
 

© Macarena Yamila López González, 2021 
 

 

The Impact of Antihypertensive Treatment on the 
Progression of Cardiac Dysfunction and Aortic Stenosis 

Mémoire 

Macarena Yamila López González 

Maîtrise en sciences cliniques et biomédicales - avec mémoire 

Maître ès sciences (M. Sc.) 

Québec, Canada 
 



 

 

 

 

The Impact of Antihypertensive Treatment 

on the Progression of Cardiac Dysfunction 

and Aortic Stenosis 

 

 

Mémoire 

 

 

 

 

 

 

Sous la direction de : 

Marie-Annick Clavel, directrice de recherche 

Philippe Pibarot, codirecteur de recherche 

 

 



 

ii  

RÉSUMÉ 
 
L'hypertension artérielle et la sténose aortique (SA) font partie des maladies cardiovasculaires qui sont le 

plus répandues dans les pays à revenus élevés. La SA affecte 2% des adultes de plus de 65 ans et son 

incidence augmente avec l'âge. L'hypertension est une comorbidité qui affecte de 30 à 80% des patients 

atteints de SA. Elle a un impact sur le développement et la progression de la SA. Chez les patients atteints 

des deux maladies, le ventricule gauche (VG) fait face à une double charge ce qui accélère son remodelage 

et sa perte de fonction. Ainsi, l’hypertension est associée à un mauvais pronostic chez les patients atteints 

de SA. 

 

Jusqu'à aujourd'hui, il n'y a pas de traitement pharmacologique pour arrêter ou réduire la progression de 

la SA, la dysfonction systolique du VG et le remodelage ventriculaire conséquents à la maladie. Quelques 

études ont montré que les bloqueurs des récepteurs de l’angiotensine (BRA), qui sont un des traitements 

principaux de l’hypertension, peuvent avoir un impact bénéfique sur les mécanismes physiopathologiques 

de la SA et aussi un effet protecteur contre la dysfonction systolique du VG. Peu d'études ont évalué 

l'impact des BRA sur la progression de la SA et la dysfonction systolique du VG simultanément. De plus, 

aucun essai clinique n'a étudié les effets des traitements hypertenseurs par les BRA sur la progression de 

la SA ainsi que sur la dysfonction systolique du VG causée par ces deux maladies.  

 

Par conséquent, l’hypothèse principale de ce projet de maîtrise est que les BRA réduisent la dysfonction 

systolique du VG chez les patients hypertendus atteints de SA. 

 

L’objectif principal est de déterminer l’impact des traitements hypertenseurs (BRA) sur la progression 

de la dysfonction systolique du VG chez les patients hypertendus atteints de SA. 
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ABSTRACT 
 

Hypertension and aortic stenosis (AS) are two cardiovascular diseases with elevated prevalence in high-

income countries. AS affects 2% of adults over 65 years old and its incidence increases with age. 

Hypertension is a comorbidity that affects 30% to 80% of patients with AS. It has an impact on the 

development and the progression of AS. In patients with both diseases, the left ventricle (LV) faces a 

double load, accelerating its remodeling and function impairment. Thus, hypertension is linked to worse 

clinical outcomes and prognosis in those patients. 

 

To date, there is no pharmacological treatment to stop or reduce the progression of AS, LV systolic 

dysfunction, or LV remodeling produced by this disease. Some previous studies have shown that 

angiotensin receptor blockers (ARBs), one of the first-line treatments of hypertension, may have a 

beneficial impact on the physiopathological mechanism of AS and a protective effect on LV systolic 

function as well. Few studies have evaluated the impact of ARBs on AS progression and LV systolic 

dysfunction at the same time. Moreover, no clinical trial has studied the effect of antihypertensive 

treatment by ARBs on the AS progression and the LV systolic dysfunction caused by both diseases.  

 

Therefore, the principal hypothesis of this master project is that the ARBs reduce the LV systolic 

dysfunction in hypertensive patients with AS.  

 

The principal objective of this pilot study is to determine the impact of antihypertensive treatment with 

ARBs on the progression of LV systolic dysfunction in hypertensive patients with AS. 
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INTRODUCTION 

THE HEART 

The heart, slightly larger than a clenched fist, is situated in the middle mediastinum (from 2nd to 5th 

intercostal space). This muscle pump imparts the energy necessary to circulate the blood by generating 

the pressure head that drives the flow of blood through the vascular system. The myocardium, the 

principal component of the heart, is a hollow contractile muscle, which is coated, internally and externally 

by a serous membrane system. From superficial to deep, they are the epicardium, formed by the visceral 

layer of the serous pericardium, the myocardium, and the endocardium, a lining membrane of the heart 

that also covers its valves.1 

From a macroscopic viewpoint, the heart has four chambers: two superiors, which are characterized by 

thin walls and called atriums, and two inferiors, with thicker and important muscular walls, called the 

ventricles. The atrioventricular septum separates the two atriums, and the interventricular septum splits 

the two ventricles. The inflow part of the ventricles receives blood from the atriums through the 

atrioventricular (AV) orifices. The AV valves guard these orifices, which are also surrounded by a fibrous 

ring, the annulus. The right AV valve is the tricuspid valve and it has three valve cusps, and the left 

AV valve is the mitral valve and has two flaps resembling a bishop’s miter.1The chambers and the valves 

are detailed in Figure 0-1. 

 

Figure 0-1. Interior view of the heart. View of its four chambers and the greats vessels. Adapted with permission 

from (2).2 
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Moreover, the outlet valves of the ventricles are the semilunar valve, which both are composed of three 

leaflets. They led blood to flow from each ventricle into a large outflow tract vessel. The pulmonary 

valve is located between the right ventricle and pulmonary artery and the aortic valve is located between 

the left ventricle (LV) and the aorta (Figure 0-2) 

 

Figure 0-2. View of the base of the heart (atriums have been removed). It illustrates the anatomic location of the 

AV and the outlet valves of the ventricle and their relations in the heart. Reproduced with permission from (4). 

THE AORTIC VALVE 

The central role of the aortic valve is to prevent regurgitant blood flow to the left ventricle. It opens 

during systole as a result of a positive pressure gradient from the left ventricle to the aorta, and it closes 

during diastole, preventing the regurgitant flow from the aorta to the left ventricle. The aortic valve is 

obliquely placed and is posterior to the left side of the sternum at the level of the 3rd intercostal space.1 

The aortic apparatus 

The aortic valve is attached to the aortic valve annulus in the ventriculo-aortic junction (the junction of 

the left ventricle outflow tract -LVOT- and the aortic root) and, contrary to the mitral and tricuspid valve, 

there is no true fibrous ring. It is surgically located at the origins of the aortic valve leaflet attachments 

and represents the smallest diameter area in the ventriculo-aortic junction. The aortic valve annulus is 

drawn by a green line in  Figure 0-3.3 

The aortic root is made up of the aortic valve leaflets with their attachments, the three interleaflet 

triangles, the sinuses of Valsalva, and the left and right coronary ostia (from the coronary arteries), as 

illustrated in Figure 0-3. It is demarcated inferiorly by the aortic annulus and superiorly by the 
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sinotubular junction (blue-line in Figure 0-3), which is a thickened rim of the aortic tissue called the 

supra-aortic ridge (Figure 0-4).3,4 

 

Figure 0-3. Anatomy of the aortic root. The contour of the aortic valve cusp resembles a “crown-like ring.” The 

aortic root is enclosed superiorly by the sinotubular junction (blue-line) and inferiorly by the aortic annulus (green-

line). Reproduced with permission from (3). 

The sinuses of Valsalva (the aortic sinuses) are the spaces at the origin of the ascending aorta between 

the dilated wall of the vessel and each cusp of the aortic (semilunar) valve, as illustrated by figure 0-4. 

They are related to the coronary arteries: the opening of the right coronary artery is in the right aortic 

sinus; the opening of the left coronary artery is in the left aortic sinus; no artery arises from the posterior 

aortic (noncoronary) sinus.1,3,4 These structures are illustrated in Figure 0-5. 

 

Figure 0-4. Image of the sinus of Valsalva and its anatomical relations with the aortic annulus and the 

sinotubular junction. Reproduced with permission from (4). 
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Figure 0-5. Illustration of the three aortic sinuses. Reproduced with permission from (4). 

Each leaflet of the aortic valve represents one semilunar cusp of the valve.  Each aortic valve cusp has a 

basilar attachment to the ventricular myocardium in the LVOT. Each leaflet is smooth, thin, and 

opalescent with a thickness of less than 1mm. They are made up of a fibrous core with an endothelial 

lining (Figure 0-6).3,5 

 

Figure 0-6. Schematic illustration of the aortic valve leaflets and their anatomical relations with the aortic 

annulus, the aorta, the left ventricle, and the coronary arteries. Reproduced with permission from (5).  

Normal Histology of the Aortic Valve and its leaflets 

The normal aortic valve consists of three layers (Figure 0-7). On the inflow side of the leaflet, the 

ventricularis, composed of elastin-rich fibers aligned in a radial direction, facilitates valve tissue 

movement by allowing extension and recoil of the valve during the cardiac cycle.6-9 On the outflow side 

of the leaflet, the fibrosa, which consists primarily of fibroblasts and (type I and III) collagen fibers 

distributed circumferentially, parallel to the leaflet margin.6,8,9   The fibrosa layer gives tensile stiffness to 

support the hemodynamic stresses that the valve apparatus encounters.6,8,9 Between these two layers, 

the spongiosa is predominantly a lax connective tissue at the base of the leaflet and is composed of 
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fibroblasts mesenchymal cells, and a mucopolysaccharide-rich matrix. This matrix provides tissue 

compressibility and integrity to the valve.6,8,9 Both the fibrosa and the ventricularis layers are covered by 

an endothelial monolayer, which is composed of valvular endothelial cells (VECs). Another type of 

resident cell are the valvular interstitial cells (VICs), which are the main component of the aortic valve 

and play a critical role in the maintenance, repair, and production of each layer. These cells are 

fibroblast-like cells and can transdifferentiate in vitro into osteogenic, adipogenic, chondrogenic, and 

myofibroblastic lineages.7,8,10-12 

 

Figure 0-7. Schematic illustration a of aortic valve histology. Description of its layers and components. GAGs, 

glycosaminoglycans LV, left ventricle; VECs, valvular endothelial cells; VICs, valvular intersticial cells.  Reproduced 

with permission from (8). 
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1. AORTIC STENOSIS 

Aortic stenosis (AS), the third most prevalent cardiovascular disease13, is defined by the narrowing of the 

aortic valve obstructing the LV blood flow during the ejection.   

1.1. EPIDEMIOLOGY AND NATURAL HISTORY 

AS may start with a thickening or calcification of the aortic valve leaflets, defined as aortic valve sclerosis, 

but with neither a significant obstruction to the flow nor a hemodynamic impact. The prevalence of aortic 

valve sclerosis is estimated to be 25% in patients over 65 years old and almost 50% in those aged over 

85 years in high-income countries.14-16 Furthermore, the incidence rate for aortic valve calcium (AVC), 

which can be measured by computed tomography (CI), is higher in older patients (Figure 1-1). This was 

demonstrated by the Multi-ethnic study of atherosclerosis (MESA) study, a long prospective study 

focusing on a relatively healthy and young population. The incidence rate was measured by comparing 

the absence or not of AVC at baseline and follow-up visits.  Subjects aged 70–79 years had a 6-fold higher 

rate of incident AVC than subjects aged 50–54 years.17  

 

Figure 1-1. Average incidence rate of AVC (%per year) by yearly age increments among those free of AVC 

at baseline (n=5142), for both men (squares) and women (circles). The size of the scatter points is weighted for 

the number at risk at each age category; nonlinear Lowess smooth curves are displayed for the full cohort (solid), 

women (dotted), and men (dashed). A marked increase in AVC incidence rate was seen with advancing age. 

Reproduced with permission from (17). 

Aortic valve sclerosis is asymptomatic, but its finding is independently associated with a 40% increased 

risk of coronary events and a 50% augment in the risk of cardiovascular death.14,18 Furthermore, 

hemodynamic progression to AS occurs in almost all patients having aortic valve sclerosis between 5 and 

10 years.14,15,19-21 Its rate is between 1.8 and 1.9% of patients per year, according to a meta-analysis.14,15 
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AS affects 2% to 4% of adults older than 65 years of age.9,16,22,23 Its incidence increases with age rising to 

12.4% of people who are 75 or older.8,16,17,19,21,24-26 In a sub-analysis from the Cardiovascular Health Study, 

a population-based prospective study done in the elderly, the prevalence of AS was 2% in the entire study 

cohort (older than 65 years of age) and, in subjects older than 75 years of age, it was 2.6%.3,8,16,19 The 

prevalence of AS is also increasing in high-income countries with the increasing advanced age of this 

population and their life expectancy,  

The natural history of AS typically shows a long latent period of progressive valvular obstruction during 

which the patient remains asymptomatic and its survival is close to that of an otherwise healthy person. 

Once the patient becomes symptomatic, presenting exertional dyspnea, angina, dizziness, syncope or 

signs of heart failure, the outcome without aortic valve replacement (AVR) is ominous with survival rates 

as low as 50% at 2 years and 20% at 5 years, as plotted in figure 1-219,26-29  

 

Figure 1-2. Natural history of CAVD. Reproduced with permission from (29). 

The rate of progression is highly variable from one patient to the other, however, it is faster in moderate 

or severe AS.9,19,28-31 When the obstruction to the flow becomes severe and the symptoms overcome, the 

only available treatment to these patients is AVR, which implied to replace the sick valve with a mechanic 

or a bioprosthetic valve by surgery or to implant a bioprosthetic valve using a catheter 

percutaneously.14,19,27,32 Before 2013, it was estimated 85 000 AVR procedures in North America.14,33 

From the moment that the transcatheter aortic valve implantation (TAVI) was approved, it increases 

steeply, achieving 58 782 procedures from 2012 to 2015 only in the United States.23 Despite all the 

advancements about this disease, there is no pharmacological treatment to prevent its progression or to 

delay the time of valve replacement or symptoms onset.14,19,30,32 
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1.2. ETIOLOGY 

AS has three principal causes: 1) secondary to a bicuspid valve or congenitally malformed valve which 

both were non-obstructive at birth; 2) calcification and degeneration of a normal tricuspid valve that 

occurred with age and, 3) rheumatic or infective AS.  Except for this last one, the natural history and the 

pathophysiology appear to be similar although patients with bicuspid AS develop symptoms earlier or 

may have associated other cardiac defects or aortic aneurysm. The morphologies of these different causes 

are illustrated in Figure 1-3.  

 

Figure 1-3. Aortic valve morphology in a normal tricuspid valve, rheumatic, calcific (tricuspid,) and congenital 

(bicuspid) aortic stenosis.  The upper row shows the valves during diastole when they are closed, and the low row 

shows they during systole when they are opened. LCA, Left coronary artery; RCA, right coronary artery.  

Reproduced with permission from (8). 

Although being rare cases, congenital AS from severe malformed valve is another cause of this disease. 

It may occur in infancy or childhood or  it could manifest due to other congenital valves diseases, rare 

causes as homozygous type II hypercholesterolemia or ochronosis with alkaptonuria.19 

1.2.1. CALCIFIC AORTIC VALVE DISEASE  

Calcific aortic valve disease (CAVD) is nowadays the most common cause of aortic stenosis in adults, 

and it is strongly related to aging.  Its hallmark characteristic is a progressive accumulation of calcium 

deposits on the valve that makes it thicker and stiffer, resulting in a gradual narrowing of the valve 

opening (Figure 1-4). For years, it was thought to be the result of mechanical stress and degenerative 

process on a normal valve during years: a “wear and tear” process.  However, it is also an active biological 

and inflammatory process that promotes lipids deposition, neoangiogenesis, fibrosis deposition and 
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calcification remodeling of the normal tricuspid, bicuspid, or malformed valves. Thus, calcific aortic valve 

disease should be treated as a systemic disease with increased risk for myocardial infarction, 

cardiovascular and all-cause mortality.8,19 

 

Figure 1-4. Image of a calcific AS on a tricuspid valve. Reproduced with permission from (19). 

1.2.2. BICUSPID AORTIC VALVE DISEASE 

Bicuspid aortic valve disease (BAV) is a valve dysgenesis due to two rather than three valve leaflets, as 

shown in Figure 1-5. BAV affects between 1 and 2% of the population, depending on the study.  It is the 

most common congenital heart disorder and, it is more prevalent in males than females, responding to a 

ratio of 3:1.8,19,34-39 

It could be associated with complex congenital heart defects, aortic aneurysm syndromes, connective 

tissue disease, or Turner disease.19 Moreover, as a consequence of its pathogenesis, it may be associated 

with aortopathy, namely ascending aortic enlargement or aneurysm formation, which may lead to aortic 

dissection.8,19 

 

Figure 1-5. Image of a BAV type 1:  one raphe in the developing left and right coronary cups, showing by the big 

arrow. The small arrows show the other completely developed commissures. Reproduced with permission from 

(8). 
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However, most patients develop an earlier calcifying AS and their symptoms may start to manifest earlier 

in comparison to patients with calcific AS and normal trileaflet valves It should be noted that patients 

with BAV are at higher risk for early valve calcification, clinically significant AS, earlier onset of symptoms 

and early replacement of the valve. .8,19,28,36 One study from 2005 examining excised stenotic aortic valves 

of 932 patients (age: 72 ± 12 years) had demonstrated that 54% of patients having aortic valve 

replacement had congenitally malformed valves and, the rest of patients (45%) had tricuspid valves.  

However, in older patients, tricuspid valves having aortic valve replacement were more frequent (age 51-

60: 18.4%, age 61-70: 30%, age 71-80: 54.3% and age 81-90: 66.2% ).36 

1.3. PHYSIOPATHOLOGY OF AORTIC STENOSIS 

1.3.1. RISK FACTORS  

Clinical and genetic risk factors were associated with CAVD. Genetic risk factors cannot be excluded 

from the pathogenesis of calcific AS. Indeed, BAV may be sporadic or inherited as an autosomal 

dominant condition with incomplete penetrance, as was suggested by familial clustering.8,19,40 

Furthermore, one study has shown familial aggregation in tricuspid calcific AS.40,41 In families with 

congenital aortic abnormalities and valve calcification, mutations in NOTCH1 and GATA binding 

protein 5 have been documented.14,40,42 A genome-wide association study has identified variants in 

RUNNX2 and CACNA1C, which encode for an osteogenic transcription factor and a voltage-dependent 

calcium channel subunit, respectively, associated with calcific AS.14,43 Studies from small sample size have 

indicated that some variants from genes, such as VDR, APOE, APOB, IL-10, and ENPP,  are 

significantly associated with calcific AS.14 A large genome-wide linkage meta-analysis from the Cohorts 

for Heart and Aging Research in Genetic Epidemiology consortium identified a specific polymorphism 

from LPA gene and it was strongly associated with elevated serum levels of lipoprotein(a) (LP(a)), aortic 

valve calcification and incident AS.14,44,45 This polymorphism could double the risk for calcium valve 

build-up and incident AS.45 Subsequent population-based studies and cohorts have validated these 

findings revealing a strong association between high LP(a) plasma levels and calcific AS and AVR risk.14,44-

49 

Clinical risk factors were mostly studied from observational studies, using population- or hospital-based 

sampling.  Those studies had demonstrated that “traditional” cardiovascular risk factors have a strong 

association with the presence of CAVD; however, their association with CAVD progression is less clear.  

As it was mentioned, the prevalence and incidence of AS are associated with age and male 

sex.8,16,17,19According to several studies using multivariate analyses, CAVD is more frequent in men.8,16In 
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the MESA study, male gender was associated with higher risk for aortic valve calcium, measured by CT, 

after adjustment for traditional cardiovascular risk factors.17 Another study has shown a trend for higher 

prevalence of aortic valve stenosis in men than in women; also, after adjustment for age.25 However, 

those studies did not consider the valve phenotype. BAV represents nearly 50% of AVR.8 Since the 

prevalence of BAV is higher in men, the valve phenotype could be an explanation for the increased 

prevalence of AS among men. 

Multiple observational studies have shown the association between CAVD and dyslipidemia measured 

by total cholesterol and low-density lipoprotein (LDL).16,17,48,50-57 It was noted in some observational 

studies that dyslipidemia has more impact on early-stage aortic disease.17,58 Older patients with CAVD 

and/or AS have better lipid serum profiles.  

