S0002914902025365
http://www.sciencedirect.com/science/article/pii/S0002914902025365
http://www.sciencedirect.com/science/article/pii/S0002914902025365
http://www.sciencedirect.com/science/article/pii/S0002914902025365
http://www.sciencedirect.com/science/journal/00029149
http://www.sciencedirect.com/science/journal/00029149
http://www.sciencedirect.com/science/journal/00029149/90/5


74 
 

Chirkov YY, Mishra K, Chandy S, Holmes AS, Kanna R, Horowitz JD. Loss of anti-

aggregatory effects of aortic valve tissue in patients with aortic stenosis. J Heart Valve Dis 

2006; Jan;15(1):28-33. 

 

Chirkov YY, Horowitz JD. Impaired tissue responsiveness to organic nitrates and nitric oxide: 

A new therapeutic frontier? Pharmacology & Therapeutics 2007; 116, 287–305. 

 

Chong CR, Chan WP, Nguyen TH, Liu S, Procter NE, Ngo DT, Sverdlov AL, Chirkov YY, 

Horowitz JD. Thioredoxin-interacting protein: pathophysiology and emerging 

pharmacotherapeutics in cardiovascular disease and diabetes. Cardiovasc Drugs Ther 2014; 

Aug; 28(4):347-60. 

 

Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbonneau F, Creager MA, 

Deanfield J, Drexler H, Gerhard-Herman M, Herrington D, Vallance P, Vita J, Vogel R. 

Guidelines for the Ultrasound Assessment of Endothelial-Dependent Flow-Mediated 

Vasodilation of the Brachial Artery: A Report of the International Brachial Artery Reactivity 

Task Force. J Am Coll Cardiol 2002;39:257– 65. 

 

Cripe, L, Andelfinger G, Martin LJ, Shooner K , Benson DW. Bicuspid aortic valve is heritable. 

J Am Coll Cardiol 2004; 44, 138-143.  

 

Dweck M R, Boon NA, Newby DE. Calcific Aortic Stenosis A Disease of the Valve and the 

Myocardium. Journal of the American College of Cardiology 2012; Vol. 60, No. 19. 

 



75 
 

El-Hamamsy I, Balachandran K, Yacoub MH, Stevens LM, Sarathchandra P, Taylor PM, 

Yoganathan AP, Chester AH. Endothelium-dependent regulation of the mechanical properties 

of aortic valve cusps. J Am Coll Cardiol 2009;53:1448–1455. 

 

Fernandez B, Duran AC, Fernandez-Gallego T, Fernandez MC, Such M, Arque JM, Sans-

Coma V. Bicuspid aortic valves with different spatial orientations of the leaflets are distinct 

etiological entities. J Am Coll Cardiol 2009; 54: 2312-2318. 

 

Fernandes SM, Sanders SP, Khairy P. Morphology of bicuspid aortic valve in children and 

adolescents. J Am Coll Cardiol 2004; 44(8):1648-51. 

 

Heresztyn T, Worthley MI, Horowitz JD. Determination of l-arginine and NG, NG - and NG, 

NG' -dimethyl-L-arginine in plasma by liquid chromatography as AccQ-Fluor fluorescent 

derivatives. Journal of chromatography : Biomedical sciences and applications 2004;805:325-

9. 

 

Katie L. Losenno, RL. Goodman R, Michael W, Chu A. ,Bicuspid Aortic Valve Disease and 

Ascending Aortic Aneurysms: Gaps in Knowledge Review Article. Cardiology Research and 

Practice 2012; Volume 2012; Article ID 145202. 

 

Kennedy JA, Hua X, Mishra K, Murphy GA, Rosenkranz AC, Horowitz JD. Inhibition of 

calcifying nodule formation in cultured porcine aortic valve cells by nitric oxide donors. Eur J 

Pharmacol 2009; 602:28–35. 

 

Laforest B, Andelfinger G, Nemer M. Loss of Gata5 in mice leads to bicuspid aortic valve. The 

Journal of Clinical investigation 2011; Volume 121 Number 7. 

http://www.hindawi.com/28264958/
http://www.hindawi.com/61908965/
http://www.hindawi.com/54806374/


76 
 

 

Lee TC, Zhao YD, Courtman DW, Stewart DJ. Abnormal aortic valve development in mice 

lacking endothelial nitric oxide synthase. Circulation 2000;101:2345-8. 