BMI and waist circumference have been associated with CAVD and, also, atherosclerotic diseases. It is 

not known if BMI is directly associated with CAVD, or whether it is part of dysglycemia, insulin-resistant, 

or metabolic syndrome.16,17,55 One large population-based study analyzed the relationship between 

genetic, obesity, and AS or AVR. Obesity measured by BMI, waist circumference or waist-hip ratio was 

linked with high risk for AS and also for AVR.59  

Diabetes (DBT), insulin resistance, and metabolic syndrome were also associated with CAVD and 

strongly associated with coronary atherosclerosis. In the MESA study, the homeostatic model of 

assessment-Insulin Resistance (HOMA-IR) index,60 diabetes, and metabolic syndrome have been linked 

with incident CAVD and increased prevalence for AVC.17,57,61 From these metabolic conditions, case-

control analyses had shown mixed results regarding the relationship between DBT and incident 

CAVD.16,53-55,61 One cross-sectional report indicated a higher prevalence of AVC in patients with DBT.62 

On the other hand, metabolic syndrome, a disorder with several metabolic conditions as dysglycemia, 

insulin resistance, dyslipidemia, obesity, hypertension, and microalbuminuria28 has a higher prevalence of 

CAVD, and patients with this disorder are at higher risk for incident CAVD.17,61,63,64 Besides, it was shown 

that they present a faster hemodynamic progression, measured by echocardiography; and in patients who 

have bioprosthetic valves, their prothesis deteriorates faster.64-68 

Chronic kidney disease (CKD) is a systemic condition that occurs when renal function declines and is 

less than 90 mL/min per 1.73 m2 (or, equal to and greater of 90 mL/min per 1.73 m2 with signs of kidney 

damage as micro-, more than 15 mg/g of urinary albumin concentration, or macroalbuminuria - more 

than 30 mg/g). Some studies demonstrated that patients with ESRD and under hemodialysis have 

premature vascular and valvular calcification.8 Regarding different stages of CKD, the association with 

incident CAVD or AS is mixed. However, one population-based report has established a higher risk for 
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AS with every stage of CKD, increasing inversely proportional to the decline of estimated GRF (eGRF).69 

In the MESA population, analysis of the estimated GRF and cystatin C concentrations (a sensitive marker 

for renal damage) indicated trends for association.8,17 High serum creatinine concentration (> 2.1 mg/dl) 

is also associated with degeneration of bioprothesis.70  

Furthermore, some biomarkers of phosphocalcic metabolism were tested and also associated with 

greater risk for CAVD.16 Higher calcium-phosphorus was associated with bioprosthetic valve leaflet 

calcification.71,72 However, results are mixed and complex to show well-defined associations between 

serum calcium, parathyroid hormone, or 25-OH vitamin D concentrations and risk for CAVD.8,16,73 

Smoking is a well-known risk factor for atherosclerosis, like coronary, carotid, and peripheral vascular 

disease. Several studies have demonstrated that smoking is also linked with cross-sectional and incident 

CAVD.16,17,54,74  Inflammatory biomarkers, as C reactive protein, were also associated with CAVD.  

Hypertension is another clinical risk factor for AS. It will be explained in chapter two of this thesis.  

1.3.2. FIBROCALCIFIC REMODELING  

1.3.2.1. The initiation phase: epithelium disruption and lipid infiltration 

The disruption of the epithelium of the valve is the earliest histopathologic change contributing to the 

beginning of fibrocalcific remodeling of the valve. Injury to the endothelium of the valve may be 

provoked by increased mechanical stress, altered shear stress due to BAV or hypertension, or increased 

oxidative stress.7,8,10 The mentioned risk factors in the previous section may promote damage to the 

endothelium of the valve (Figure 1-6). 

 The remodeling process starts at the fibrosa layer and then extends through the valve modifying its 

normal architecture. The early aortic valve lesion consists of infiltrations of lipids and inflammatory cells 

or lipid-laden VICs stimulated by the injury of the endothelium. They contribute to lesion progression 

by the interaction of modified lipoproteins, monocyte-derived macrophages, lymphocytes T cells, and 

cellular components of the valve; provoking an inflammatory response (Figure 1-6).10,75,76 The expression 

of adhesion molecules allows infiltration of these inflammatory cells, such as monocytes that differentiate 

into macrophages and T-cells that release pro-inflammatory cytokines.5,10,76 This initial inflammatory 

response may stimulate and establish the subsequent fibrotic and calcific processes of the AS valve.5 
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Figure 1-6. Schematic networking explained the risk factor and the pathophysiologic mechanism 

implicated in the fibrocalcific remodeling of the aortic valve in CAVD. BMP, bone-morphogenetic protein; 

ROS, reactive oxygen species; VIC, valve interstitial cell. Reproduced with permission from (8). 

1.3.2.2. Propagation phase:  inflammation and osteogenic transdifferentiation. 

Some studies demonstrated that oxidized lipid species are present in the vicinity of the mineralized 

nodules and they could stimulate an intense inflammatory activity,77 and later, mineralization.47,62 It is 

likely that oxidation of lipids (preferably, small, dense LDL) is stimulated by abnormalities in the oxidative 

stress mechanism.12,50,78,79 Oxidative stress may be related to the uncoupling of the nitric oxide synthase 

(NOS) pathway14,50,78 and reductions in antioxidant enzyme expression, which both contribute to a higher 

production of reactive oxygen species (ROS).14,80 ROS enhance the secretion of cytokines and 

inflammation14 and might contribute to the production of oxidatively-modified lipid species with 

osteogenic properties as well as an osteogenic molecular pathway,8,14,78,80 

Other proteins that may be implicated in this process are lipoprotein-associated phospholipase A2 (Lp-

PLA2), which converts oxidized LDL into lysophosphatidylcholine (LPC) 10,14 and LP(a).10 LPC, a strong 

promoter of mineralization, promotes the loss of mitochondrial membrane potential and apoptosis of 

VICs.14 LP(a)transports oxidized-phospholipids10 and a lysophospholipase D, called autotaxin (an 

ectonucleotide pyrophosphatase/phosphodiesterase family member 2) into the aortic valve.14,81Autotaxin 

is also secreted by the VICs in response to different stimuli or cytokines, such as tumor necrosis factor-

alpha (TNF-α).14,81 This enzyme transforms LPC into lysophosphatidic acid, which was suggested to 

contribute to the osteogenic transition of VICs and increase mineralization of aortic valve accelerating 

the development of calcific AS.14,81 Other factors that enhance the osteogenic differentiation of VICs are 

the activation of Wnt/ß-catenin signaling pathway, the receptor activator of nuclear factor kappa-B ligand 
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(RANKL) and the toll-like receptors.8,14These two last one also activate the innate immune response, 

enhancing inflammation.14 

Cytosolic Lp-PLA2 promotes the arachidonic acid pathway by 5-lipoxygenase and cyclooxygenase, which 

both may play a role in the mineralization of the aortic valve.8,14 5-lipoxygenase is a key enzyme for the 

biosynthesis of leukotrienes, which are a family of eicosanoid inflammatory mediators.82 This enzyme is 

increased in calcified aortic valves.83 Further leukotriene C4 enhances the expression of bone 

morphogenetic proteins 2 and 6 implicated in the mineralization of VICs.14,84 Cyclooxygenase 2 has a key 

role in prostaglandin synthesis and is implicated in inflammation and bone formation and repair.84 It is 

also expressed by VICs in isolated AS valves.8,14,84  

Furthermore, the inflammatory processes may be sustained and propagated by the neoangiogenesis in 

the valve. of the AS valves, thin neovessels are commonly observed in regions of intense inflammation 

proximate to calcific deposits.5,85 Adhesion molecule expression, such as intercellular adhesion molecule-

1 and vascular adhesion molecule-1, is augmented in these neovessels, which may play a role in the 

migration of inflammatory cells.5,85 

1.3.2.3. Fibrotic response and renin-angiotensin-aldosterone system activation 

The inflammatory response incited by the disruption of the aortic valve endothelium and the subsequent 

lipid infiltration produces the secretion of inflammatory and profibrotic cytokines; which increases 

extracellular matrix production and turnover; resulting in fibrosis deposition and stiffening (figure 1-6).75  

In addition, a subpopulation of VICs can transdifferentiate into myofibroblasts, which may play a role in 

extracellular matrix remodeling and cell turnover.5,86 Besides, myofibroblasts and inflammatory cells 

secrete matrix metalloproteinase that has an important and complex role in the restructuring of the valve 

leaflet matrix.5,10,75 

Furthermore, regarding the association between hypertension and the development of CAVD, it was 

considered that the renin-angiotensin system (RAS) could be activated and contribute to the molecular 

burden of this disease. Locally activated RAS contributes to inflammation, oxidative stress, fibrosis, and 

plaque expansion.  Regarding calcified aortic valves, enzymes of RAS, as angiotensin-converting enzyme 

(ACE) and chymase, two angiotensin II-forming enzymes, have been found in human AS lesions.8,87,88 

One study revealed from histological analyses of explanted aortic valves that ACE was presented in all 

valves with aortic sclerosis or stenosis lesions, but it was not found in normal aortic valves.87,88 ACE was 

detected primarily in an extracellular matrix, but also within macrophages. The enzymatic product of 

ACE, angiotensin II (Ang II) was colocalized with ACE in the lesions.87 In addition to these findings, 
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both messenger ribonucleic acid and protein expression of angiotensin type 1 receptor (AT1) was 

significantly increased in stenotic aortic valves.88 All these results suggest an upregulation of RAS in the 

aortic valve. Besides, ACE was observed in plasma LDL, detected by Western blotting, and colocalized 

with LDL through the extracellular matrix in a large proportion of valve lesions.87 Thus, it suggested that 

ACE could be delivered by LDL to aortic valve lesions.87 In explanted AS valves, ox-LDL was 

documented near calcified areas and colocalized with Ang II, IL-6, and TNF-α. Ang II is a well-known 

profibrogenic protein that participates in tissue fibrosis and remodeling of the aortic valve. In an 

observational study with prehypertensive patients with CAVD, the serum levels of Ang II were associated 

with increased valvular inflammation (TNF-α and IL-6) and tissue remodeling.89 Also, in an animal model 

of hyperlipidemic mice, the administration of Ang II provoked a significant thickening of the aortic 

leaflets.90 

1.3.2.4. Calcification of the aortic valve  

The hallmark of CAVD is the calcification of the aortic valve cups causing a progressive loss of the leaflet 

mobility and, when the disease progresses, the obstruction of the aortic valve to the LV ejection. It was 

shown by histologic evidence that calcium deposits are the principal characteristic of stenotic aortic 

valve91 and it was seen prominent calcium deposition in early lesion.76,90 In histologic samples, calcium 

can appear either amorphous or osteogenic, which means that a process of ossification is implicated, 

resulting in a bone matrix formation (Figure 1-6).10,76,79 As it was mentioned in the previous sections, 

several pro-osteogenic factors are involved in the calcification of the valve and its progression: induction 

of osteogenic signaling pathway,8,14,81proinflammatory cytokines and inflammatory cell 

infiltration,8,14,78,80,84which both may promote VICs to transdifferentiate in osteoblast-like cells.  

Nevertheless, non-osteogenic mechanisms are implicated in aortic calcification: a reduction of certain 

proteins that can prevent accumulation of calcium at ectopic sites, such as Fetuin-A and Matrix Gla 

Protein,8,92-95 and cell death by necrosis or apoptosis, which both contribute to the formation of calcified 

nodules.8,74,92 Besides, calcified nodules, following induction of cell death, have a crystalline ultrastructure 

and lack live cells within the core of calcified mass itself.8,74  

In brief, it seems that once the calcification mechanism is initiated, it would be a self-sustaining process, 

involving increased mechanical stress imposed on the aortic valve continuously damaging the valve 

endothelium, mechanisms of apoptosis, and activation of osteogenic pathways and differentiation. All 

would contribute to the progression of CAVD and AS.96 This self-sustaining process is illustrated in 

Figure 1-7. 
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Figure 1-7. Pathogenesis of CAVD and AS. BMP, bone morphogenetic protein; ENPP1, ectonucleotide 

pyrophosphate 1; LDL, low-density lipoprotein; RANK, receptor activator of nuclear kappa B; RANKL, receptor 

activator of nuclear kappa B ligand; RAS, renin-angiotensin system; VIC, valvular interstitial cell. Reproduced with 

permission from (93) 

1.4. CALCIFIC AORTIC VALVE DISEASE: ALSO, A DISEASE OF THE 

MYOCARDIUM.  

1.4.1. EARLY CHANGES 

As the disease progresses, the valve becomes stiffer, and the orifice area diminishes. Even mild 

obstruction caused by the morphological changes of CAVD may cause subclinical consequences to the 

LV, becoming pathological and deleterious with the progression of AS.  

Normally, the afterload of the LV, which is the opposing forces (load) that the LV must overcome after 

the onset of the contraction, can be nearly represented by the diastolic aortic pressure. But, in AS, this 

assumption is not possible. As the valve obstruction increases, the resistance to LV outflow increases, 

then the LV afterload. Thus, the pressure, that the LV must achieve to overcome those forces and eject 

the blood to the aorta, is greater. Therefore, the LV work (𝑊 = ∆𝑉 𝑥 𝑃, where ∆V is represented by the 

volume of blood ejected and P by the intraventricular blood pressure), determinant of myocardial oxygen 
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consumption, also increases. If the contractility of the heart does not change, the stroke volume (the 

blood volume ejected by cycle) will be reduced as well as the left ventricular ejection fraction (LVEF). 

However, in a normal heart, contractility increases and other mechanisms to overcome this flow 

obstruction are setting in. With time, those mechanisms may start to fail.97 

Moreover, the increased afterload implies a raise in wall stress. The walls stress can be approximately 

estimated from the parietal tension described by Laplace’s law (𝑇 =
∆𝑃 𝑥 𝑟 

2ℎ
 ), where tension (𝑇) is the 

product of the transmural pressure gradient (∆𝑃 ) and the radius (𝑟) of the sphere divided by the wall 

thickness (2ℎ). Although the LV is not exactly a sphere, it is assumed as one. Hence, the augmentation 

in the resistance caused by the flow obstruction requires an increase in the wall tension and so, an increase 

in the intraventricular pressure, rising the mechanical stress of myocardial fibers.  Chronically, the radius 

and the wall thickness may be modified due to morphological adaptations to wall stress, which may 

change the ventricular geometry, thereby its produced tension.97,98  

Besides, the isovolumic contraction time of the LV enlarges because of the increased afterload. Thus, the 

wall stress is kept for longer times during systole, increasing the tension heat and the energy consumption. 

So, again, myocardial oxygen consumption is raised.97,99  

1.4.2. MYOCARDIAL REMODELING AND HYPERTROPHY 

It should be noted that LV hypertrophy and remodeling in response to pressure-overload involve both 

adaptive and maladaptive process19,100,101 and the degree to which LV hypertrophic remodeling is 

maladaptive versus adaptative have not been clearly established yet.  Hypertrophy remodeling starts as 

an adaptative response of the myocardium to manage the increased afterload due to the obstructed valve, 

tending to normalize myocardial wall stress and to maintain cardiac output (the volume of blood ejected 

per minute). It is characterized by myocyte hypertrophy and increased wall thickness. It may be one of 

the most important compensatory mechanisms to normalize LV ejection performance, by normalizing 

afterload and LV work.8,19,99 This compensatory response is based on LaPlace’s law, which explains why 

the increased wall thickness may decrease the wall stress (and then, the afterload).  

Furthermore, this compensatory response may manifest differently according to several factors other 

than AS severity; for example, sex, genetic expression, vascular load, metabolic abnormalities, or 

concomitant diseases.8,19,102,103In some patients, or in different stages of the disease, this response may 

present as concentric remodeling (meaning an increase in wall thickness with a reduction in LV volume 

without increasing LV mass), others may develop concentric hypertrophy (reduced LV volume with 

increasing LV mass and wall thickness), and some others, or in advanced stages of the disease, may show 
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eccentric hypertrophy (LV mass increase with LV enlargement and wall thinning).5,8,19,98,99,104 These types 

of adaptation to pressure-volume overload are illustrated in Figure 1-8.  

 

Figure 1-8. Patterns of LV compensatory response to pressure-volume overload. With permission from 

https://www.medsquares.com 

To simply define those patterns of hypertrophy by echocardiography, it can be by calculating LV mass 

with one of the different methods and relative wall thickness (RWT). LV mass is commonly indexed by 

height or BSA, the guidelines suggest indexing it by BSA.105 The reference upper value of normal LV 

mass are 95 g/m2 in women and 115 g/m2 in men.105 RWT allows to categorize the hypertrophy as 

either concentric (RWT higher than 0.42) or eccentric (RWT equal or lower than 0.42,) and also, permits 

to identify the presence of concentric remodeling (normal LV mass with increased RWT).105  

Moreover, concentric LV hypertrophy results in abnormal coronary blood flow and blood flow 

reserve.8,19,106,107 Normally the subendocardium receives about 20% more blood flow than the epicardium, 

but this ratio is reversed in LV hypertrophy.8,107 Thus, the myocardial layer with the highest oxygen 

demand receives the least oxygen supply. Additionally, the increased LV end-diastolic pressure and the 

shorter diastole time in hypertrophied LV support this situation decreasing the coronary blood flow. 

Further, myocardial oxygen consumption is higher in LV hypertrophy due to prolongation of the ejection 

time and the increased systolic pressure. Besides, coronary reserve, meaning the capacity to increase 

coronary blood flow during stress, is limited in concentric LV hypertrophy.8,106,108 Therefore, abnormal 

flow reserve and flow distribution lead to subendocardial ischemia and contractile dysfunction during 

periods of stress, provoking symptoms like angina, especially during exercises or stress states when the 

imbalance between myocardial oxygen supply and consumption rises.8,19,109  
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Myocardial ischemia and increased mechanical stress may trigger myocyte apoptosis and fibrotic response 

in the myocardium110,111, activating profibrotic mediators such as angiotensin II,110,112-114 transforming 

growth factor (TGF)-beta,110,115 and matrix metalloproteinases.110,116 As a consequence, myocardial 

fibrosis enhances, increasing collagen type I deposition as well as activation and differentiation of cardiac 

fibroblast into myofibroblast.117 Two different patterns of myocardial fibrosis have been described in 

AS.111 Reactive interstitial fibrosis, which begins even in early stages of AS, is a diffuse and reversible 

pattern, in which there is no cardiac cell damage.111,117  It shows increased myofibroblast activity and 

collagen deposition.111 Contrary, replacement fibrosis is irreversible and occurs later in the progression 

of AS.111  In this pattern, cardiac cells are damaged and replaced by, predominantly, collagen type I 

forming a scar.117  

In studies of hypertrophy, LV hypertrophy leads to increased cardiac mortality, especially in the presence 

of coronary artery disease.8,101,118 In a study of Duncan et al, they propensity matched 964 pairs of patients 

with AS undergoing aortic valve replacement with and without concentric LV hypertrophy and/ or 

remodeling.5,119 Patients with concentric LV hypertrophy had double the operative risk and double the 

postoperative morbidity in comparison with patients without this pattern.119 Another study found similar 

results.120  

 Although in the beginning, LV hypertrophic remodeling reduces wall tension, it may have long-term 

deleterious effects that translate into damaged LV function, impairing relaxation (diastolic function) and 

contraction (systolic function), and poor clinical outcomes.101,118,121-123  

1.4.3. LEFT VENTRICULAR DYSFUNCTION 

LV diastolic function may be impaired with the progression of AS and, mainly, with the progression of 

hypertrophic myocardial remodeling.8,19,124 The ability of LV to relax is reduced and the stiffness of the 

myocardium increases. In those patients, cardiovascular diseases as hypertension, coronary artery disease, 

or others, and also, metabolic comorbidities increase the risk of diastolic dysfunction and higher 

stiffness.125 Some pathological changes have been demonstrated to be implicated and contributed to the 

progression of diastolic dysfunction:  higher myocyte stiffness, myocardial fibrosis, advanced glycation 

end-products, and metabolic abnormalities.120,124,125 

Diastolic dysfunction and higher myocardial stiffness can be diagnosed by Doppler echocardiography, in 

which higher end-diastolic pressures and left atrial are measured, and altered LV filling pattern.8,19,28 To 

fill this stiff and hypertrophic remodeled ventricle, the atrial contraction plays a key role allowing to 

maintain the LV filling with higher end-diastolic pressure, but without increasing mean left atrial pressure, 
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which could have a deleterious effect on the pulmonary circulation.19 Also, responding to the Frank-

Starling law, which is based on the relationship between the initial length of myocardial fibers and the 

force generated by contraction97, the increase in end-diastolic pressure (preload), and subsequently, the 

augmented stretch of the myocardial fibers during diastole, leads to keep the cardiac performance (cardiac 

output) of a hypertrophied LV.  