 

LeMaire SA, Wang X, Wilks JA, Carter SA, Wen S, Won T, Leonardelli D, Anand G, Conklin 

LD, Wang XL, Thompson RW, Coselli JS. Matrix metalloproteinases in ascending aortic 

aneurysms: bicuspid versus trileaflet aortic valves. The Journal of surgical research 

2005;123:40-8. 

 

Lindroos M, Kupari M, Heikkila J and Tilvis R. Prevalence of aortic valve abnormalities in the 

elderly: an echocardiography study of a random population sample. J Am Cull Cardio 1993; 

21: 1220-1225. 

 

Mügge A, Hanefeld C, Böger RH. CARDIAC study investigators. Plasma concentration of 

asymmetric dimethylarginine and the risk of coronary heart disease: rationale and design of 

the multicenter CARDIAC study. Atheroscler Suppl. 2003; Dec; 4(4):29-32. 

 

Nadir MA, Wei L, Elder DH, Libianto R, Lim TK, Pauriah M, Pringle SD, Doney AD, Choy AM, 

Struthers AD, Lang CC. Impact of renin-angiotensin system blockade therapy on outcome in 

aortic stenosis. J Am Coll Cardiol 2011; Aug 2;58(6):570-6. 

 

Neyt M, Brabant HV, Van de Sande S, Devriese S. Tran catheter Aortic Valve Implantation 

(TAVI): a health technology assessment update, The Belgian Health Care Knowledge Centre 

(KCE),Belgium. 

https://kce.fgov.be/sites/default/files/page_documents/kce_163c_tavi_update.pdf. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=M%C3%BCgge%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14664900
http://www.ncbi.nlm.nih.gov/pubmed?term=Hanefeld%20C%5BAuthor%5D&cauthor=true&cauthor_uid=14664900
http://www.ncbi.nlm.nih.gov/pubmed?term=B%C3%B6ger%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=14664900
http://www.ncbi.nlm.nih.gov/pubmed?term=CARDIAC%20study%20investigators%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/14664900
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nadir%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wei%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Elder%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Libianto%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lim%20TK%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pauriah%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pringle%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Doney%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Choy%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Struthers%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lang%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=21798417
http://www.ncbi.nlm.nih.gov/pubmed/21798417
https://kce.fgov.be/sites/default/files/page_documents/kce_163c_tavi_update.pdf


77 
 

Ngo DTM, Heresztyn T, Mishra K, Marwick TH, Horowitz JD. Aortic stenosis is associated 

with elevated plasma levels of asymmetric dimethylarginine (ADMA). Nitric Oxide 

2007;16(2):197–201. 

 

Ngo DTM, Stafford I, Sverdlov AL, Weier Q, Wuttke R, Zhang Y, Kelly DJ, Weedon H, Smith 

MD, Kennedy JA, Horowitz JD. Ramipril retards development of aortic valve stenosis in a 

rabbit model: mechanistic considerations. British journal pharmacology 2011; 162 722-732.  

 

 

Ngo DTM, Stafford I, Kelly DJ, Sverdlov AL, Wuttke RD, Weedon H, Nightingale AK, 

Rosenkranz AC, Smith MD, Chirkov YY, Kennedy JA, Horowitz JD. Vitamin D (2) 

supplementation induces the development of aortic stenosis in rabbits: interactions with 

endothelial function and thioredoxin-interacting protein. Eur J Pharmacol 2008; Aug 20;590(1-

3):290-6.  

 

Ngo DTM, Sverdlov AL, Horowitz JD. Prevention of aortic valve stenosis: A realistic 

therapeutic target? Pharmacology & therapeutics 2012;135:78-93. 

 

Ngo DTM, Stafford I, Sverdlov AL, Qi W, Wuttke RD, Zhang Y, Kelly DJ, Weedon H, Smith 

MD, Kennedy JA, Horowitz JD. Ramipril retards development of aortic valve stenosis in a 

rabbit model: Mechanistic considerations. British journal of pharmacology 2011;162:722-732. 

 

Nguyen TH, Shah R, Chapman MJ, Ali OA, Horowitz JD. Heterogeneity of disease 

progression rates in patients with bicuspid aortic valve: is there a suitable bio-marker? AHA: 

2014. 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Ngo%20DT%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stafford%20I%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kelly%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sverdlov%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wuttke%20RD%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Weedon%20H%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nightingale%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rosenkranz%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chirkov%20YY%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kennedy%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=18585377
http://www.ncbi.nlm.nih.gov/pubmed/?term=Horowitz%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=18585377


78 
 

O’Brian, KD, Probstfield JL, Caulfield MT, Nasir K, Takasu J, Shavelle DM, Wu AH, Zhao X Q 

Budoff MJ. Angiotensin-converting enzyme inhibitors and change in aortic valve calcium. Arch 

Intern Med 2005; 165, 858-62. 

 

Otto CM. Calcification of bicuspid aortic valves. Heart 2002; 88(4):321-2. 

 

Otto CM, Kuusito J, Reichenbach DD, Gown AM, O`Brien KD. Characterisation of the early 

lesion of ‘degenerative’ valvular aortic stenosis. Histological and immunohistochemical 

studies. Circulation 1994; 90(2):844-853.  

 

Padanr R, Bagnall RD, Semsarian C. Genetic Basis of Familial Valvular Heart Disease Circ 

Cardiovasc Genet 2012;5:569-580. 

 

Pleiner, J. and Wolzt, M. Assessment of Vascular Function, in Clinical Diabetes Research: 

Methods and Techniques. Chapter 15. 15 NOV 2007. 

 

Pompilio G, Rossoni G, Sala A, Polvani GL, Berti F, Dainese L, Porqueddu M, Biglioli P. 

Endothelial-dependent dynamic and anti-thrombotic properties of porcine aortic and 

pulmonary valves. Ann Thorac Surg 1998;65:986–992. 

 

Sabet HY, Edwards WD, Tazelaar HD, Daly RC. Congenitally bicuspid aortic valves: a 

surgical pathology study of 542 cases (1991 through 1996) and a literature review of 2,715 

additional cases. Mayo Clin Proc 1999; 74(1):14-26. 

 

Samuel C, Siu SM, Candice K, Silversides SM. Bicuspid Aortic Valve Disase. J Am Coll 

Cardiol 2010; 55(25):2789-2800. 



79 
 

 

Sanchez PL, Santos JL, Kaski JC, Cruz I, Arribas A, Villacorta E, Cascon M, Palacios IF, 

Martin-Luengo C. Relation of C-reactive protein to progression of aortic valve stenosis. Am J 

Cardiol 2006; 97(1):90-93. 

 

Schaefer BM, Lewin MB, Stout KK, Byers PH, Otto CM. Usefulness of bicuspid aortic valve 

phenotype to predict elastic properties of the ascending aorta. Am J Cardiol 2007; 99(5):686-

90. 

 

Schoen, FJ. Evolvoing concepts of cardiac valve dynamics: the continuum of development, 

functional structure, pathobiology, and tissue engineering Circulation 2008; 118, 1864-80. 

 

Siu SC & Silversides CK. Bicuspid aortic valve disease. J Am Coll Cardiol 2010; 55, 789-800. 

 

Sverdlov AL, Ngo DTM, Chapman MJ, Ali OA, Chirkov YY, Horowitz JD: The pathogenesis of 

aortic stenosis: not just a matter of wear and tear. Am J Cardiovascular Disease 2011; 

1(2):185-199. 

 

Sverdlov AL, Ngo DTM, Horowitz JD. Pathogenesis of aortic sclerosis: association with low 

BMI, tissue nitric oxide resistance, but not systemic inflammatory activation. Am J Cardiovasc 

Dis 2012; 2(1):43-9. 

 

Sverdlov AL, Chan WP, Procter NE, Chirkov YY, Ngo DTM, Horowitz JD. Reciprocal 

regulation of NO signaling and TXNIP expression in humans: impact of aging and ramipril 

therapy. Int J Cardiol 2013; Oct 12;168(5):4624-30.  