Nevertheless, this increased and vigorous atrial contraction has consequences on cardiac performance. 

With time and progression of the disease, loss of synchronized atrial contraction as seen in atrial 

fibrillation or atrioventricular dissociation may become resulting in rapid clinical deterioration in patients 

with severe AS.8,19,28 Though, in those patients with several comorbidities, atrial fibrillation may coexist 

with AS from the beginning of the disease.  

In most patients with AS and without severe comorbidities, LV systolic function, measured by the 

LVEF, remains normal until late in the disease progression.19,126 The development of systolic dysfunction 

from a hypertrophy LV is when the LV starts to fail in face of an increased pressure afterload and cannot 

maintain forward flow through the obstructed valve.5 This transition depends on a complex interplay of 

several factors: the severity of valve obstruction, metabolic abnormalities, vascular load and/or systolic 

blood pressure (SBP), inadequate or maladaptive hypertrophy, myocardial ischemia and increased 

myocardial apoptosis and fibrosis.8,19,120,126,127 

In addition to systolic dysfunction, LV hypertrophy, the progression of myocardial fibrosis, and other 

pathological mechanisms that may alter ion conduction and cell membranes can contribute to LV 

arrhythmias.19  

In patients with systolic dysfunction or a reduced LVEF, systolic function usually improves after AVR. 

Its recovers might depend on several factors, including the degree to which systolic dysfunction was 

affected by the afterload mismatch.19,128,129 

1.4.4. PULMONARY VASCULATURE AND HEART FAILURE 

With the progression of the disease, all the compensatory mechanisms start to fail and the pressure 

overload from a hypertrophied and rigid LV starts to transmit increased pressure to the pulmonary 

vasculature, which may lead to pulmonary hypertension. First, this increased pressure is transmitted to 

the pulmonary venous system; with time or depending on patients’ comorbidities, some patients may 

develop augmented pulmonary vascular resistance, which leads to pulmonary arterial 

hypertension.19,130,131 
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As expected, the presence and severity of pulmonary hypertension are associated with worse outcomes 

and mortality.19,32,130,131 Besides, among asymptomatic patients, exercise-induced pulmonary hypertension 

is also associated with reduced event-free survival.19,131 

If treatment is not done, with the decrease of LVEF and pulmonary hypertension, the next scenario is  

heart failure and pulmonary congestion, in which patients may have the worst outcome and several 

rehospitalizations.8,19,26-28 

All these pathophysiology changes seen in AS are summarized in Figure 1-9. Also, in Figure 1-10, one 

suggested sequence of these changes are illustrated and exemplified with cardiac resonance images. 

 

Figure 1-9. Scheme of the pathophysiology of AS and its consequences on heart performance. Ao, aortic; 

LVET, left ventricular ejection time; O2, oxygen. Reproduced with permission from (19). 
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Figure 1-10. Schematic illustration and cardiac magnetic resonance (CMR) of LV modifications during 

the progression of cardiac dysfunction in AS. Suggested sequences of LVH, myocardial fibrosis and heart failure 

in patients with AS. Reproduced with permission from (5). 

1.5. DIAGNOSIS AND ASSESSMENT OF AORTIC STENOSIS 

1.5.1. SIGNS AND SYMPTOMS  

During the anamnesis, it is essential to evaluate the presence and the severity of symptoms.19,28 The 

cardinal manifestations of AS symptoms are exertional dyspnea, angina, dizziness or syncope, and 

ultimately heart failure.8,19,28,29,31,32 However, most patients are diagnosed before symptoms onset on the 

incidental finding of a systolic murmur on physical examination, which is confirmed by 

echocardiography.8,19,28 

The mechanism of exertional dyspnea may be LV diastolic dysfunction, with an excessive rise in end-

diastolic pressure leading to pulmonary congestion. Also, these exertional symptoms may be a response 

to the limited capacity to increase cardiac output with exercise.19 Furthermore, more severe symptoms 

may be related to pulmonary congestion, including severe exertional dyspnea, orthopnea, paroxysmal 
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nocturnal dyspnea, and pulmonary edema.19 These symptoms may be the result of higher pulmonary 

venous pressure. However, generally, intervention may be decided before these symptoms begin.  

Another frequent symptom in patients with severe AS is angina caused by myocardial ischemia which is 

exacerbated by exertion and relieved by rest.19,28 The mechanism of this symptom was explained before. 

It is worth mentioning that patients with coronary artery disease may have the same symptoms. Thus, it 

is essential to differentiate both. 

During the anamnesis, it is essential to estimate the severity of those symptoms and the capacity for 

physical and ordinary activity. For that, scores are used; the most widely used score is the New Heart 

Association (NYHA) Functional Classification132, which places patients in one of four categories based 

on how much they are limited during physical activity. It is described in Table 1-1. There are several other 

scores to assess the quality of life in patients with those symptoms or cardiovascular diseases. 

NYHA 
Functional Class 

Symptoms 

I 
No limitation of physical activity. Ordinary physical activity does not cause undue fatigue, palpitation, 
dyspnea (shortness of breath). 

II 
Slight limitation of physical activity. Comfortable at rest. Ordinary physical activity results in fatigue, 
palpitation, dyspnea (shortness of breath). 

III 
Marked limitation of physical activity. Comfortable at rest. Less than ordinary activity causes fatigue, 
palpitation, or dyspnea. 

IV 
Unable to carry on any physical activity without discomfort. Symptoms of heart failure at rest. If any 
physical activity is undertaken, discomfort increases.  

Table 1-1. NYHA Functional Class. This classification is used to evaluate heart failure symptoms as angina and 

dyspnea and how they limit patients’ physical activity. NYHA, New York Heart Association 

Syncope is another sign that may appear in severe AS and is often caused by inadequate cerebral perfusion 

that can occur during exertion. The insufficient cerebral perfusion during effort may be caused by an 

inadequate increase in cardiac output due to outflow obstruction by the valvular stenosis and by a 

decrease in afterload (arterial pressure) due to systemic vasodilation.19,28 Other mechanisms that can 

contribute are the malfunction of baroreceptors in severe AS as well as a vasodepressor response to a 

greatly elevated LV systolic pressure during exercise.19,28 

Additionally, evaluation of other comorbidities and cardiovascular diseases is required to assess the 

associated risk factors and other diseases that may increase the progression of AS or the damage to the 

heart, reducing its performance.  
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1.5.2. DIAGNOSIS 

1.5.2.1. Physical Examination  

The hallmarks of the cardiovascular evaluation in patients with AS are palpation of the carotid upstroke, 

evaluation of the systolic murmur, assessment of splitting of the second heart sound (S2), and examination 

for signs of heart failure, including pulmonary auscultation, edema assessment, and neck veins.19,28 

Regarding the cardiac examination, the rhythm is generally regular until late in the course; otherwise, atrial 

fibrillation can be associated with an irregular rhythm.19 Though, AS and atrial fibrillation commonly 

coexist in older patients. The systemic arterial pressure is usually normal; however, in late stages, the 

arterial blood pressure may fall, and the pulse pressure narrows when cardiac output declines.19 The 

arterial pulse in AS, assessed normally at the carotid artery, is called pulsus parvus et tardus because it rises 

slowly and has a delayed peak. A thrill or anacrotic “shudder” may be palpable over the carotid arteries, 

more commonly the left. In the elderly, the stiffening of the arterial wall may mask this important physical 

sign. In many patients, the a wave in the jugular venous pulse is accentuated, which results from the 

diminished distensibility of the right ventricular cavity caused by the bulging, hypertrophied 

interventricular septum.19,28  

About the cardiac auscultation, the classic murmur of AS is found during the ejection phase (mid-

systolic), and typically is late-peaking and heard best at the base of the heart, with radiation to the carotids. 

Cessation of the murmur before A2 (closing of the aortic valve sound) is helpful in differentiation from 

a pansystolic murmur of mitral regurgitation. In patients with severe calcified aortic valves, the systolic 

murmur is loudest at the base of the heart, but high-frequency components may radiate to the apex. This 

phenomenon is known as the Gallavardin phenomenon, and it can be mistaken with mitral regurgitation 

murmur. Normally, a louder or/and later-peaking murmur indicates more severe stenosis.19,28 Moreover, 

with severe AS, the splitting of S2 tends to disappear and S2 may be single. This may be due to calcification 

and immobility of the aortic valve that make A2 inaudible, to the closure of the pulmonic valve (P2) is 

buried in the prolonged aortic ejection murmur and/or to the prolongation of LV systole makes A2 

coincide with P2.19 

Also, it should be noted that the murmur of valvular AS is augmented by squatting, which increases 

stroke volume, and it is reduced in intensity during the strain of the Valsalva maneuver and on standing, 

both of which reduce transvalvular flow.19,28 
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1.5.2.2. Echocardiography 

Transthoracic echocardiography is the gold-standard for AS diagnosis, severity classification, and 

progression assessment.19,30,98 It allows evaluating valve morphology, the etiology of AS, and severity of 

valve calcification. It also lets to assess hemodynamic severity and progression of AS, which is the 

hallmark for AS classification.19,30,98,133 Moreover, echocardiographic imaging is indispensable to evaluate 

LV adaptations in AS e.g. LV hypertrophy, systolic and diastolic dysfunction, and also associated findings, 

including mitral or aortic regurgitation, mitral annular calcification, pulmonary hypertension, coronary 

artery disease, and concomitant subvalvular obstruction.  

Analyzing aortic valve morphology on 2-dimensional echocardiography leads to classifying the etiology 

of AS. It should be analyzed from the parasternal long- and short-axis (Figure 1-11). The short-axis allows 

to the assessment of the cuspidity and the degree of valve calcification, and the long-axis permits 

visualizing the LV outflow tract and the opening of the valve. The cuspidity and the opening of the valve 

both help to define AS etiology and BAV diagnosis.98 

 

Figure 1-11. (A)Parasternal long- and (B) short-axis view of the aortic valve, in which the mobility and the 

calcification of the cusp can be assessed. Adapted with permission from (98). 

The morphology and the valve opening of the different etiologies of AS are demonstrated in Figure 1-

11. It should be noted that the assessment of AS etiology could be difficult according to the severity of 

the calcification, patients’ echogenicity, et cetera.98 

Also, from a short-axis view, the degree of calcification can be classified into mild (isolated, small spots), 

moderate (multiple bigger spots), and severe
 
calcification (extensive thickening/ calcification of all 

cusps).30,98,133,134 
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Besides, it is possible to get a direct planimetry and size of the anatomic valve area using transesophageal 

echocardiography. Transesophageal echocardiography also allows for detailed visualization of valve 

morphology, differentiation of various forms of congenital AS or differential diagnosis of BAV when it 

is not possible with transthoracic echocardiography, and better observation of the degree and distribution 

of valve calcifications.98 Nonetheless, transesophageal echocardiography is not performed routinely and 

has specific indications because it is a semi-invasive procedure that requires sedation.135 Then, it has some 

contraindications and a few risks of complications.135 

During routine transthoracic echocardiography, it is also important to observe the aortic root and the 

ascending aorta, which could be dilated, a common finding in patients with AS, especially with bicuspid 

valves.  

1.5.2.2.1. Hemodynamic Assessment of Aortic Stenosis 

For hemodynamic assessment of AS severity, Doppler echocardiography is crucial. It applies the Doppler 

effect to generate imaging of the movement of tissues and blood and their relative velocity to the 

transducer. This last feature allows the measurement of peak transaortic jet velocity (Vmax), pressure 

gradients, and aortic valve area (AVA), which are crucial for the assignment of AS severity, progression, 

and prognosis. 8,30,98,133,134,136  

Continuous-wave Doppler is used to measuring the Vmax (Figure 1-12). Continuous-wave Doppler leads 

to record high-frequency velocity, but spatial localization of the velocities is lacking. It is extremely 

important to obtain the maximum velocity signal to avoid underestimation of AS severity. Therefore, it 

is required to evaluate it from different echocardiography views (apical five-chamber, right parasternal, 

subcostal view, et cetera) and multiple acoustic windows during the echocardiography study. Also, a good 

parallel alignment of the Doppler beam to the stenotic jet is essential.  Furthermore, in the same frame 

with the highest velocity, it can be measured the velocity-time integral of the transaortic flow (VTIAo), 

which is get from the integral calculation of each velocity recorded by the Doppler beam during the 

ejection time.30,98,136 
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Figure 1-12. Assessment of AS severity. CW Doppler to measure peak velocity, mean and maximal pressure 

gradient, and aortic velocity-time integral. Image from the laboratory of Dr. Clavel and Dr. Pibarot. 

The mean and maximal transaortic pressure gradients are calculated by the Bernouilli equation ∆𝑃 =

4(𝑉𝐴𝑜
2 − 𝑉𝐿𝑉𝑂𝑇

2 ), 
 
where ΔP is the pressure gradient and V2 is the velocity recorded in the aorta by the 

Doppler beam). when LVOT velocity is equal or less than 1.2 m/s2, the pressure gradients can be 

calculated by the modified version: ∆𝑃 = 4(𝑉𝐴𝑜
2 ).98 (Figure 1-12) 

It is also mandatory to measure LVOT diameter and LVOT velocities. The LVOT diameter (𝐷𝐿𝑉𝑂𝑇) 

is measured from a zoomed parasternal-long axis and allows to estimate the LVOT area. For velocities, 

pulse-wave Doppler (Figure 1-13) is employed in an apical five-chamber view, positioning the Doppler 

beam parallel to the LVOT and near the aortic valve where the flow is laminar. Also, the velocity-time 

integral of the LVOT flow (VTILVOT) can be gotten.98 Therefore, stroke volume can be calculated as the 

product of velocity-time integral of flow (VTILVOT) and cross-sectional area (𝐴𝐿𝑉𝑂𝑇 =  𝜋 𝑥 (
𝐷𝐿𝑉𝑂𝑇

2
)2) 

𝑆𝑉 =  𝑉𝑇𝐼𝐿𝑉𝑂𝑇  𝑥 𝐴𝐿𝑉𝑂𝑇 
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Figure 1-13. Assessment of LVOT velocity, LVOT diameter and AVA. (A) Pulsed-wave Doppler to measure 

prestenotic velocity and velocity-time integral in the LV outflow tract. (B) LV outflow tract diameter (d) in zoom 

modus to calculate LV outflow tract area. Image from the laboratory of Dr. Clavel and Dr.Pibarot. 

 

SV is another important parameter to evaluate, because it may estimate the systolic performance of the 

LV and, in case of discordant AS severity, may be a parameter to reclassify it. 98 Nevertheless, this measure 

is always indexed (SVi) by the BSA.  A SVi of less than 35 ml/m2 is considered a low-flow state and may 

have clinical implications.30,98,136 Besides, small hearts with concentric hypertrophy can present low-flow 

states, which is frequently in women, in patients with long-lasting hypertension and AS, or both. Other 

situations that reduced SVi can be present are mitral or tricuspid regurgitation or atrial fibrillation.19,98 

Assuming the conservative law, i.e. the stenotic area has the same stroke volume as the prestenotic area, 

the continuity equation can be used to calculate the effective AVA from, the VTIAo, VTILVOT, and the 

ALVOT.30,98,136 (Figure 1-14) 

𝐴𝐿𝑉𝑂𝑇𝑥 𝑉𝑇𝐼𝐿𝑉𝑂𝑇 =  𝐴𝐴𝑜  𝑥 𝑉𝑇𝐼𝐴𝑜 

𝐴𝑉𝐴 = 𝐴𝐴𝑜 = 𝐴𝐿𝑣𝑜𝑡  𝑥 
𝑉𝑇𝐼𝐿𝑉𝑂𝑇

𝑉𝑇𝐼𝐴𝑜
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Figure 1-14. Continuity equation.  VTI1, LVOT velocity-time integral of flow; VTI2, aortic velocity-time integral 

of flow, A1,LVOT cross-sectional area and A2, aortic cross-sectional area. Adapted with permission from (98). 

 

If a laminar flow is not possible to acquire due to an acceleration of flow, AVA estimation from Doppler 

echocardiography will not be possible as the LVOT velocity will be overestimated. 

The AVA index (AVAi), in which the effective AVA is divided by BSA is also calculated and considered 

for AS grading. 30,98,136 This parameter allows associating the size of the valve with the body surface of 

the patient.  

Another measure for the assessment of AS severity is the velocity ratio (DVI). DVI, lower than 0.25 

defines severe AS, between 0.25 and 0.50 defines moderate AS, and higher than 0.50 defines mild AS. It 

is calculated as follow:30,98 

𝐷𝑉𝐼 = 𝑉𝑇𝐼𝐿𝑉𝑂𝑇  /𝑉𝑇𝐼𝐴𝑜  𝑜𝑟 𝑉𝑅 =  𝑉𝐿𝑉𝑂𝑇 / 𝑉𝐴𝑜 

1.5.2.2.2.  Left ventricle systolic function  

Nevertheless, the AS assessment is not completed without analyzing the LV systolic and diastolic 

function. The LV systolic function is normally used as a parameter to assess LV contractility. However, 

only if a synchronous contraction is present, heart rate is stable, and loading conditions (preload and 

afterload) are constant does a change in performance indicate a change in contractility.  LV systolic 

function can be assessed from the left ventricular ejection fraction (LVEF). It is calculated from the 
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difference in LV volumes, measured by 2D echocardiography. These measures should be taken at the 

end of the diastole (EDV) and systole (ESV).  

𝐿𝑉𝐸𝐹 =
𝐸𝐷𝑉 −  𝐸𝑆𝑉

𝐸𝐷𝑉
 

Another way to get the LVEF is by eyeballing or by other validated methods. One of them is the modified 

Simpson biplane method, which is recommended by the American Society of Echocardiography (ASE).30 This 

method requires the measurement of LVEF by tracing the endocardial border in both the apical four-

chamber and two-chamber views in end-systole and end-diastole. These tracings eventually divide the 

LV cavity into a predetermined number of disks (usually 20), which their volumes are based on the 

tracings obtained from the study.98 

It is worthy to mention that the evaluation of SBP before doing echocardiography is essential in the 

hemodynamic assessment of AS severity.19,30,137 The presence of systemic hypertension can affect it due 

to the closed interaction between valvular and arterial hemodynamics. During the hemodynamic 

assessment of AS, the evaluated parameters are flow-dependent and might be modified in cases of 

hypertension because of the increased arterial afterload. One study suggested that hypertension can lead 

to underestimation of AS hemodynamic severity.138 Therefore, reevaluation after normalization of blood 

pressure is suggested by the guidelines, especially in discordant AS.19,137  

1.5.2.2.3. Global longitudinal strain 

Global longitudinal strain (GLS) has been validated as a quantitative index for global LV function139,140 

and represents the percentage of myocardial deformation (strain) in the longitudinal direction (Figure 1-

15).139 During systole, ventricular myocardial fibers shorten with a translational movement from the base 

to the apex, and the deformation caused by this shortening is analyzed.98,139 GLS  can be analyzed from 

a 4-chamber, 2-chamber, and 3-chamber apical long-axis views (Figure 1-15), in which segmental or 

regional and global (average value of all segments) strain values can be acquired. It can be analyzed using 

speckle-tracking echocardiography, an echocardiographic method that is based on the analysis of acoustic 

speckles during the cardiac cycle98,139 and measures local displacement in echocardiographic images 

allowing an angle-independent strain measure.98 The speckles are created by interference of ultrasound 

beams in the myocardium and are seen in gray-scale B-mode images as a characteristic speckle pattern 

(Figure 1-16). These patterns can be tracked from frame-to-frame by software during the cardiac 

cycle98,139 and thereby, it can be calculated displacement, the rate of displacement (myocardial velocity 

vectors), deformation (strain), and the rate of deformation (strain rate) of the selected segments.139  
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Figure 1-15. GLS with 2-dimensional speckle tracking echocardiography. The figure demonstrates analysis 

of LV GLS from a 3-chamber view. Image from the laboratory of Dr. Clavel and Dr.Pibarot 

 

Figure 1-16. Speckle tracking echocardiography. A part of the septum (red box) from a four-chamber view is 

enlarged, wherein speckels can be observed. Adapted with permission from (98). 