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Sverdlov%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=23958415
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chan%20WP%5BAuthor%5D&cauthor=true&cauthor_uid=23958415
http://www.ncbi.nlm.nih.gov/pubmed/?term=Procter%20NE%5BAuthor%5D&cauthor=true&cauthor_uid=23958415
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chirkov%20YY%5BAuthor%5D&cauthor=true&cauthor_uid=23958415
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ngo%20DT%5BAuthor%5D&cauthor=true&cauthor_uid=23958415
http://www.ncbi.nlm.nih.gov/pubmed/?term=Horowitz%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=23958415
http://www.ncbi.nlm.nih.gov/pubmed/23958415


80 
 

Sverdlov A, Ngo DT,  Chirkov Y, Horowitz J. Insight into Retardation of Aortic Stenosis: A 

Therapeutic Role for ACE Inhibitors? Heart, Lung and Circulation 2011; 20.  

 

Thanassoulis G, Yip JWL, Filion K, Jamorski M, Webb G, Siu SC, Therrien J. 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 2008; 5:821–828.  

 

Tzemos N, Therrien J, Yip J, Thanassoulis G, Tremblay S, Jamorski MT, Webb GD, Siu SC. 

Outcomes in Adults With Bicuspid Aortic Valves. The Journal of the American Medical 

Association 2008; 300:1317–1325.  

 

Tzemos N, Lyseggen E, Silversides C, Jamorski M, Tong JH, Harvey P, Floras J, Siu S.  

Endothelial function, carotid-femoral stiffness, and plasma matrix metalloproteinase-2 in men 

with bicuspid aortic valve and dilated aorta. Journal of the American College of Cardiology 

2010;55:660-8. 

 

 

Vaturi M, Perl L, Leshem-Lev D, Dadush O, Bental T, Shapira Y, Yedidya I, Greenberg G, 

Kornowski R, Sagie A, Battler A, Lev EI. Circulating endothelial progenitor cells in patients 

with dysfunctional versus normally functioning congenitally bicuspid aortic valves. Am J 

Cardiol 2011; Jul 15;108(2):272-276. 

 

Wallby L, Janerot-Sjoberg B, Steffensen T, Broqvist M. T lymphocyte infiltration in non-

rheumatic aortic stenosis: a comparative descriptive study between tricuspid and bicuspid 

aortic valves Heart 2002; 88(4):348-51. 

https://www.researchgate.net/researcher/39128099_J_Horowitz
https://www.researchgate.net/publication/251678271_Insight_into_Retardation_of_Aortic_Stenosis_A_Therapeutic_Role_for_ACE_Inhibitors?ev=prf_pub
https://www.researchgate.net/publication/251678271_Insight_into_Retardation_of_Aortic_Stenosis_A_Therapeutic_Role_for_ACE_Inhibitors?ev=prf_pub
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vaturi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Perl%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Leshem-Lev%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dadush%20O%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bental%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shapira%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yedidya%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Greenberg%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kornowski%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sagie%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Battler%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lev%20EI%5BAuthor%5D&cauthor=true&cauthor_uid=21550575
http://www.ncbi.nlm.nih.gov/pubmed/21550575
http://www.ncbi.nlm.nih.gov/pubmed/21550575


81 
 

 

Xu J, Xie Z, Reece R, Pimental D, Zou MH. Uncoupling of endothelial nitric oxidase synthase 

by hypochlorous acid: role of NAD(P)H oxidase-derived superoxide and peroxynitrite. 

Arteriosclerosis, thrombosis, and vascular biology 2006; Dec;26(12):2688-95.  

 

Yener N, Oktar GL, Erer D, Yardimci MM, Yener A. Bicuspid aortic valve. Ann Thorac 

Cardiovasc Surg 2002; 8(5):264-267. 

 


	TITLE: Endothelial Dysfunction and Inflammatory Activation in Patients with Bicuspid Aortic Valves
	Contents
	Table
	Figures
	Results table
	Figures
	Abstract
	Methods
	Results
	Conclusions
	Declaration
	Acknowledgements
	Publication / presentation list
	Presentations Conferences
	Abbreviations

	Chapter 1 Clinical perspectives in contemporary western society
	Chapter 2 BAV: a special case
	Chapter 3 Scope of present study
	References cited