Strain from the LV can be analyzed radially, circumferentially, and longitudinally (Figure 1-15). However, 

the derivation of GLS from averaging multiple regions has become the selected method to quantify LV 

strain and provides a robust LV systolic function marker, which consequently can be used in routine 

clinical assessment.141,142 The accuracy of this method has been validated against sonomicrometry and 

tagged magnetic resonance imaging, demonstrating feasibility and reproducibility.139,143,144 However, this 

technique requires high-quality 2-dimensional images and has a high dependence on the frame 

rate.98,139Also, it is almost not possible to even conduct strain measurements in patients with non-sinus 

rhythms.139 
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During the early phases of the development of strain, one of the disadvantages that GLS presented was 

significant intervendor variability, and vendor-independent software was used to circumvent it.141,145 Since 

the publication of the consensus from the European Association of Cardiovascular Imaging/ASE 

Industry Task Force,146 intervendor difference has been reduced to levels similar to those of standard 

parameters, including LVEF.142,147 Thereby, it allowed to use GLS widely in research as well as in clinical 

settings, becoming a feasible alternative to LVEF for the assessment of myocardial function.141 

Normal values of GLS have not been established by the guidelines yet. Though, they suggest that -20% 

(±2%) may be considered normal. 141148 In a meta-analysis analyzed more than 2500 healthy and young 

(mean age 47 11 years) individuals, in which 51% were males, the normal values of GLS were from -

15.9% to -22.1%, depending on the vendor-specific software used for longitudinal strain analysis. Besides, 

it was a heterogenous population (with different clinical characteristics, e.g., age, gender, BMI, blood 

pressure) even though they were healthy subjects.149,150  Population-based studies suggested that GLS 

might be more impaired in male patients as well as in the elderly. 150-152 

GLS  has been suggested as an early marker of subclinical LV systolic dysfunction, identifying myocardial 

dysfunction before a decline in LVEF, even in a community-based cohort or general population 

studies.139,151-156 Furthermore, one analysis from “The Copenhagen City Heart Study,” a general 

population-based study, indicated that GLS is an independent and strong predictor of all-cause mortality 

and a composite outcome of incident heart failure, cardiovascular death, and myocardial infarction.151 

Consisting with previous results, the authors found that GLS provides incremental prognostic 

information about long-term risk of cardiovascular events beyond the Framingham Risk Score, the 

Systemic Coronary Evaluation risk chart, and the modified American College of Cardiology/American 

Heart Association Pooled Cohort Equation.151 One study analyzing the incremental value of GLS found 

that this technique was a superior predictor of outcome (in this case, all-cause mortality) to either LVEF 

or wall motion score index (which is assessed by tissue-Doppler echocardiography) in unselected patients 

with known or suspected LV dysfunction.155  

In patients with heart failure and reduced LVEF, GLS presents an incremental prognostic value although 

LVEF has a well-known prognostic value, especially in patients with ischemic cardiomyopathy.141,157 Peri-

infarct GLS was a good independent predictor of ventricular tachycardia and fibrillation in those patients. 

141,157 Specific scar site indicated by regional strain might be more proarrhythmogenic than other sites.  

141,158 Regional analysis of longitudinal strain can be useful in coronary artery disease.141 

 Furthermore, in patients with preserved LVEF (between 50 and 60% ), decreased GLS was highly 

prevalent even among patients with LVEF higher than 55%.154 Another study found similar results: an 
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incremental prognostic value of longitudinal strain for predict cardiovascular death, heart failure 

hospitalization, and the composite outcome of both; also after adjustment of clinical and conventional 

echocardiographic variables.159 

Moreover, GLS has been proposed as the test of choice in guidelines from cardiovascular imaging society 

for monitoring of asymptomatic cardiotoxicity related to chemotherapy,141,160 which is associated with 

LV dysfunction and cardiovascular morbidity and mortality.148 As impairments in GLS precede decreases 

in LVEF, a relative reduction of GLS early in treatment can be associated with a subsequent LVEF 

decline.141,161 Besides, reduced GLS has been found in several populations at risk of heart failure, such as 

hypertensive patients,141,162 diabetic cardiomyopathy,141,163,164 or patients with metabolic syndrome.141 

However, its indication in these diseases has not been established.141  

About the valvulopathies, GLS has also a role in them. In severe mitral regurgitation, GLS impairment 

before mitral valve replacement is an independent and strong predictor of LV dysfunction after surgery 

regardless of pre-operative LVEF.141,165-167 In aortic regurgitation, symptomatic patients with severe aortic 

regurgitation demonstrated a significantly lower longitudinal strain compared with those without 

symptoms.168 In asymptomatic aortic regurgitation, a reduced longitudinal strain was independently 

associated with a need for aortic valve surgery after adjustment for clinical variables and LV volumes.168 

Further, an impaired longitudinal strain was associated with disease progression in patients with 

moderate-to-severe aortic regurgitation during conservative management (frequent clinical visits and 

sequential echocardiography).169  

Lastly, in patients with AS, some studies have demonstrated that patients with asymptomatic severe AS 

have impairment of the GLS despite normal (LVEF ≥ 60%) or preserved LVEF.156,170,171  Vollema et al. 

found that GLS was significantly lower in this kind of patients compared with age- and sex-matched 

controls without AS (mean ± SD LV GLS, -17.9±2.5% vs. -19.6±2.1%).156 During follow-up (12, 

interquartile range: 7-23 months), patients with AS significantly deteriorated GLS while LVEF remained 

unchanged.156 The authors divided into two groups the study sample (n=220) according to the median 

value of baseline GLS (preserved group, ≤-18.2% vs. impaired group, > -18.2%) and patients with more 

impaired GLS had a higher prevalence of coronary artery disease and atrial fibrillation, larger LV mass 

index and lower LVEF.156 Besides, this group showed a higher risk for developing symptoms and needing 

aortic valve intervention.156  Other studies found a similar association between GLS decline and AS 

progression and worse clinical outcomes.14,30,98,148,156,171,172 Another study analyzing the correlation 

between GLS and the severity of AS demonstrated that GLS gradually declines as the severity of AS 

increases. One hundred thirteen patients were stratified into three groups according to AS severity and 

these groups were compared.171 While LVEF was not significantly different among these groups, GLS 
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revealed a significant difference among them.171 By post-hoc analysis, significant differences were also 

found comparing mild with severe AS and moderate with severe AS.171 Furthermore, GLS was 

significantly correlated with AVA, mean pressure gradient, LVEF, LV mass index, and early diastolic 

mitral annular velocity (one parameter of diastolic LV function).171  

Furthermore, lowered GLS was also correlated with LV fibrosis and associated with poor symptomatic 

recovery after AVR.148 In patients with LV hypertrophy and normal LVEF, reduced GLS was 

independently associated with myocardial fibrosis assessed by CMR.173 Besides, it was also linked to an 

increased risk for ventricular arrhythmia, heart failure, transplantation, and all-cause mortality.174 

Therefore, in this setting, GLS can improve risk prediction in patients with moderate-to-severe AS and 

thus, may facilitate the selection of patients who would gain benefit from an earlier intervention than 

guidelines currently recommend.141 

1.5.2.3. Cardiac Computed Tomography 

The use of cardiac computed tomography (CT) in AS is enlarging, especially in those patients with 

CAVD. Anatomic AVA can be evaluated in CT and shows a good correlation to the one measured by 

TEE.98,175 It is also useful for studying aortic dilatation in suspected patients of aortic root disease or 

bicuspid valve.19,98. Additionally, the use of CT is crucial before transcatheter AVR because it allows 

taking precise measures of aortic dimensions in several levels, including the annulus, sinuses of Valsalva, 

sinotubular junction, and ascending aorta.19,98 Thus, CT is required for intervention planning.19,98 

Nowadays, CT is gaining relevance in the measurement of aortic valve calcification and AS severity 

stratification, which provides independent information of echocardiographic indices (flow-dependent 

parameters) of AS severity and may grow relevance in discordant or doubtful cases, especially in low-

flow, low-gradient AS. 19,98,176-178 Furthermore, CT allows the assessment of coronary artery disease, which 

is presented in 50% of patients with AS.98 

1.5.2.4. Cardiac Magnetic Resonance Imaging 

CMR allows assessing LV volume, function, and mass, especially in situations where this information 

cannot be precisely obtained from echocardiography due to poor quality image.8,19 It is also useful for 

measuring aortic dimensions and it was correlated as an alternative method for the measurement of 

anatomic AVA and LV outflow area having similar results to TTE.8,19,98 Additionally, it can be acquired 

CMR measurement of four-dimensional flow within the LV outflow tract and the stenotic valve.98,179,180 

Moreover, the added value of CMR is the quantification and pattern analysis of myocardial fibrosis which 
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is related to longitudinal LV function.148,181,182 Myocardial fibrosis is associated with bad prognosis and 

adverse outcomes in patients with AS,5,19,98,148,180,181 and it can be measured by late-gadolinium 

enhancement or by percentage of extracellular volume from T1 mapping. These parameters can be used 

to risk-stratify patients.19,123 

In addition, CMR can distinguish between bicuspid or trileaflet valve anatomy and assess aortic root and 

ascending aortic anatomy in patients with a bicuspid valve.19 

1.6. AORTIC STENOSIS PROGRESSION AND STAGES 

According to the ASE, patients with aortic valve sclerosis or BAV (and with Vmax lower than 2.0 m/s) 

are at risk for developing AS. Mild AS is considered when (a) Vmax is between 2.0 and 2.9 m/s, (b) MP is 

less than 20 mm Hg, and moderate AS, when (a) Vmax is between 3.0 and 3.9 m/s, (b) MP is between 20- 

and 39-mm Hg. In those patients, AVA is greater than 1.0 cm2. 19,30,98 AS is defined as severe when (a) 

an aortic jet of 4 m/sec or greater, (b) a mean transvalvular pressure gradient at least 40 mmHg in the 

presence of a normal flow, (c)an effective AVA smaller than 1.00 cm2 or an AVAi smaller than 0.6 

cm2/m2 and/or (d) a VR lower than 0.25. 19,30,98 However, some patients with AS have a low transaortic 

volume flow rate who are diagnostic and management challenges for physicians. These “low-flow” type 

of AS is classified: low-flow/low-gradient AS with reduced LVEF (patients with LV systolic dysfunction 

and less than 50% LVEF), and low-flow/low-gradient AS with preserved LVEF (50% or more LVEF), 

for example in patients with small, hypertrophied ventricles. 19,30,98  

 The American guidelines define each stage of AS by valve anatomy, valve hemodynamics, the 

consequences of valve obstruction on the LV, and vasculature, as well as by patient symptoms (Table 1-

2).30 
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Table 1-2.30 Stage of AS as defined by the 2020 AHA/ACC guideline for the management of patients with valvular 

heart disease.30 ∆𝑃, pressure gradient; AS, aortic stenosis; AVA, aortic valve area; AVAi, aortic valve area index; 

LVEF, left ventricular ejection fraction; Vmax, peak jet aortic velocity 

Stage Definition Valve Anatomy
Valve 

Hemodynamics

Hemodinamic

consequences
Symptoms

A At risk of AS - BAV or another

congenital valve 

anatomy

- Aortic valve sclerosis

(CAVD)

Aortic Vmax < 2 m/s with

normal leaflet motion

None None

B Progressive AS - Mild to moderate

leaflet

calcification/fibrosis

of bicuspid or trileaflet

valve with some

reduction in systolic

motion, or 

-Rheumatic valve 

changes with

commisural fussion

Mild AS: aortic Vmax 

2.0–2.9 m/s or mean ∆P 

<20 mm Hg 

Moderate AS: aortic Vmax

3.0–3.9 m/s or mean ∆P 

20–39 mm Hg 

- Early LV diastolic 

dysfunction may be 

present. 

- Normal LVEF 

None

C: Asymptomatic severe AS

C1 Asymptomatic 

severe AS

Severe leaflet 

calcification/ fibrosis 

or congenital stenosis 

with severely reduced 

leaflet opening. 

Aortic Vmax ≥4 m/s or 

mean ∆P ≥40 mm Hg.

AVA typically is ≤1.0 cm2

(or AVAi 0.6 cm2/m2) but 

not required to define 

severe AS. 

Very severe AS is an 

aortic Vmax ≥5 m/s or 

mean P ≥60 mm Hg 

- LV diastolic 

dysfunction.

- Mild LV 

hypertrophy.

- Normal LVEF. 

Exercise testing 

is suggested to 

confirm 

symptom status 

C2 Asymptomatic

severe AS with

LV systolic

dysfunction

Severe leaflet 

calcification/ fibrosis 

or congenital stenosis 

with severely reduced 

leaflet opening .

Aortic Vmax ≥4 m/s or 

mean ∆P ≥40 mm Hg 

AVA typically ≤1.0 cm2

(or AVAi 0.6 cm2/m2) but 

not required to define 

severe AS 

LVEF < 50% None

D: Symptomatic severe AS

D1 Symptomatic 

severe high-

gradient AS 

Severe leaflet 

calcification/ fibrosis 

or congenital stenosis 

with severely reduced 

leaflet opening 

Aortic Vmax ≥4 m/s or 

mean ∆P ≥40 mm Hg 

AVA typically ≤1.0 cm2

(or AVAi ≤0.6 cm2/m2) 

but may be larger with 

mixed AS/AR. 

- LV diastolic 

dysfunction. 

- LV hypertrophy.

- Pulmonary 

hypertension may be 

present 

- Exertional 

dyspnea, 

decreased 

exercise 

tolerance, or HF 

- Exertional 

angina 

- Exertional 

syncope or 

presyncope 

D2 Symptomatic 

severe low-

flow, low-

gradient AS 

with reduced 

LVEF 

Severe leaflet 

calcification/ fibrosis 

with severely reduced 

leaflet motion 

AVA ≤1.0 cm2 with 

resting aortic Vmax <4 m/s 

or mean ∆P <40 mm Hg 

Dobutamine stress 

echocardiography shows 

AVA <1.0 cm2 with Vmax

≥4 m/s at any flow rate 

LV diastolic 

dysfunction LV 

hypertrophy

LVEF <50% 

- HF

-Angina

- Syncope or 

presyncope 

D3 Symptomatic 

severe low-

gradient AS 

with normal 

LVEF or 

paradoxical 

low-flow severe 

AS 

Severe leaflet 

calcification/ fibrosis 

with severely reduced 

leaflet motion 

AVA ≤1.0 cm2 (indexed 

AVA ≤0.6 cm2/m2) with 

an aortic Vmax <4 m/s or 

mean ∆P <40 mm Hg 

AND 

Stroke volume index <35 

mL/m2

Measured when patient is 

normotensive (systolic 

blood pressure <140 mm 

Hg) 

Increased LV 

relative wall 

thickness 

Small LV chamber 

with low stroke 

volume 

Restrictive diastolic 

filling 

LVEF ≥50% 

- HF

- Angina

- Syncope or 

presyncope 
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Once the diagnosis is made and confirmed with echocardiography, repeat imaging is recommended every 

3-5 years in patients with mild AS and every 1-2 years in patients with moderate AS and normal LV 

function. In patients with severe AS and normal LV function, it is recommended to repeat 

echocardiography every 6-12 months.19,30,98 Certainly, if there are symptoms onset or a change in the 

course of the disease, echocardiography or other diagnostic tests may be repeated sooner. Several studies 

have aimed to establish the hemodynamic progression rate of AS before symptom onset and they showed 

an average rate of increase in aortic jet peak velocity between 0.2 and 0.4 m/sec/year, and in mean 

pressure gradient of about 8 mmHg per year, with a decrease in valve area of 0.15 cm2.8,20,21,98,133 In 

general, the rate of hemodynamic progression is likely linear but highly variable in each patient. 

1.7. TREATMENT 

1.7.1. MEDICAL TREATMENT 

Nowadays, no pharmacological therapy has been demonstrated to, at least, slow the progression of AS. 

Several clinical studies have failed to find a strong impact, especially those including statins and 

antihypertensive medication.183-187Thus, the only possible treatment for AS is the replacement of the 

aortic valve or the transcatheter implantation of a bioprosthesis. 

Nevertheless, comorbidities conditions or associated diseases should be treated with the best standard of 

care. One of those conditions is hypertension; 70% of the AS population has also hypertension. Some 

time ago, it was certain hesitance to treat hypertension because of the concerns that vasodilation could 

provoke a fall in cardiac output. Different studies (clinical and animal) have demonstrated that anti-

hypertensive drugs could reduce the progression of AS and LV dysfunction, symptoms, and improve 

clinical outcomes.19,184,185,187-190 

Additionally, these studies have indicated that the afterload reduction elicited by the antihypertensive 

treatment leads to an increase in stroke volume, except in patients with critical AS. The medical treatment 

for hypertension in AS patients has not been established. Conversely, RAS blockade therapy seems like 

an interesting avenue. Clinical and in vitro studies have shown positive results.185,187,190-193 RAS is 

upregulated in the valve and ventricles of patients with AS.8,87,88,110,112-114  Besides, small studies have 

exhibited clinical benefits.185 More large-scale studies should be done.19,31 
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1.7.2. AORTIC VALVE REPLACEMENT 

AVR is recommended for adults with symptomatic severe AS, even if the symptoms are mild. It is also 

recommended for severe AS with LVEF less than 50% and for patients with asymptomatic severe AS 

who are undergoing coronary bypass grafting or other forms of heart surgery.8,69,95,104 Besides, it is also 

suggested for apparently asymptomatic patients with severe AS that exercise testing provokes symptoms 

or a fall in blood pressure.19,30,136  AVR could be considered in patients with asymptomatic severe disease, 

but with markers of rapid disease progression or very severe AS. In those cases, careful evaluation of the 

benefices and risks of an earlier intervention should be made.  

1.7.2.1. Surgical Aortic Valve Replacement 

Since the first surgical AVR, medical technology advances in operative management, techniques, and 

valve design have transformed the outlook for patients with AS, decreasing surgical morbidity and 

mortality.14,19 In patients younger than 70 with minimal comorbidities, the operative risk is less than 1% 

in many centers,19,194 and the overall 30-day mortality rate is currently under 3%.14,195,196 The operative 

mortality associated with AVR is dependent on both patient risk factors and the skill and experience of 

the surgical team.32 Assessment of surgical risk can be done using available surgical risk scores, such as 

EuroSCORE, the Society of Thoracic Surgeons risk calculator, and the valve-specific risk calculator of 

Ambler et al, which can help to predict the 30-day mortality risk.32 Factors associated with a higher 30-

day mortality risk are low NYHA functional class, impaired LV function, advanced age, the presence of 

coronary artery disease, previous coronary artery bypass grafting, renal insufficiency, and chronic 

pulmonary disease.19,30,32,136  The contraindications for surgical AVR are prohibitive surgical risk and life 

expectancy of less than 1 year.19,32 

In recent years, there has been a shift in surgical AVR: from open-heart surgery toward minimally invasive 

techniques, from mechanical valves to greater use of bioprosthetic valves.14,32 Options for surgical AVR 

are shown in Figure 1-17 and Figure 1-18. Mechanical valves are prosthetic valves manufactured from 

nonbiological tissues and the three major designs are the tilting disc or monoleaflet, the bileaflet, and the 

caged ball, which are no longer implanted (Figure 1-18).14,98,197  The monoleaflet valves consist of a single 

disk that rotates around a pivot axis and is secured by lateral or central metal struts.98,197 These valves 

divide the flow into two regions due to the opening angle.98,197 The bileaflet valves are made of 2 semilunar 

disks hinged to a rigid valve ring and the opening of the leaflet divide the flow into three regions: two 

lateral major orifices and a central minor one.98,197 The last ones are made of a silastic ball with a circular 

sewing ring and a cage formed by 3 metal arches.98,197 Mechanics valves require lifetime anticoagulation 

due to their high thrombogenicity and have longer durability.14,19,32,98,197 Contrary, bioprosthetic or 
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biological valves are prosthetic valves manufactured from animal tissues and can be classified into three 

categories: stented xenograft, unstented xenograft, and homograft valves (from a cadaveric donor) or 

autograft (Ross procedure). 19,98,197 The first ones can be from porcine aortic valve leaflets or bovine 

pericardium, and both are mounted on a supporting stent (Figure 1-18).98,197 The unstented valves are 

manufactured from a whole porcine aortic valve or  bovine pericardium (Figure 1-18).98,197 All these 

valves have a single orifice and no leakage after valve closure.98,197 Although tissue valves are less 

thrombogenic compared with mechanical valves (do not require anticoagulant treatment, the 

hemodynamic profile and their durability are points of concern.98 These valves suffer from calcification 

of the leaflets or material fatigue eliciting valve failure because of leaflet rupture or tearing.98 They 

degenerate more rapidly in young patients (< 65 years of age) or during pregnancy.14,19,32,98,197 

 

Figure 1-17. Different types of surgical AVR. (A) Surgical aortic valve replacement with a bileaflet mechanical 

valve. (B) Surgical aortic valve replacement with a bioprosthetic valve. Reproduced with permission from (14).  

 

Figure 1-18. Types of prosthetic heart valves. (A) Monoleaflet valve, (B)bileaflet valve, (C) stented pericardial 

bioprothesis from Edward, (D)stented porcine bioprothesis from Medtronic, (E) stented porcine bioprothesis from 

St. Jude Medical and (F) stentless bioprothesis. Reproduced with permission from (98).  
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Selection of the valve type and design depends on many factors, such as the patient’s age, life expectancy, 

preference, indication or contraindication for warfarin therapy, and comorbidities.197 Choosing the right 

valve for the right patient is essential to optimize the outcome of patients undergoing an AVR.197  

1.7.2.2. Transcatheter Aortic Valve Implantation 

The transcatheter implantation of a bioprothesis (TAVI) transformed the treatment of patients with 

calcific symptomatic severe AS and who were not candidates for conventional AVR.14,32,198 The TAVI is 

a minimally invasive procedure that implies the insertion of a bioprosthetic aortic valve within the orifice 

of the native stenotic valve using a catheter (Figure 1-18).14 These valves are mounted onto a collapsible 

stent, so the valve can be collapsed onto a catheter and delivered through it.98 This minimal invasive 

procedure avoids cross-clamping and cardiopulmonary bypass and, in this manner, it reduces procedure 

duration and risks.98  

Transcatheter bioprosthesis can be delivered in the transfemoral,  or transapical approach.199  Other 

approaches less frequently performed are: transaortic, subclavian and transcarotid approaches.98,199  The 

first mentioned approach is the most common, in which the catheter gains access to the stenotic valve 

by entering through the femoral artery and backtracking through the aorta to the heart.98,199  In patients 

with severe peripheral vascular disease, the transapical or the other approaches can be selected.199 A 

balloon aortic valvuloplasty is commonly performed before valve implantation.98 Most of the currently 

available prostheses employ either balloon- or self-expandable technologies.200 Although these 

technologies are considered comparable, differences exist and device characteristics play a role in 

prosthesis selection.200 The first prototype implanted in humans was a balloon-expandable aortic stent 

valve consisting of a trileaflet bovine pericardial valve tissue mounted in a stainless steel frame.200,201 

During the following years, improvements of the valve and delivery systems resulted in a newer 

generation of this type of prothesis: Edwards SAPIEN, SAPIEN XT and SAPIEN 3 valves (Edwards 

Lifesciences, Irvine, CA). 200,202 The prototype of self-expandable valves is the CoreValve (Medtronic Inc; 

Minneapolis, MN) and is comprised of a trileaflet porcine pericardial tissue sutured into a wireframe of 

nitinol, a nickel-titanium alloy that has temperature-associated shape-memory features.200,203 

TAVI has been firstly a life-saving treatment for patients at high or prohibitive operative risk with surgical 

AVR.14 It was shown to be non-inferior and may be superior to surgical AVR in patients who were not 

candidates for surgery.14,34,35,204-208 The progress in both technical and technology of transcatheter valve 

systems, as well as in the patient selection, has yielded TAVI as an optional treatment for more patients 

with AS or structural heart disease.199 More recently, TAVI has demonstrated its equivalence with surgical 

AVR in intermediate-risk patients.37,209,210 Nowadays randomized clinical trials demonstrate its safe use 
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in low-risk patients and noninferiority in comparison to the surgical approach.211 However, concerns 

about long-term valve durability, paravalvular regurgitation and adverse events, such as stroke, vascular 

injury, heart block are still present.  

 

Figure 1-19. Different surgical approach of TAVI. (A)Transcatheter aortic valve replacement with a balloon-

expandable valve via the transfemoral, transapical or transaortic approach. (B) Transcatheter aortic valve 

replacement with a self-expanding valve via a transfemoral approach. Reproduced with permission from (14). 
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2. HYPERTENSION IN AORTIC STENOSIS 

2.1. HYPERTENSION 

Hypertension is classically defined by office blood pressure (BP) of 140/90 or higher.212,213 But, recent 

guidelines from the American Heart Association and the American College of Cardiology suggested that 

stage 1 hypertension should be considered in patients with SBP between 130-139 mm Hg or diastolic 

blood pressure (DBP) between 80-89 mm Hg, 214,215 which was before considered as a prehypertensive 

state or high normotensive state.213 

2.2. EPIDEMIOLOGY  

Hypertension affects over 1 billion people worldwide and is the most important risk factor for 

cardiovascular disease, including myocardial infarction, stroke, coronary artery disease, heart failure, atrial 

fibrillation, aortic dissection, peripheral arterial disease, renal failure, and cognitive damage; which are the 

leading cause of mortality.19,216 Approximately 54% of strokes and 47% of coronary heart diseases, 

worldwide, are attributable to high BP.216,217 In 2015, 7.8 million deaths (13-15% of total deaths) and 143 

million disability-adjusted life years worldwide were attributable to hypertension.23,218 In the United 

States, hypertension affects approximately 47% of people19,23 and, 22,6% of the Canadian population.212 

Besides, the prevalence of high BP is increasing worldwide, especially in developing countries.  

HTN is the second more prevalent cardiovascular disease worldwide and its prevalence, as CAVD and 

AS, increases with age.23,219 Approximately, 65.4% of people over 60 years of age and almost 90% of 

subjects over 78 years of age may have hypertension19,28, and 3% of people over 75 may be affected by 

AS.19,28 

Additionally, hypertension is highly prevalent in patients with AS. Several lines of evidence have shown 

a variable prevalence ranging from 30% to 80%, depending on the mean age of the study. The prevalence 

rates from different studies are shown in table 3-1. Systolic hypertension (SBP over 140 mmHg) is the 

most common type seen in patients with AS.220,221 Another article found elevated DBP as associated with 

a risk for AS requiring surgery in subjects below 60 years of age.222 
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Study (authors - 
year) 

n 
Mean 
age 

(years) 
Population 

HTN Prevalence 
(%) 

HTN Definition 

Rossebø AB et al. 
2008183 

1873 67±9 
Mild-to-moderate, 
asymptomatic AS 

51.5 Not mentioned 

Cowell SJ et al. 
2005223 

155 68±11 
Mild, moderate, and 

severe AS 
65.8 Not mentioned 

Briand M et al. 
2005224 

105 69±12 At least moderate AS 81 

HTN diagnosis or use of 
antihypertensive treatment 
or SBP>140 mmHg or 
DBP>90 mmHg at the 
baseline clinical visit. 

Rosenhek R et al. 
2004133 

17 
6 

58±19 
Mild-to-moderate, 
asymptomatic AS 

41 
BP≥140/90mmHg based 
on the average of repeated 
readings 

Antonini-Canterin F 
et al. 2003225 

193 68±9 Symptomatic AS 32.1 
History of HTN and/or 
antihypertensive treatment 

Otto CM et al. 
1997226 

123 63±16 Asymptomatic AS 34.1 
History of HTN or use of 
antihypertensive drugs. 

Rieck AE et al. 
2012227 

1616 67±10 Asymptomatic AS 83 

History of HTN or use of 
antihypertensive treatment 
or SBP>140 mmHg or 
DBP>90 mmHg at the 
baseline clinical visit. 

Tastet et al. 2017228 101 69±10 Mild-to-moderate AS 84 Not mentioned. 

Saeed S et al. 
2020229 

314 65±12 
Moderate and severe 

AS 
73.6 

History of elevated BP 
values, past or current 
treatment with 
antihypertensive agents or a 
BP at the baseline clinic 
visit of ≥140/ 90 mmHg 

Capoulade et al. 
201546 

338 66±13 Asymptomatic AS 74 History of HTN 

Capoulade et al191 243 57±13 Asymptomatic AS 30 

HTN diagnosis or use of 
antihypertensive treatment 
or SBP>140 mmHg or 
DBP>90 mmHg at the 
baseline clinical visit. 

Table 3-1. Prevalence of hypertension in AS population. AS, aortic stenosis; DBP, diastolic blood 

pressure; HTN, hypertension and SBP, systolic blood pressure 

2.3. PHYSIOPATHOLOGY: A RELATIONSHIP OF TWO DISEASES  

2.3.1. ENDOTHELIAL DYSFUNCTION AND LIPID INFILTRATION 

As it could be concluded from Table 2-1, the vascular damage induced by hypertension, and the 

degenerative aortic valve stenosis are age-related conditions that frequently coexist due to sharing many 

pathophysiologic mechanisms. One of them is the increasing stiffness of the arterial system seen with 

aging, which implies an augmentation of systemic vascular resistance and a reduction of artery 

compliance.28 This means that small increments in vascular volume induce relatively large increments of 

pressure, which manifests by widening pulse pressure, increasing pulse wave velocity of the pulsatile 

aortic flow, increasing and modifying central aortic pressure waveform, which is the sum of the pressure 
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wave generated by the LV and the reflected waves from the peripheral circulation. These parameters are 

associated with high shear stress and tension on the aortic valve leaflets, which promotes endothelial 

dysfunction or injury, inflammation, and afterward, calcification.8,10,76,230,231 Furthermore, wide pulse 

pressure, high SBP, reduced systemic arterial compliance (SAC) are parameters associated with AS 

development.224,230,232  

Both diseases are characterized by a substantial activation of proinflammatory and profibrotic markers 

leading to endothelial dysfunction and the development of atherosclerotic-like lesions. As was mentioned 

in chapter 1, histologic studies have shown that an early step in the AS development is the disruption of 

the aortic valve endothelium and the infiltration of oxidized lipid and lipoprotein depositions, 

macrophage, and T-lymphocyte infiltration, and microscopic calcification.10,47,75,76,233 Those findings fit 

with the fact that arterial segments with turbulent blood flow, such as those at branch points or arterial 

surfaces of the aortic valve cups, show a predisposition to atherosclerotic-like lesion development that is 

strengthened by high blood pressure.233-236 Thus, a possible mechanism that could explain, at least in part, 

the effects of hypertension on the development of AS  is the synergy between elevated blood pressure 

and other atherogenic stimuli to induce oxidative stress (Figure 2-1).233,237 This also could be suggested 

by the shreds of clinical evidence related to metabolic diseases and cardiovascular comorbidities as clinical 

risk factors of AS.  

2.3.2. INFLAMMATION AND FIBROSIS 

Activation of several profibrotic and inflammatory cytokines stimulated by endothelial injury may 

modulate aortic valve remodeling, subsequent calcification, and fibrosis (Figure 2-1). Further, primary 

hypertension promotes vascular calcium deposits which may contribute to aortic calcification (Figure 2-

1). 

One study found that an extracellular matrix glycoprotein, Tenascin C, which is increased in aortic 

stenotic valves, is associated with calcification and progression of AS.238 Tenascin C has been implicated 

in cell proliferation, migration, differentiation, and apoptosis. Moreover, another study confirmed that 

augmented focal tenascin expression by vascular smooth muscle cells is linked with hypertension and 

may mediate ANG II-induced changes in vascular structure.239 Both diseases have pathophysiological 

changes that lead to many pro-oxidants molecules and an increase in oxidative stress and ROS 

production.80,240 
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Figure 2-1. Proposed common pathophysiologic pathway of hypertension and AS. AVS, aortic valve 

stenosis; HTN, hypertension. Reproduced with permission from (146). 

2.3.3. RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM ACTIVATION AND ROLE 

As it was explained in chapter 1, tissue renin, ACE, and Ang II are important intermediaries in AS 

pathophysiology contributing to inflammation, oxidative stress, fibrosis, and plaque expansion. They are 

found in higher concentrations in stenotic aortic valves compared to normal valves.87,88 Additionally, 

cathepsin G, a protease capable of cleaving Ang I, and chymase present increased levels in stenotic 

valves;88,230,241 and the serum levels of Ang II were linked with inflammation and tissue remodeling.89 As 

it is well-known, increased activity in RAS is seen in hypertensive patients and it has an essential role in 

the hypertensive pathophysiology and endothelial cell dysfunction, particularly by the vasoconstrictor 

properties of Ang II and the sodium-retaining properties of aldosterone and vasopressin. In Figure 2-2, 

the RAS axis, its targets and elicited mechanisms are summarized.  

Ang II can interact with angiotensin type 1 (AT1) or angiotensin type 2 (AT2) receptors and activates 

different cellular processes, which are illustrated in Figure 2-3.19,28 AT1 receptors are the principal 

responsible for the contribution of Ang II to hypertension and hypertensive end-organ damage, including 

vasoconstriction, ROS generation, vascular inflammation and dysfunction, vascular/cardiac remodeling, 

and production of aldosterone, which is another cause of hypertension and end-organ damage (Figure 2-

2). For example, it was observed that Wnt/ ß-catenin pathway enhanced by Ang II was implicated in 

renal injury and cardiac remodeling in animal-model studies.242,243 Moreover, this pathway is also 

implicated in the calcification process of aortic valve.8,10,244,245 AT1 receptors are widely expressed in the 

vasculature, kidneys, adrenals, heart, liver, and brain (Figure 2-2). The enhanced AT1-mediated signaling 

is also associated with insulin resistance and atherosclerosis, upregulating transcriptional and nuclear 

factors. These are also implicated in vascular calcification, tissue regeneration, proliferation, and 

remodeling.246,247 



 

 46 

 

Figure 2-2. Diagram of the RAS and its targets. A I, Angiotensin I; A II, angiotensin II; ACE, angiotensin-

converting enzyme; AT1R, angiotensin type 1 receptor; CNS, central nervous system.  Reproduced with permission 

from (9). 

 

 

Figure 2-3. Schematic representation of the multiple effects of increased tissue Ang II. ET-1, endothelin-1; 

MCP-1:monocyte chemoattractant protein–1; MMP, matrix metalloproteinase; NF-𝜅B, nuclear factor-𝜅B; NO, 

nitric oxide; PAI-1, plasminogen activator type 1; VCAM, vascular cell adhesion molecule. Reproduced with 

permission from (266). 
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Aldosterone, another key product of RAS, is a mineralocorticoid and its release is stimulated by Ang II. 

It has effects on Na+ reabsorption and this leads to expanding the plasma volume, contributing to 

hypertension. Besides, mineralocorticoid receptors are also expressed in the heart and kidneys, where 

they can be implicated in myocardial and kidney fibrosis (nephrosclerosis), and vascular inflammation. It 

was also shown that aldosterone contributes to LV hypertrophy and dysfunction.19,28 

Lastly, NO generation is impaired in both diseases. One study found that plasma concentrations of 

asymmetric dimethylarginine, an endogenous inhibitor of NO synthase and a mediator of endothelial 

injury, are augmented in patients with AS in comparison to controls.230,248  

As it was deeply mentioned, aortic valve sclerosis, stenosis, and hypertension are not inevitable 

consequences of aging and may be associated with specific comorbidities or clinical factors. Some of 

them are shared with both diseases as, diabetes, metabolic syndrome, or renal diseases.  

2.4. IMPACT OF HYPERTENSION ON AORTIC STENOSIS: HYPERTENSION, 

ONLY A RISK FACTOR?  

2.4.1. HYPERTENSION AND THE DEVELOPMENT OF CAVD 

As it was mentioned, hypertension is an independent risk factor for the development of CAVD, aortic 

valve sclerosis, and AS.16,52,53,73,249,250 Several observational studies have suggested an association between 

hypertension and aortic valve sclerosis.16,251,252  In a sub-study of the Helsinki aging study, high arterial 

blood pressure, measured by 24hs-ambulatory blood pressure monitoring (ABPM), has been linked with 

an increased risk of aortic valve calcification (OR 1.74 [1.19-2.55]), assessed by echocardiography.22,73 

This study leads to avoiding bias from white coat hypertension due to the use of  24hs ABPM. Another 

epidemiological study from a public hospital in Ireland found more drastic results, concluding a 4-fold 

greater risk for CAVD.253  From more than three million discharges, the authors found a prevalence of 

hypertension in 21% of discharges with aortic stenosis and aortic stenosis in 1.1% of those with 

hypertension.  In the MESA study, 4274 participants were enrolled and stratified by age (younger than 

65 years of age or 65 years or over). It was demonstrated a link between stage I or II hypertension, defined 

by JNC-7,254 and high risk for AVC, measured by CT, in younger patients.249 Similarly, SBP and pulse 

pressure were strongly associated with prevalent AVC in those under 65 years of age than those over 65 

years of age.249 All these results were adjusted for common cardiovascular risk factors and patients taking 

antihypertensive medications were excluded. Another study from 2017 indicated hypertension as the 

strongest predictor of the development of severe AS.255  
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There are not many animal studies evaluating this association. One study in a hypertensive model 

developed in rabbits has shown inflammatory nodules and leaflets thickening in the aortic valve, 

accompanied by a decrease in AVA and an increase in mean transvalvular gradient pressure.233 However, 

this model was created by clamping the renal arteries and this provoked renal dysfunction, which can be 

another cause for AS. Another model for AS was developed in hypercholesterolemic/hypertensive 

mice.256 Neither of these models has demonstrated calcification changes in the aortic valves. Besides, 

experimental (ex-vivo and in vitro) studies have induced the calcification of the aortic valve in response to 

an elevated cyclic stretch of 15%, which represents the hypertensive conditions seen in the arterial 

vascular system in hypertensive patients.231,257 These results suggest that hypertension may increase the 

mechanical stress imposed to the valve leaflets leading to the activation of pathophysiological 

mechanisms that incite the development of CAVD.  

2.4.2. HYPERTENSION AND THE PROGRESSION OF AS  

Therefore, there is no doubt that systemic hypertension is an important and strong risk factor for the 

development, or the prevalence of CAVD, evidencing as aortic valve sclerosis and/or AS. However, the 

impact of hypertension on AS progression is more discussable. Several studies have failed to indicate an 

association between hypertension or high blood pressure and a faster progression of AS.56,64,67,258-261 One 

of the first studies which have analyzed the impact of several clinical risk factors on the progression of 

aortic stenosis has not found an association between hypertension and faster progression of this 

disease.259 One limitation of this study could be the difficulties to establish the etiology of AS implying 

that its sample might have not been representative of CAVD.259 Another limitation was its little sample 

size (n=49), from which only 20% of the patients had hypertension and did not allow to show a significant 

difference between subgroups.259 Another retrospective study has revealed similar results although its 

sample size was larger (n=170).260 There was no significant difference between slow and fast progression 

groups regarding the diagnosis of hypertension.260 From one sub-study of the “Epidemiology of 

Coronary Artery Calcification” (ECAC) study, neither the history of hypertension nor high blood 

pressure had been associated with the progression of the aortic valve calcification (measured by CT) 56 

However, only 70 patients from 262 could be assessed their advancement of the aortic valve calcification. 

Moreover, the prevalence of AS in this study was difficult to estimate due to the lack of an initial 

evaluation of AS by echocardiography from a large proportion of patients.56 An analysis post-hoc of the 

“Simvastatin Ezetimibe in Aortic Stenosis” (SEAS) study could not show an impact of hypertension on the 

progression of the AS assessed by echocardiography.261 Hypertension was considered by a history of it, 

antihypertensive prescription, or high blood pressure at the baseline visit. However, this study revealed a 
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strong association between hypertension and higher cardiovascular events, increasing more than two-

folds the risk.261  

Furthermore, some recent studies could demonstrate hypertension as a risk factor for the progression of 

aortic valve narrowing.191,228 Also, they have revealed hypertension as a risk factor for increasing all-cause 

and cardiovascular mortality or events (as hospitalizations). Indirect parameters linked with high blood 

pressure and arterial stiffness as low compliance or high arterial impedance have been also linked with 

risk for faster AS progression, LV systolic dysfunction, cardiovascular and all-cause mortality.224,225,232,261 

One retrospective study including 338 patients has separated them into four groups: no hypertensive 

patients and not treated by RAS inhibitors (control [ctrl] group), hypertensive patients but not treated 

with RAS inhibitors (HTN group), patients with hypertension and treated with ACEis (ACEIs group) 

and hypertensive patients treated with ARBs treatment (ARBs group).191 The hemodynamic progression 

rate of AS was calculated from peak aortic jet velocity measured by echocardiography.191 The HTN group 

was significantly associated with faster hemodynamic progression of AS, as seen in figure 2-4, panel A.191 

This result was kept after adjustment for the weighted variables191 Besides, as it was mentioned, during a 

mean follow-up of 6.2 ± 2.4 years, the HTN group and the ACEIs group were associated with a 

significant increase risk in all-cause mortality or AVR compared with control group (figure 2-4, panel 

B).191 Similar results were obtained from Cox proportional hazard model after further adjustment for the 

weighted variable (figure 2-4, panel C).191 



 

 50 

 

Figure 2-4. Hypertension and AS progression. (A) Comparison between groups of the AS progression rate. (B) 

Comparison between groups of the individual hazard ratio for all-cause mortality. (C) Comparison between groups 

of the adjusted hazard ratio for all-cause mortality. ACEIs, angiotensin-converting enzyme inhibitors; ARBs, 

angiotensin receptor blockers; Ctrl, control and HTN, hypertension. Reproduced with permission from (191). 

Another research paper analyzing the association between systemic hypertension and AS progression 

suggested that hypertension was associated with faster AS progression, assessed by CT. AS severity was 

evaluated by Doppler-echocardiography and CT at baseline and two-year visits.228 Tastet et al 

demonstrated that AVC progression in patients with hypertension was steeper as compared to those 

without it (+370AU, 25th and 75th percentiles [PC]: 126;824 AU vs. +157AU, 25th and 75th PC: 

14;82AU).228 Consistent results were seen evaluating AVCdensity progression.228 After adjustment for age, 

sex, metabolic comorbidities, antihypertensive medication, creatine level, baseline Vmax (or baseline mean 

pressure gradient or baseline AVAi and baseline AVC or AVCdensity, SBP (expressed in a continuous 

variable), systemic hypertension, or isolated systemic hypertension were significantly associated with 

AVC or AVCdensity progression.228 However, evaluating the AS progression by Doppler-

echocardiography, they could not reveal a significant difference in the progression of Vmax comparing 

patients with hypertension and those without hypertension at baseline.228 Similar results were gotten 

analyzing mean pressure gradient progression or AVAi difference from baseline to 2-year follow-up.228 

Interestingly, the author did not find an association between AVC progression and Vpeak progression, 

A

B C
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whereas in patients without hypertension, AVC progression was significantly correlated with Vpeak 

progression.228 These last results were consistent with other studies that have revealed that hypertension 

might interfere with hemodynamic assessment of AS severity by Doppler-echocardiography or cardiac 

catheterization.113,224,228,262,263 Hypertension may lead to underestimation of stenosis severity and its 

hemodynamic progression rate.137,228 Because of that, guidelines recommend the assessment of 

hemodynamic AS severity to be performed once blood pressure is normalized.30,264  

The principal fact to remark of these last studies is that hypertension may be one strong risk factor for 

AS progression and worse clinical outcomes. Therefore, it may be essential to accurately treat 

hypertension and to establish optimal blood pressure levels in patients with AS. Only one article has 

suggested that blood pressure should be below 130 mmHg in patients with AS and recent AVR.265 

More recently, a study of mild-to-moderate asymptomatic aortic stenosis suggested an optimal SBP of 

130– 139 mmHg and DBP of 70 – 90 mmHg.266  In the recent AS guidelines, there are no 

recommendations about the expected threshold for optimal blood pressure control, and neither, 

suggestions for antihypertensive drug selection in those patients.30,264 Further studies are needed. 

2.5. AS AND HYPERTENSION: BOTH DISEASES OF THE MYOCARDIUM 

Hypertension and AS are two diseases with chronic pressure overload that, when they coexist, the LV 

faces a double load leading to adaptative changes in LV geometry. In patients with AS, hypertension is 

associated with higher LV mass, wall thickness, a greater presence of asymmetric septal hypertrophy, and 

a higher prevalence of LV hypertrophy.230,261,267 Asymmetric septal hypertrophy is recognized in both 

diseases, with and without LV hypertrophy (LV mass index ≥ 104 g/m2 in women and ≥ 116 g/m2 in 

men). It can be found in earlier stages of LV adaptation in hypertensive patients. The presence of 

asymmetric septal hypertrophy (interventricular septal/posterior wall thickness ratio > 1.5) in AS was 

studied with 1719 asymptomatic patients from the SEAS study.267 It was found in 22% of patients and 

was associated with higher LV mass index, peak transaortic velocity, total peripheral resistance, and 

concomitant hypertension.267 34% of them had asymmetric septal hypertrophy and LV hypertrophy; 

interestingly, they had higher SBP, lower LVEF, and larger left atrial diameter than patients with 

asymmetric septal hypertrophy only.267 Moreover, hypertension was the most important predictor both 

for asymmetric septal hypertrophy and for asymmetric LV hypertrophy.267 In previous studies, the 

presence of asymmetric septal hypertrophy in AS may affect the extent of surgery and influence the 

surgical approach. It has also been associated with higher perioperative morbidity.268,269 

LV hypertrophy is the pathognomonic characteristic of hypertensive heart disease and constitutes a 

powerful independent risk factor for heart failure, ventricular arrhythmias, and sudden cardiac death, 



 

 52 

ischemic stroke, atrial fibrillation, and embolic stroke in those patients.19,28 As in AS, it implies several 

morphological changes that culminate in a maladaptive response because of the overload produced by 

high blood pressure and increased systemic arterial resistance. In the case of the cardiac adaptation to 

hypertension, it may exist as concentric remodeling, concentric or eccentric hypertrophy (which were 

illustrated in the first chapter). This response can be modified by the stage of hypertension and its 

duration, the type and efficacy of hypertensive medical treatment and its duration, and, also, different 

clinical or hemodynamic factors.270 Genetic factors may also play a role.270 From 30 to 50% of 

hypertensive patients present one type of hypertrophy; mostly eccentric hypertrophy, which is a different 

type of the most frequently found in AS (concentric hypertrophy).99,225,270-272  Ganau et al have reported 

that 48% of patients with untreated hypertension (n=165) have abnormal LV geometry and 27% of them 

present eccentric hypertrophy when the partition value of RWT was 0.44.272 Being this last one lower 

(RWT= 0.41), the prevalence of eccentric hypertrophy was 19%; concentric remodeling, 21% and 

concentric hypertrophy, 15%.272  Another study found a 35% of prevalence of abnormal LV geometry 

in hypertensive patients, being concentric remodeling more prevalent.  A further publication found a 

prevalence of 23% of eccentric hypertrophy in 280 hypertensive patients without preexisting heart 

disease.273 In the LIFE study, from 960 patients, 46% of them had eccentric hypertrophy and 24% of 

them had concentric.122  

In the case of AS, LV hypertrophy has been considered as a parameter of severity. However, 

epidemiologic findings, clinical experience, and newer publications have revealed the presence of LV 

hypertrophy in mild-to-moderate asymptomatic AS, and hypertension was one of the risk factors 

associated with this finding.  From the SEAS study, which has randomized patients aged 45 to 85 years 

with asymptomatic AS to a fixed combination of simvastatin 40 mg and ezetimibe 10 mg once daily274 and 

without known coronary artery disease, peripheral arterial disease, cerebrovascular disease, diabetes 

mellitus, or any condition requiring lipid-lowering therapy, several sub-studies have evaluated the impact 

of hypertension on LV geometry, systolic function, and cardiovascular mortality in those patients. 

Follow-up was defined as the last echocardiogram evaluation before the occurrence of any cardiovascular 

study endpoint.227 After 4.3 years of follow-up, among patients with normal LV geometry (n = 903), 

hypertension predicted a 51% higher risk of having abnormal LV geometry at the last follow-up visit, 

even after adjustment for severity of AS, age, LVEF, sex and SBP at this visit.227 In another sub-study, 

the hypertensive group had higher wall thickness, relative wall thickness, LV mass/height ratio,  and 

circumferential end-systolic wall stress.227,261 It was associated with higher LV mass independent of 

significant associations with aortic valve regurgitation, male sex, higher body mass index, lower LVEF, 

and circumferential end-systolic stress, whereas no independent association was found with patients’ age 

or AVA.261 Besides, systolic, mean, and DBPs were weakly associated with LV mass/height ratio.261 
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However, it is more complex to define the type of LV adaptation to chronic pressure overload in the 

case of AS and concomitant hypertension. In the SEAS study, at baseline, most of the patients (n = 1616 

patients) have normal LV geometry despite being hypertensive or normotensive.  From the 41% of the 

hypertensive patients with AS and abnormal geometry, eccentric hypertrophy was the most prevalent 

type, and concentric hypertrophy was more frequent than concentric remodeling in those patients (Figure 

2-5).261 At follow-up, the prevalence of concentric LV hypertrophy increased three times and became the 

most common abnormal LV geometry in both groups, remaining more prevalent in hypertensive patients 

(figure 2-7).227 Further, 49% of hypertension patients with eccentric LV hypertrophy at baseline had 

concentric LV hypertrophy at the final study visit.227,261 When the severity of AS was contemplated 

dividing all the study-population into tertiles of Vmax, LV geometry differed significantly between both 

groups (figure 2-8).261 Consisting with some results of this study, Antonini-Canterin et al found that 

concentric LV hypertrophy was the most prevalent in patients (n=193) with severe, symptomatic AS 

whether they were hypertensive or not.225 Similar findings were reported by another study, in which 

concentric hypertrophy was significantly prevalent in patients with severe AS and hypertension compared 

with those without it.275 

 

Figure 2-5. LV geometry in normotensive and hypertension patient groups at baseline and the last study 

visit. LV, left ventricular. Reproduced with permission from (142). 

 



 

 54 

 

Figure 2-6. LV geometry in patients grouped by tertiles of peak transaortic velocity. Given p-values compare 

LV geometry between hypertensive and normotensive groups of patients within individual tertile. N, normal LV 

geometry; CR, concentric remodeling; EH, eccentric hypertrophy; CH, concentric hypertrophy. Reproduced with 

permission from (179). 

In brief, it seems that the progression of AS is associated with a change from predominantly normal 

geometry, with eccentric hypertrophy being the most frequent abnormal LV geometric pattern, to 

predominantly concentric LV geometry both in normotensive and hypertensive patients. Conversely, 

hypertension may lead to different types of LV geometric adaptation, depending on the dominant clinical 

and hemodynamic factors. Therefore, when these two diseases coexist, it may be difficult to establish the 

impact of each one on LV hypertrophy. One study using numerical simulations has shown that 

concomitant mild-to-moderate hypertension may have a major impact on LV wall volume and LV 

hypertrophy in contrast to mild-to-moderate aortic stenosis because concomitant systemic hypertension 

may cause a noticeable augmentation in LV afterload and systolic wall stress (figure 2-9).276 However, 

when the stenosis becomes severe, its impact on the LV geometry might rise exponentially and may even 

become preponderant comparatively to that of hypertension (as it is graphed in figure 2-10). These 

findings are consistent with the hypothesis from the study of Rïeck et al., in which they demonstrate that 

eccentric hypertrophy was the most common abnormal LV geometric pattern (as it is in essential 

hypertension)99,272,277 in patients with mild-to-moderate asymptomatic AS and concomitant 

hypertension.261 Moreover, they are also consistent with previous publications in which LV mass and the 

prevalence of LV hypertrophy were similar in normotensive and hypertensive patients with severe and 

symptomatic AS.225,278 Some limitations of this study are inherent to numerical studies, in which a 

mathematical model is created to simulate physiological changes. This model is simpler, and several 

parameters are not taking account. The authors only considered the mechanical aspects of LV 

hypertrophy whereas hormonal and neurogenic factors that might be involved were not taken into 
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account.276 Diastolic function was considered normal as well as LVEF, heart rate, and SV.276 Wall stress 

was constant, and all the cardiovascular parameters were fixed in the simulations.276  

 

Figure 2-7. Theoretical increase in LV wall volume for different severities of AS with concomitant mild 

hypertension (150/95 mmHg). AS, aortic stenosis, HPT, hypertension. Reproduced with permission from (196). 

 

 

Figure 2-8. Theoretical LV wall volume as a function of effective orifice area for different grades of 

systemic hypertension. Numbers above curves refer to systolic and diastolic aortic pressures and each dot 

represents one simulation. The fitting curves are issued from equation of the proposed model. EOA, effective 

orifice area. Reproduced with permission from (196).  

The higher prevalence of abnormal LV geometry and LV hypertrophy is associated with greater increased 

wall stress and decreased myocardial function, which both are associated with worse cardiovascular 

outcomes,121,279-281 still after the AVR.121,170,282 Likewise, the presence of hypertension is still associated 

with lower LV mass reduction after AVR and is considered one of the major independent risk factors 
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for death, postoperative heart failure (in the case of SAVR), and worse clinical outcome.283-285 

Furthermore, LV hypertrophy may coexist with myocardial fibrosis, increased LV chamber stiffness, 

delayed LV relaxation, increased filling pressure and diastolic and systolic dysfunction.286 Some evidence 

suggests that the presence of myocardial fibrosis may impair the electrical coupling of myocardial cells 

by separating these cells with collagen, which creates tissue heterogeneity from which reentrant 

tachyarrhythmias may appear.287-289 Moreover, LV hypertrophy may lead to myocardial ischemia, 

symptoms, and ominous outcomes as heart failure or sudden cardiac death. Conclusively, it is an 

independent risk factor for cardiovascular morbidity and mortality.227,276,290 For example, in the SEAS 

study, it was found from a Cox regression analysis that 1 SD higher baseline LV mass index can predict 

increases in HR of 12% for major cardiovascular events (composite endpoint consisting of death from 

cardiovascular causes, aortic valve replacement, heart failure hospitalization due to progression of AS, 

non-fatal myocardial infarction, hospitalization for unstable angina pectoris, coronary artery bypass 

grafting, percutaneous coronary intervention, and non-hemorrhagic stroke), 28% for ischemic events, 

34% for cardiovascular mortality, and 23% for all-cause mortality and hospitalization for heart failure 

after adjustment for age, sex, BMI, AS severity, LVEF, concentric LV geometry, and concomitant 

hypertension.227  Using time-varying models, which consider the progressive increase in LV mass index 

during follow-up, similar results were found: 1 SD higher in LV mass index was associated with 13% to 

61% higher HR for cardiovascular events, independent of age, sex, Zva, LVEF, concentric geometry, 

and hypertension.227As it can be noted, hypertension was not a predictor for cardiovascular mortality, but 

it was associated with a higher rate of ischemic cardiovascular mortality and 2-fold augmented all-cause 

mortality.227  

As it was said, myocardial fibrosis can be directly diagnosed by CMR imaging with gadolinium late 

enhancement technique, and indirectly diagnosed by reduced GLS by speckle tracking echocardiography, 

282,286,291 which is also a subclinical parameter of LV systolic dysfunction. Recent studies in AS using CMR 

with late gadolinium enhancement have shown an association between myocardial fibrosis, lower 

myocardial shortening or deformation, and worse prognosis.123,181,292 One publication has confirmed that 

myocardial fibrosis is particularly presented in the LV midwall in patients with moderate-to-severe AS 

and higher LV mass and this midwall fibrosis was an independent predictor of mortality in patients with 

AS.181  

Patients with compensatory LV hypertrophy may have reduced myocardial systolic function despite 

normal LVEF. One surrogate of LVEF, which can be more sensible, is midwall fractional shortening, 

which can be easily assessed by a standard echocardiogram using a validated equation.293 One recent 

publication from the SEAS study analyzing the prognostic importance of the development of LV mid-
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wall dysfunction during the progression of AS in patients with normal LVEF found a higher prevalence 

and incidence of low midwall fractional shortening   (gender-specific cutoffs: <16% in women and < 

14% in men)294 in patients with milder stages of AS and comorbidities like hypertension and obesity, 

reflecting an impact of these diseases in LV mechanics and systolic function.279   

One cross-sectional has assessed the changes in subendocardial and subepicardial LV deformation in 

patients with moderate-to-severe AS, which might be useful in detecting subclinical LV systolic 

dysfunction in those patients.295 This publication included 115 patients with moderate (n=47) and severe 

(n=68) AS with preserved LVEF and 89 age-matched normotensive (n=37) and hypertensive controls 

(n=52) matched by age and sex.295 LV hypertrophy parameters gradually rose from controls across 

moderate-to-severe AS and LVEF was similar between groups.295 However, as it was expected, GLS and 

circumferential strains were significantly lower in AS than in control groups even after adjustment for 

LV mass index and total cholesterol; both strains in all three layers (endocardial, mid-myocardial, and 

epicardial) were also significantly reduced among AS patients.295 Also, global and all layer-specific 

longitudinal strains were significantly lower in hypertensive patients with severe AS in contrast to their 

normotensive counterparts; and global circumferential strain was only reduced among hypertensive 

patients with moderate AS.295 Interestingly, longitudinal strain gradient was the lowest in hypertensive 

participants with moderate aortic AS, whereas circumferential strain gradient was similar between all AS 

groups, but still significantly lower than in the control group.295 Those results could not be neglected and 

denoted the relevance of hypertension, in addition to LV hypertrophy, on LV systolic function and 

mechanics. Moreover, SBP, LV mass index and aortic valve mean gradient were independently correlated 

with LV longitudinal and circumferential strain after adjustment of BMI and age.295 The meaning of the 

difference in layer-specific strain and gradients should be further studied. It may reflect the increasing 

mismatch between subendocardial blood flow and oxygen demand as a result of an increased wall 

thickness. The subendocardial layer may receive the highest tension during the increase in systolic 

pressure, with lower wall stress in the other two layers, affecting its deformation. It should be noted that 

reduced GLS is associated with worse outcomes also after AVR.156,291,296-298   

It is worthy to mention that not only the concomitance of hypertension in AS is associated with higher 

LV mass index, higher prevalence of abnormal LV geometry and LV hypertrophy, and sooner subclinical 

systolic dysfunction, it is also associated with earlier onset of symptoms during the disease in patients 

with severe AS.225 Antonini-Canterin et al. has performed a study with 193 patients (mean age 68 ±9) 

with symptomatic AS, in which only 32% of patients had a history of systemic hypertension and/or the 

administration of antihypertensive drugs.225 Hypertensive patients had larger AVA and lower stroke work 

loss with a similar degree of symptoms.225 Despite being the distribution of the symptoms similar between 



 

 58 

groups, these mentioned results may indicate that the clinical symptoms may have developed at an earlier 

stage of the disease.225 In another study conducted by Saeed et al., lower peak SBP and rapid early rise in 

heart rate were associated with a higher risk of revealed symptoms during the exercise treadmill test.299 

Rapid early rise in heart rate was strongly associated with hypertension whereas lower peak SBP was 

not.299 As it was previously mentioned, the onset of symptoms are one strong predictor for adverse 

prognosis.9,14,20,32,120,137,225  

2.6. DIAGNOSIS OF HYPERTENSION AND SYSTEMIC ARTERIAL 

HEMODYNAMICS EVALUATION 

2.6.1. DIAGNOSIS OF HYPERTENSION 

Hypertension is known as the “silent killer” because it is an asymptomatic chronic disorder that, 

uncontrolled, can silently and severely damage blood vessels, brain, heart, and kidneys. However, if 

symptoms are developed, target organs are normally injured. Examples of injuries to these organs (end-

organ damage) are exemplified in Table 2-2. Symptoms related to hypertension and end-organ damage 

are, for example, exertional dyspnea from diastolic dysfunction, nocturia from the increased sustained 

pressure to rise natriuresis, and erectile dysfunction from endothelial damage. Antihypertensive treatment 

can improve those symptoms.19,28 

The initial evaluation of a hypertensive patient should include a complete clinical history, physical 

examination, and laboratory tests. The objectives of this assessment should be the accurate measurement 

of blood pressure, the evaluation of the patient’s global cardiovascular risk, the screening of end-organ 

damage (Table 2-2), the screening of secondary form of hypertension, and the assessment of lifestyle 

behaviors related to high blood pressure.28  
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                      Table 2-2.  Examples of end-organ diseases caused by uncontrolled hypertension. 

Ambulatory blood pressure monitoring (ABPM) is considered the “gold-standard” for hypertension 

diagnosis because of its accuracy. It consists of automated measurements of blood pressure during 24-

hours or 48-hours while patients are doing their usual activities. It also allows measuring nighttime blood 

pressure that best predicts cardiovascular outcomes.300 It is established that patients with mean awake 

SBP of 135 mm Hg or higher, or DBP of 85 mm Hg or mean 24-hour SBP of 130 mm Hg or higher, or 

DBP of 80 mm Hg or higher have (out-of-office) hypertension.301 Also, some consensuses consider 

hypertension in patients with nighttime SBP of 120 mm Hg or higher or DBP of 70 mm Hg or higher.19  

2.6.2. EVALUATION OF THE SYSTEMIC ARTERIAL HEMODYNAMICS 

 Chronic endothelial cell dysfunction, neurohormonal activation, and elevated blood pressure cause 

remodeling of blood vessels with further hypertension perpetuating.19,28,302,303 Vascular remodeling 

manifests as geometrical alterations of the vessel wall and then, decreases vessel lumen affecting systemic 

vascular resistance (SVR). SVR is principally determined by vascular radius, in which small decreases in 

lumen size significantly increase vascular resistance.19 Another factor implicated in SVR augmentation 

and vascular mechanism of hypertension is the reduction in artery compliance, which was already 

mentioned in the pathophysiology section of this chapter.28 Those modifications may be part of the 

phenomenon denominated medial elastocalcinosis, which could be also implicated in the pathogenesis 

of AS.7,304 

Examples of End-organ Damage 

Brain and 

Eyes 

Cerebrovascular disease 
Stroke 
Ischemic stroke and transient ischemic attack 
Intracerebral hemorrhage 
Aneurysmal subarachnoid hemorrhage 
Dementia 
Vascular dementia 
Mixed vascular dementia and dementia of the Alzheimer’s type 
Hypertensive retinopathy 

Heart 

LV dysfunction 
LV hypertrophy 
Heart failure 
Coronary artery disease 
Myocardial infarction 
Angina pectoris 
Acute coronary syndromes 

Kidneys 
Renal disease 
Chronic kidney disease (GFR < 60 mL/min/1.73 m2) 
Albuminuria 

Peripheral 

Artery 

System 

Peripheral artery disease 
Intermittent claudication 
Erectile dysfunction 
Abdominal aortic aneurysm 
Aortic Dissection 
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The reduced SAC, which contributes to increase LV afterload and myocardial oxygen demand and to 

decrease coronary flow during systole,224,305 is a strong and independent predictor of LV dysfunction and 

adverse outcomes in hypertension.224,306,307  Briand et al. have shown that SAC, defined as the ratio of SV 

or SVi and pulse pressure (PP), was associated with higher blood pressure, AS severity, and higher SVR.224 

From a multivariable analysis, diastolic dysfunction was also associated with lower SAC (SVi/PP ≤ 0.6 

ml/m2/mm) and severe AS, and systolic dysfunction (LVEF<50%) was also independently associated 

with much lower SAC (SVi/PP ≤ 0.5 ml/m2/mm), severe AS and coronary artery disease.224 Thus, 

reduced SAC has an ominous consequence to LV mechanics, and therefore, it is associated with earlier 

onset of symptoms.224 In another study, SAC was also associated with myocardial systolic dysfunction 

and increased LV global load.308 Hence, SAC is another important parameter to evaluate in patients with 

AS, especially when hypertension coexists.  

Being already mentioned, the LV faces a double load from the systemic arterial system and the obstructed 

valve. This double load can be evaluated by an index called the valvulo-arterial impedance (Zva). It can 

be calculated by dividing the estimated LV systolic pressure, which is the sum of the systolic arterial blood 

pressure and the mean transvalvular pressure gradient, by the SVi.  Schematic representation of this 

double load is illustrated in Figure 2-12. This allows to assess the global LV hemodynamic load, and 

indeed, it has been proved to be superior to the standard indexes of AS severity in predicting LV (diastolic 

and systolic) dysfunction.190,224,232 It is also a good predictor of mortality in asymptomatic severe AS.309 

Further, increased Zva was independently associated with all-cause mortality (regardless of whether or 

not there was an AVR).232 In Figure 2-12, the proposed classification of  Zva levels and the overall 

survival associated with each Zva level are illustrated.  

 

Figure 2-9. Schematic representation of the flow and static pressure across the LVOT, aortic valve, 

and ascending aorta during systole. AA, aortic cross-sectional area; EOA, effective orifice area (i.e., the cross-

sectional area of the vena contracta); LVSP, left ventricular systolic pressure; MGnet, transvalvular pressure 

gradient after pressure recovery (i.e., net MG); MGvc, transvalvular pressure gradient at the vena contracta; SAP, 
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systolic aortic pressure; SAPvc, systolic aortic pressure at the vena contracta; SV, stroke volume; SVi, stroke volume 

index; ZVA, valvulo-arterial impedance.” Reproduced with permission from (139). 

 

Figure 2-10. Overall survival as a function of the level of the Zva. Low Zva ≤3.5 (green line), moderate Zva 

>3.5 and < 4.5 (blue line), high Zva ≥ 4.5 (red line). The control group was the general population of Quebec 

matched for age and sex (black line). Reproduced with permission (148). 

2.7. TREATMENT 

Hypertension treatment is not only important for lowering arterial blood pressure, but also yields large 

reductions in the risk for cardiovascular comorbidities and mortality, renal failure, and all-cause mortality. 

Patients with the highest global cardiovascular risk may have the most benefit.19,301 The medical treatment 

for lowering blood pressure is wide and several alternatives can be taken to adjust it, and so, to achieve 

the blood pressure goals.  

First of all, it is important to apply with patients lifestyle interventions that favorably decrease blood 

pressure has positive effects on the prevention and treatment of hypertension.19,28,301 Health-lifestyle 

interventions are recommended for subjects with prehypertension or high-normal blood pressure and as 

an adjunct to drug therapy in hypertensive patients.19,214,215,301 These interventions should also address 

cardiovascular disease risk.  Some of them are mentioned in Table 2-3.  
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Suggested lifestyle modifications to manage hypertension 

Weight Reduction Attain and maintain BMI < 25 kg/m2.310-313 

Dietary salt reduction 2-4 g NaCl/day. 113,242,314-316 

Adapt DASH-type dietary plan 
Diet rich in fruits, vegetables, and low-fat dairy products with reduced 
content of saturated and total fat. 19,317-321 

Moderation of alcohol 
consumption 

For those who drink alcohol, consume ≤2 drinks/day in men and ≤1 
drink/day in women.322 

Physical activity Regular aerobic activity, e.g., brisk walking for 30 min/day.19,28,323,324 

Cigarette Smoking Cessation To decline the deleterious effect of smoking on cardiovascular risk.19,325 

Table 2-3. Suggested lifestyle modifications. NaCl , sodium chloride. Adapted from (14). 

Drug therapy is strongly recommended to start with individuals presenting SBP equal to or higher of 

140 or DBP of 90 mmHg.19,28,212-215,301 However, in patients with diabetes, chronic renal failure or high-

risk for cardiovascular disease, other blood pressure thresholds can be suggested, for example, in 

diabetic patients with coronary artery disease or with orthostatic hypotension, excessive BP lowering 

should be avoided.326 The degree of benefit derived from the antihypertensive therapy is related to the 

magnitude of the reduction in arterial blood pressure, with minor differences related to major drug 

classes.327 Monotherapy or combined therapy by several agents with complementary antihypertensive 

mechanisms can be needed to achieve blood pressure control. The most common drugs are described 

in Table 2-4. 

Drug Class Mechanisms of action and indication 

FIRST-LINE THERAPY 

Diuretics Thiazide-type diuretics: inhibit the Na+/Cl- cotransporter in the convoluted 
tubule of the nephron. They produce first a contraction of blood volume and 
after, a vasodilatory effect. 28 

Loop diuretics: block the Na+/K+/2Cl- cotransporter in the thick ascending 
loop of Henle and lead to a more potent diuretic effect, but they are less 

effective to reduce BP.28 For patients with reduced GFR, HF, or sodium 
retention and edema for some other reason.19,28 

Calcium channel 

blockers 

They inhibit the opening of voltage-gated (L-type) Ca2+ channels in cardiac 
myocytes and vascular smooth cells, reducing intracellular Ca2+ concentrations 
and blunting vasoconstriction. Then, they also have antianginal and 
antiarrhythmic effects. However, they provided less protection against HF.328 

RAS inhibitors ACEIs: decrease the production of Ang II by blocking ACE, increase the 
bradykinin levels and reduce the sympathetic nervous system activity.28 ACEI 
monotherapy are more effective in reducing the risk of HF.329,330  

ARBs: selectively block the action of Ang II on AT1 receptors, allowing Ang 
II to bind AT2 receptors which may increase the vasodilator and hypotensive 
effect of ARBs. They may confer the same antihypertensive benefits as ACEIs 
without cough, which is a frequent ACEI-related side effect. 

ADD-ON DRUGS 

Aldosterone Antagonists 

 

 They are also diuretics drugs and antagonize the action of aldosterone at the 
mineralocorticoid receptors. For patients with resistant hypertension, low-
renin HTN, and HF.28,331,332 

Beta-adrenergic blockers They lower BP by decreasing cardiac output from reducing heart rate and 
contractibility, and by inhibiting renin release.28 

Table 2-4. Most common antihypertensive drugs. ACEIs, angiotensin-converting enzyme inhibitors; Ang II, 

angiotensin-II; ARBs, angiotensin receptor blockers; BP, blood pressure; Ca2+, calcium; Cl-, chloride; GFR, 
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glomerular filtration rate; HF, heart failure; HTN, hypertension; K+, potassium; Na+, sodium; RAS, Renin-

angiotensin-aldosterone system. 

Antihypertensive treatment in patients with AS and concomitant hypertension has not been established. 

Traditionally, there were some concerns about it in patients with severe AS, especially with negative 

inotropic agents and vasodilators due to the adverse effects (as LV dysfunction or hypotension) that they 

can produce in the presence of a fixed resistance (the aortic valve).137,270,333 However, growing evidence 

has demonstrated that these drugs may not only be safe, but they can also be beneficial in the context of 

AS and concomitant hypertension.137,333-336 These findings may suggest that there is no reason not to treat 

hypertension in patients with AS. New guidelines for heart valve diseases suggest that medical therapy 

for hypertension should follow standard recommendations, starting at a low dose and gradually titrating 

upward to achieve blood pressure control.30 

2.7.1. RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM INHIBITORS  

RAS inhibitors are a well-known antihypertensive therapy with a positive impact on cardiovascular 

mortality, risk of heart failure, coronary events, and stroke.301,337-340 However, in the context of AS, there 

were also some concerns about its safety and tolerance. O’Brien et al. have shown that ACEI therapy 

was safe and was well-tolerated by patients with mild-to-moderate AS and preserved LVEF.184 There 

were no statistically significant differences in all the renal and hemodynamic parameters analyzed between 

baseline and the last visit at the maximal dose of ramipril.184 Another publication analyzing 56 patients 

with severe and symptomatic AS, the “Symptomatic Cardiac Obstruction-Pilot Study of Enalapril in 

Aortic Stenosis” (SCOPE-AS), showed that enalapril was well-tolerated without hypotension or syncope 

when LVEF was preserved, and normal or high blood pressure was presented.341 Moreover, this study 

indicated an improvement in NYHA functional class, Borg dyspnea index, and 6-minute walk test.341 

Consisting with those results, from a post hoc analysis of the SEAS study, it was shown that RAS 

inhibitors were not associated with sudden cardiac death, cardiovascular or all-cause mortality in patients 

with asymptomatic AS and preserved LVEF, even after adjustment to confounders (age, gender, Vmax, 

LVEF, eGFR, LDL, high-density lipoprotein, LV mass index, SBP, DBP, BMI, concomitant beta-

blocker, calcium antagonist, diuretic and aspirin or other platelet inhibitor treatment).342 These results 

were confirmed by a propensity-matched analysis. From a prospective cohort study using information 

from a health registry describing drug prescriptions, echocardiographic information, morbidity and 

mortality database from a population of Scotland; it was revealed that patients treated with ACEIs or 

ARBs (n= 699, 33% of the study population) had significantly lower all-cause mortality rates and fewer 

CV events; including hospitalizations, death, and AVR.185 
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Following biological plausibility, it seems that RAS inhibition would present benefits to slow the 

progression of LV remodeling. From the recently mentioned sub-analysis of the SEAS study, the authors 

also indicated an association between the use of RAS inhibitors, a larger reduction in SBP, and less 

progression of LV mass.342 Bull et al. developed the first prospective, randomized, double-blind, 

controlled trial with the use of ramipril, “the Ramipril In Aortic Stenosis” (RIAS) trial.187 The published 

study included only 100 patients with moderate and severe AS and they underwent cardiac magnetic 

resonance to evaluate a possible reduction in LV mass. After one year, the ramipril group showed a 

reduction in mean LV mass of -3.9 grams compared with an increase of 4.5 grams in the placebo group, 

which could not be explained by a reduction in SBP or DBP.187 The change in LV mass was 

progressive.187 This study also analyzed myocardial hemodynamics by echocardiography and cardiac 

magnetic resonance and, contrary, those analyses did not show significant improvements. Only tissue 

Doppler systolic velocity was slightly significant.187 Similarly, in another randomized clinical trial using 

candesartan (an ARBs) after AVR was associated with significant LVH regression compared with standard 

treatment, but no significant difference in change in systolic blood pressure during 12-month follow-

up.343  

Moreover, several trials demonstrated LV mass regression in hypertensive patients.337,338,344 In the 

echocardiographic prospective cohort sub-study of “Losartan Intervention for Endpoint reduction in 

hypertension” (LIFE) trial, a total of 960 subjects with hypertension and LV hypertrophy screening by 

electrocardiogram were enrolled and randomized to receive losartan-based therapy or atenolol-based 

therapy during a follow-up of 5 years. Other antihypertensive drugs could be added to achieve blood 

pressure control. Losartan-based therapy induced a greater reduction in LV mass index from baseline to 

the last available study than atenolol with adjustment for baseline LV mass index and blood pressure and 

in-treatment pressure.338 These changes were more relevant during the first year of the study.338  Further, 

from the 660 patients that presented either eccentric or concentric LV hypertrophy at baseline, 52% had 

normal LV geometry in the final echocardiogram; and 82% of patients with concentric remodeling at 

baseline had normal LV geometry at the end of the study.122 LV mass reduction during antihypertensive 

treatment was significantly associated with lower rates of cardiovascular mortality and all-cause mortality, 

but it was not associated with stroke.344 One limitation of this study is that it was not possible to compare 

losartan therapy with placebo due to ethical reasons. So, the study could overestimate or underestimate 

the cardiac effects of the study treatments. Also, it was difficult to determine if the cardiac effects are due 

to the molecule per se or due to the reached blood pressure and the subsequent decrease in LV global 

systolic load. However, all those results underline the importance of treating hypertension and achieving 

blood pressure control in patients with increased LV afterload.  



 

 65 

About ARBs, there is more paucity of data concerning their efficacy in the progression of AS compared 

to ACEIs. Theoretically, as non-ACE pathways for converting Ang I to Ang II such as chymase or 

cathepsin G, and AT1 are increased in stenotic aortic valves, ARBs may have increased impact compared 

with ACEIs in CAVD. From a retrospective study, hypertensive patients on ARBs had slower AS 

progression (assessed by Doppler echocardiography) compared with normotensive patients with AS and 

hypertensive patients without RAS inhibitors.191 From a multivariable model ARBs were also 

independently associated with slower AS progression.191 Additionally, ARBs presented a 2-fold decrease 

in the risk of AVR or death and were associated with reduced all-cause mortality compared with the 

control group.191 These results are depicted in Figure 2-4 and Figure 2-5. Consisting with some of these 

results, a histological study has revealed that the explanted stenotic aortic valve of patients under ARBs 

treatment showed lower aortic valve weights and remodeling scores.345 Similar findings were achieved 

after multivariable analysis.192 

Although there are favorable outcomes with RAS inhibitors therapy, more large-scale clinical studies are 

needed, especially randomized clinical trials, to assess the best therapy for hypertensive patients with AS 

and the therapy goals to control BP.  
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3. MASTER RESEARCH PROJECT 

3.1. INTRODUCTION AND RATIONALE OF THE RESEARCH PROJECT 

Hypertension and CAVD are two prevalent cardiovascular diseases in high-income countries.9,24,25 As it 

has already been mentioned, between 30% to 70% of patients with AS have hypertension.5,9,74 

Hypertension has been associated with CAVD as an independent risk factor for the development and 

faster progression of it.228,249,250  Moreover, increases in all-cause mortality and worse prognosis have been 

revealed in those patients.228,249,250  

In those patients, the increased systemic vascular load caused by hypertension (due to reduced 

compliance and higher SVR) adds overload to the LV afterload, which is already elevated by the aortic 

valvular obstruction. This double load can be measured by the Zva.
224,225,232 High levels of Zva have a 

strong implication on geometrical and morphological changes in the LV, causing early hypertrophic 

remodeling and function impairment.190,224,225,227,232 Those consequences are associated with rapid onset 

of symptoms and worse clinical outcomes compared with normotensive patients with AS.190,224,225,227,232 

Besides, the reduced SAC caused by aging and hypertension was also independently associated with a 

higher prevalence of LV systolic and diastolic dysfunction in patients with AS.224 

Uncontrolled hypertension can be fatal due to its complications and should be treated in every patient. 

However, there is no recommendation about hypertensive treatment in AS patients. Further, no 

pharmacological treatment has been shown to improve the prognosis in AS. Several publications have 

indicated positive outcomes when hypertension has been treated in patients with AS,185,188-190 and some 

recent investigations have pointed out ARBs can slow the progression of AS due to complete blockage 

of RAS in the aortic valves. Moreover, ARBs may slow the development of myocardial fibrosis, LV 

remodeling, and LV dysfunction or heart failure.190,346-349 Thus, these medications might protect the LV 

from this double load, avoiding a bad prognosis and a faster onset of symptoms. 

Hence, the principal objective of this study is to show the impact of one-year antihypertensive treatment 

with an ARB (losartan) on LV systolic function measured by GLS using speckle-tracking 

echocardiography in patients with mild to moderate AS and concomitant hypertension. If this study 

demonstrates a positive effect of ARBs on the LV function, this could translate into a significant 

improvement in the medical management of patients with AS and concomitant hypertension. 
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Principal hypothesis: One year of antihypertensive treatment with an ARB (losartan) increases the GLS 

measured by speckle-tracking echocardiography at least by 10% in hypertensive patients with mild to 

moderate AS and LVEF ≥ 50%. 

Secondary objectives: Other objectives of this project were to: (1) to evaluate the impact of ARBs in 

the LV afterload (by Zva), and to determine its consequence on LV damage, evaluated by a cardiac 

biomarker (N-terminal fraction of the brain natriuretic peptide [NT-ProBNP]), and (2) to determine the 

safety of ARBs on renal function as measured by creatinine clearance and serum creatinine levels.  

Secondary hypotheses: (1) the Zva is reduced by ~15% after one year of treatment compared to the 

control group. The NT-proBNP decreases in patients with antihypertensive treatment, whereas the LV 

diastolic dysfunction progress, and therefore, the NT-proBNP augments in the control group. (2) There 

are no significant changes in creatinine clearance and creatinine serums levels in both groups.  

All these objectives will be assessed within the Losartan group and compared within a historical control 

group of hypertensive patients with mild to moderate AS and LVEF ≥ 50% but without ACEi or ARB 

medication. 

3.2. METHODS 

3.2.1. Study Patients  

We recruited 22 patients with mild to moderate AS (defined by peak aortic jet velocity from 2 to 4 m/s 

and AVA less than 1.5 cm2), preserved ejection fraction (LVEF ≥50%), and SBP at least 140 mm Hg. 

Subjects were excluded based on the following criteria: a) moderate to severe aortic or mitral 

regurgitation,  b) moderate to severe mitral stenosis, c) those who have current prescriptions or 

contraindications of ACEIs or ARBs, d) renal failure (serum creatinine more than 150 mmol/L or 

creatinine clearance less than 60 mL/min/1.73 m2), e) hepatic failure, f) those with NYHA class III or 

IV angina or dyspnea; or recent myocardial infarction (less than 3 months), g) those with other severe 

comorbidities or h) pregnant or breastfeeding women. Inclusion and exclusion criteria are illustrated in 

Figure 3-1. Subjects were identified from their medical history and their last echocardiography at the 

Institut Universitaire de Cardiologie et Pneumologie de Québec (IUCPQ).   

The study was approved by the Ethics Committee of the IUCPQ. Eligible patients who accepted to 

participate were asked to sign an informed consent form.   
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At baseline, patients underwent a noninvasive 24-hour ABPM to exclude white coat hypertension, a 

blood draw to screen for renal dysfunction, hepatic dysfunction, and/or pregnancy (as required), and a 

Doppler-echocardiographic assessment. Then, each patient has received losartan 50 mg once a day, and 

the doses were adjusted to achieve a SBP lower than 140 mmHg. At one-year follow-up, Doppler-

echocardiography and blood draw were repeated.  

3.2.2. Clinical Data 

Clinical data, including age, sex, anthropometric measures, medical and pharmacological history as 

smoking, diagnosis of hypercholesterolemia, diabetes, obesity, and coronary artery disease (CAD) were 

collected at baseline visit. Symptoms as dyspnea or angina were assessed by standardized and validated 

questionnaires at baseline and follow-up.  

3.2.3. Laboratory blood test 

Blood samples were performed at baseline and 1-month to ensure there were no contraindications or 

side effects to treatment (hepatic, renal, and electrolytes evaluation) and to measure the NT-proBNP. 

BNP assay was performed with commercially available electrochemiluminescence immunoassay. 

Differences from baseline to one-year visit was considered. Creatinine clearance was calculated by the 

Cockcroft-Gault equation.   

3.2.4. Doppler echocardiographic data 

Doppler echocardiographic examinations were performed with the use of an EpiQ 33 ultrasound 

machine (Philips, Canada).  M-mode, 2-dimensional, color Doppler, pulsed-wave, and continuous-wave 

Doppler echocardiogram data were stored on a dedicated workstation for offline analysis. For each 

measurement, at least three cardiac cycles were averaged. AS severity was assessed by Doppler 

echocardiography. LV outflow tract diameter was measured at the hinge point of the aortic valve leaflets. 

Using continuous-wave Doppler, it was evaluated the mean transvalvular gradient with the use of the 

modified Bernoulli equation, peak aortic jet velocity, and the AVA which was got by the continuity 

equation and indexed to BSA (AVAi). DVI was also calculated. SV was measured and indexed to BSA 

(SVi). The mean transvalvular flow (Q mean) was calculated by the stroke volume divided by the LV 

ejection time. AVC score was also calculated by using a dual-source multidetector computed tomographic 

scanner (Somatom Definition, Siemens Medical Systems) and following the protocol described by Clavel 

et al.177 LV systolic function was assessed by the modified Simpson biplane method. GLS was 

performed offline by speckle-tracking echocardiography using commercially available software (TomTec 
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Imaging System, Munich, Germany).  In brief, the endocardial borders were traced manually at the end-

systolic frame of 2-chamber, 3-chamber, and 4-chamber apical views. Then, an automated speckle 

tracking analysis on the LV myocardium was performed on successive frames throughout the cardiac 

cycle. The LV wall was divided into 6 segments in each view. Finally, the software automatically generated 

time-domain strain curves in 6 segments, with which end-systolic strain was subsequently calculated. GLS 

was defined as the average longitudinal strain at the end-systole in those segments. The adequacy of the 

tracking was verified visually, and if tracking was deemed suboptimal, a manual adjustment of both the 

endocardial border was performed. If tracking was still judged unsatisfactory in all the examined views, 

the subjects were excluded from the analysis. The final stated GLS was the average of the longitudinal 

strain at the end-systole in all the segments from the best tracked apical view.  The interobserver variability 

of GLS in our laboratory was 7.5%, which was reported before.350 GLS data were expressed in absolute 

value (%). LV diastolic function was assessed from mitral inflow using pulsed-wave Doppler 

echocardiography and tissue doppler. Mitral E/A ratio and E/e’ ratio were calculated. Diastolic 

dysfunction was classified according to the latest guideline of the American Society of 

Echocardiography233 only in the Losartan group. LV geometry and mass were evaluated in the left 

parasternal long-axis view. LV diameter was measured at the end-diastole and was indexed to BSA. LV 

mass was calculated by the recommended formula of the ASE105 and was indexed to BSA. According to 

the ASE guideline, LV hypertrophy was considered in men who present a higher LV mass index of 115 

g/m2 and in women whose LV mass index was higher than 95 g/m2.105 

3.2.5. Systemic arterial hemodynamics and global left ventricle hemodynamic load 

Systemic arterial blood pressure was measured by an arm-cuff sphygmomanometer at the end of the 

Doppler-echocardiographic exam at baseline and follow-up. A 24-hour ABPM was also performed to 

confirm hypertension before giving treatment and to measure adherence to it. SAC and global LV 

hemodynamic load represented by the Zva were calculated. The interventional (Losartan) group was 

classified as low (≤ 3.5 mmHg.mL1.m2, medium (> 3.5 mmHg.mL1.m2, < 4.5 mmHg.mL1.m2) and severe 

(≥4.5 mmHg.mL1.m2) Zva.232 
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Figure 3-1. Flowchart of the patient recruitment and the study design. ACEIs, angiotensin-converting enzyme 

inhibitors; AF, atrial fibrillation; AR, aortic regurgitation; ARBs, angiotensin receptor blockers; CKD, chronic 

kidney disease; MI, myocardial infarction; MR, mitral regurgitation; MS, mitral stenosis; NYHA, New York Heart 

Association. 

3.2.6. Control Patients 

Case patients were matched 1:1 for age (within ± 10 years), sex (exact match), Vmax (within ± 50 cm/s), 

SVi (± 20 mL/m2), mean transvalvular pressure gradient (within ± 10 mm Hg) and LVEF (within ±5%) 

with patients from a historical cohort (2011-2015) from the study PROGRESSA46 and who have not 

500 patients with mild to moderate AS, LVEF ≥ 50% 

and SBP > 140 mmHg at last echocardiography 

screened between 2016 and 2018

440 patients excluded due to:

• Current prescriptions or contraindications 

of ACEIs or ARBs

• Moderate to severe AR or MR  

• Moderate to severe MS

• CKD

• Hepatic failure

• NYHA class III or IV angina or dyspnea

• Recent MI

• Other severe comorbidities

• Pregnant or breastfeeding women.  

38 patients denied to participate 

22 patients accepted to participated and signed ICF à

underwent 24-hours ABPM and laboratory tests.

1 patient excluded due to hepatic 

failure

2 patients excluded due to white 

coat hypertension

19 received treatment with Losartan

From PROGRESSA cohort: 270 patients with mild 

to moderate AS and LVEF≥50%

149 patients excluded because of

current prescriptions of ACEIs or 

ARBs

121 patients selectedMATCHED 1:1

LosartanGroup 

(n=19)
Control Group 

(n=19)

1 patient excluded for AF during the  

1-year echocardiography

4 patients were lost at the follow-up

14 patients at the one-year

follow-up

5 patients excluded to keep

the 1:1 match

14 patients at the one-year

follow-up
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received antihypertensive therapy with RAS inhibitors (Control group).  In this study, patients underwent 

clinical history assessment, measurements of systemic arterial blood pressure by only an arm-cuff 

sphygmomanometer, echocardiography study, and laboratory tests at baseline and follow-up. 

3.2.7. Clinical Outcomes 

The primary endpoint was the annualized difference of GLS values in the Losartan group after one-year 

treatment with ARBs and comparing it with the control group. Secondary endpoints were: (1) the 

annualized difference of Zva, (2) the annualized difference of NT-proBNP, (3) the annualized difference 

of diastolic function parameters, and lastly, (4) as safety endpoint, the annualized difference in creatinine 

clearance and serum creatinine levels. All these endpoints will be measured and compared in both groups.  

3.2.8. Statistical Analysis 

Continuous data were expressed as median and its 25th and 75th percentiles (PC) and comparisons 

between the two study groups were done using Wilcoxon rank-sum (Mann Whitney U) tests.  Categorical 

data were expressed as percentages and compared with Fisher exact test due to the small sample size.  

Annualized differences were used to express the variables implicated in the study endpoint. 

Wilcoxon signed-rank test was used to compare the difference between both visits (baseline and follow-

up) for continuous data and McNemar test was used for nominal data.  

A two-tailed P values <0.05 were considered statistically significant in our analysis. 

Data was collected by the RedCap system. Statistical analysis was performed by IBM SPSS Statistics 

version 25.0 (SPSS Inc, Chicago, IL) and Stata 16.1 (StataCorp LLC).  

3.3. RESULTS 

Even though 22 patients were recruited from 2016 to 2019, only 15 patients achieved the one-year visit. 

At baseline, three patients were excluded: one for hepatic failure and two for white coat hypertension. 

Then, patients were matched as mentioned in the Methods section. Due to the COVID-19 situation, the 

one-year visit of 4 patients was not done. Another patient was excluded because of atrial fibrillation 

during the echocardiographic assessment at follow-up. Finally, only 14 matched pairs of patients were 

analyzed (Figure 3-1).  
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3.3.1. Baseline characteristics of the study patients 

Baseline characteristics of both groups are shown in Table 3-1. Regarding demographic data and medical 

history, there were no statistically significant differences between both groups. SBP and DBP were 

similar. However, the Losartan group has a slightly but no significant higher prevalence of paroxysmal 

atrial fibrillation (7 patients [50%] in the Losartan group and 2 [14.3%] in the control group, p-value = 

0.103). About antihypertensive drugs, there were no significant differences between groups in the use of 

alternative antihypertensive classes from RAS inhibitors.  

Table 3-1 also shows laboratory test results at baseline. There were no statistically significant differences 

between them. 

The baseline echocardiography characteristics and hemodynamic AS assessment are shown in table 3-2.  

There were no statistically significant differences between both groups. The hemodynamic severity of AS 

was similar in both groups and is confirmed by the AVC score. but Q-mean was slightly higher in Losartan 

group (Losartan group: 252 mL, PC: [195.7; 287.9] and control group: 199 mL, PC: [186; 221], p-value: 

0.095). Both groups showed similar and normal LV systolic functions (all parameters p-value >0.095). 

Values of GLS were similar in both groups. Regarding LV geometry, control group exhibited a trend of 

higher prevalence of LV hypertrophy (3 patients [21%] in Losartan group and 6 [43%] in control group, 

p-value = 0.420), and higher LV mass index (Losartan group: 85.10 mg/m2, PC: [75.33;99.58] and control 

group: 97.49mg/m2 PC: [89.93;105.61], p-value = 0.056), but without significant statistical difference.  

The Losartan group had a significantly larger LV end-diastolic diameter, but there was no statistically 

significant difference when it was indexed to BSA. About diastolic function, A wave was greater in the 

Losartan group (p-value = 0.001). E/A ratio was statistically significant different (Losartan group: 0.74, 

PC: [0.56;0.94] and control group: 1.09, PC: [0.95; 1.21], p-value = 0.020). Diastolic dysfunction grade 

could be estimated only in 11 patients from the Losartan group. Most patients had grade I diastolic 

dysfunction, one presented grade II and another one had a normal diastolic function. Global 

hemodynamic load and SAC were similar between both groups (Zva p-value = 0.685, SAC p-value = 

0.519).  
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All  

n = 28 
Losartan group 

n = 14 
Control group  

n = 14 
p-

value 
Median (25th;75thPC) Median (25th;75thPC) Median (25th;75thPC)  

Age 70 (62; 77) 72 (67; 83) 70 (61; 77) 0.394 

Women – nº (%) 24 (57.1) 8 (57.1) 8 (57.1) 1.000 

BSA – m2 1.77 (1.69; 1.94) 1.79 (1.72; 2.03) 1.73 (1.59; 1.91) 0.101 

BMI – kg/m2 27.5 (25.6; 29.6) 27.6 (26.4; 30.1) 26.5 (24.1; 28.6) 0.114 

NYHA Functional Class - nº (%) 0.420 

I 17 (63.0) 9 (69.2) 8 (57.1)  

II 9 (33.3) 3 (23.0) 6 (42.9)  

III 1 (3.7) 1 (7.69) 0  

IV 0 0 0  

SBP – mmHg 139 (131; 152) 141 (135; 151) 145 (131; 153) 0.865 

DBP –mmHg 74 (72; 82) 79 (73; 83) 74 (69; 83) 0.420 

Heart Rate (bpm) 66 (57; 69) 66 (57; 69) 63 (56; 69) 0.829 

Hypertension – nº (%) 23 (88.5) 14 (100.0) 11 (78.6) 0.225 

Diabetes – nº (%) 3 (10.7) 2 (14.3) 1 (7.1) 1.000 

Obesity (IMC > 30) – 
nº (%) 

5 (17.9) 4 (28.6) 1 (7.1) 0.326 

Metabolic Syndrome – 
nº (%) 

5 (17.9) 2 (14.9) 3 (21.4) 1.000 

Smoking (Current or 
history) – nº (%) 

16 (57.1) 7 (50.0) 9 (64.3) 0.704 

AF or history of AF – 
nº (%) 

9 (32.1) 7 (50.0) 2 (14.3) 0.103 

MI history – nº (%) 8 (28.6) 4 (28.6) 4 (28.6) 1.000 

Coronary Artery 
Diseases – nº (%) 

10 (35.7) 6 (42.9) 4 (28.6) 0.695 

Medication 

Anti-hypertensive 
Medication  

    

ß-Blockers – nº (%) 9 (32.1) 4 (28.6) 5 (35.7) 1.000 

Ca2+ - Blockers – nº (%) 9 (32.1) 5 (35.7) 4 (28.6) 1.000 

Diuretics – nº (%) 3 (10.7) 2 (14.3) 1 (7.1) 1.000 

Statins or other lipid-
lowering medication – 
nº (%) 

21 (75.0) 12 (85.7) 9 (64.3) 0.385 

Anti-diabetic 
medications– nº (%) 

3 (10.7) 2 (14.3) 1 (7.1) 1.000 

Serum Measures 

NT-ProBNP – pg/mL 157.0 (63.0; 323.5) 130.5 (104.0; 220.0) 219.0 (41.0; 445.0) 0.992 

Creatinine –µmol/L 73.0 (62.0; 88.0) 68.5 (62.0; 94.0) 75.0 (63.0; 95.0) 0.643 

Creatinine Clearance -
mL/min 

72.0 (62.0; 94.5) 73.7 (57.8; 104.0) 71.3 (48.2; 92.9) 0.472 

Table 3.1 Baseline clinical characteristics and laboratory results. Values are median (25th percentile; 75th 

percentile) or number of patients (percentage difference within the whole cohort). p-value represents the 

comparison between both groups (Losartan vs. control group). AF, atrial fibrillation; ß-Blockers; beta-adrenergic 

blocking agents; BMI, body-mass index; BSA, body surface area; Ca2+ - blockers, calcium channel blockers; MI, 

myocardial ischemia; NT-ProBNP, N-terminal fraction of the brain natriuretic peptide; and NYHA, New York 

Heart Association. 
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  All 
n = 28 

Losartan group 
n = 14 

Control group 
n = 14 

p-
value 

Median 
(25th;75thPC) 

Median (25th;75thPC) Median (25th;75thPC) 

Hemodynamic Parameters 

Peak aortic Velocity- cm/seg 257.5 (237.0; 285.0) 263.0 (240.0; 284.0) 254.0 (234.0; 285.0) 0.795 

Mean Pressure Gradient - 
mmHg 

15.4 (12.2; 18.5) 15.50 (12.0; 18.7) 15.1 (12.4; 18.2) 0.847 

 AVA – cm2 1.15 (1.00; 1.42) 1.21 (1.06; 1.37) 1.02 (1.00; 1.42) 0.198 

AVA index – cm2/m2 0.65 (0.57; 0.76) 0.67 (0.61; 0.70) 0.60 (0.57; 0.78) 0.641 

DVI  0.32 (0.28; 0.38) 0.32 (0.28; 0.36) 0.33 (0.29; 0.38) 0.943 

SV – mL 71.3 (65.8; 85.9) 77.33 (65.2; 90.6) 68.9 (66.8; 74.8) 0.326 

SV index – mL/m2 41.5 (39.0; 45.7) 41.86 (37.9; 48.4) 40.6 (39.3; 44.2) 0.650 

Q mean – mL 221 (186; 284) 252 (195.70; 287.90) 199 (186; 221) 0.095 

LV Parameters  

LVEF 61 (58; 68) 61 (58; 65) 64 (58; 70) 0.454 

GLS average - % -17.8 (-18.8; -15.6) -17.6 (-19.1; -15.4) 
n=12 

-17.8 (-18.8; -15.8) 
n=7 

0.967 

LVEDD – mm 47.2 (42.3; 49.5) 49.0 (46.2; 51.0)  44.4 (41.5; 47.4) 0.019 

Indexed LVEDD – 
mm/m2 

26.2 (24.2; 28.0) 26.2 (24.4; 28.5) 26.5 (24.0; 27.8) 0.571 

LV mass index – mg/m2 93.16 (82.92;   105.00) 85.10 (75.33; 99.58) 97.49 (89.93; 105.61) 0.056 

LV hypertrophy – nº (%) 16 (39.0) 3 (21.4) 6 (42.9) 0.420 

LV diastolic function  

E wave – cm/seg 73.85 (67.30; 91.30) 73.95 (65.20; 94.90) 76.50 (61.00; 87.80) 1.000 

A wave – cm/seg 87.30 (71.8; 91.9) 91.80 (88.75; 118.00) 79.95 (66.30; 89.50) 0.001 

E/A ratio 0.98 (0.70; 1.13) 0.74 (0.56; 0.94) 1.09 (0.95; 1.21) 0.020 

E/e’ ratio 10.98 (8.66; 12.93) 10.98 (9.32; 16.10) 10.93 (8.33; 12.31) 0.374 

Arterial Parameters and Global hemodynamic LV load 

SAC– mL.m-1.mmHg-2 0.69 (0.54; 0.77) 0.62 (0.51; 0.72) 0.68 (0.56; 0.81) 0.519 

Zva - mmHg.mL1.m2 3.87 (3.45; 4.29) 3.93 (3.45; 4.61) 3.82 (3.54; 4.12) 0.685 

AS Assessment by CT     

AVC Score  544.2 (397.1; 775.8) 693.7 (505.7; 776.5) 470.9 (374.1; 627.3) 0.310 

Table 3-2. Baseline echocardiographic characteristics. Values are median (25th percentile; 75th percentile) or 

number of patients (percentage difference). p-value represents the comparison between both groups (Losartan vs. 

control group).  AVA, aortic valvular area; AVC, aortic valve calcium; GLS, global longitudinal strain; LVEDD, 

left ventricular end-diastolic diameter; SAC, systemic arterial compliance; SV, stroke volume and Zva, valvulo-

arterial impedance.  

 

3.3.2. Evaluation of annualized ratios of echocardiographic parameters at follow-up 
 

Annualized ratios of echocardiographic parameters are described in Table 3-3.  
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  Losartan group 
n = 14 

Control group 
n = 14 

p-value 

Median (25th;75thPC) Paired 
p-value 

Median 
(25th;75thPC) 

Paired 
p-value 

Hemodynamic Parameters 

Peak aortic Velocity- 
cm/seg 

17.1 (-1.0; 33.1) 0.010 10.3 (-3.9; 20.0) 0.296 0.227 

Mean Pressure Gradient - 
mmHg 

2.4 (1.1; 3.2) 0.006 0.7 (-0.2; 1.8) 0.210 0.186 

 AVA – cm2 -0.03 (-0.13; 0.05) 0.463 -0.10 (-0.18; -0.04) 0.054 0.252 

AVA index – cm2/m2 -0.02 (-0.06; 0.03) 0.542 -0.06 (-0.09; 0.01) 0.097 0.402 

DVI  -0.01 (-0.05; 0.005) 0.091 -0.03 (-0.03; -0.01) 0.080 0.375 

SV – mL -1.0 (-9.4; 8.8) 1.000 -0.3 (-8.0; 1.3) 0.455 0.650 

SV index – mL/m2 -0.5 (-5.3; 4.2) 0.952 0.2 (-5.0; 1.3) 0.588 0.756 

Q mean – mL/seg 7 (-23; 35) 0.588 -8 (-15; -1) 0.033 0.153 

LV systolic function and geometry 

 LVEF 2.0 (-4.7; 5.0) 0.622 2.0 (-2.1; 2.8) 0.791 0.799 

GLS average - % -0.6 (-1.6; -0.4) 0.092       

LVEDD- mm -0.5 (-3.7; 1.5) 0.349 0.5 (0.1; 1.6) 0.115 0.311 

LV mass index – mg/m2 -5.31 (-13.57; 1.49) 0.217 -5.00 (-8.72; 2.63) 0.376 0.390 

Left Ventricle Diastolic Function 

E wave – cm/seg 8.64 (-1.00; 13.34) 0.131 -0.25 (-8.42; 5.72) 0.915 0.259 

A wave – cm/seg -11.25 (-13.04;  -8.12) 0.010 9.20 (-7.78; 15.70) 0.268 0.031 

E/A ratio 0.16 (0.05; 0.27) 0.002 -0.10 (-0.26; 0.10) 0.194 0.013 

E/e’ ratio -0.07 (-1.11; 1.12) 0.846 0.56 (-0.22; 1.75) 0.194 0.341 

Systemic arterial hemodynamics and global hemodynamic load 

SBP - mmHg -11 (-18; -1) 0.012 -8 (-20; 8) 0.452 0.163 

SAC mL.m-1.mmHg-2 0.14 (0.04; 0.27) 0.011 0.01 (-0.11; 0.18) 0.542 0.202 

Zva - mmHg.mL1.m2 -0.29 (-0.79; 0.23) 0.085 0.29 (-0.51; 0.48) 0.747 0.141 

Table 3-3. Changes in systemic arterial hemodynamics and echocardiographic parameters from baseline 

to 1-year follow-up. Values are median (25th percentile; 75th percentile) or number of patients (percentage 

difference). Paired p-values represent the comparison between follow-up and baseline within each group and p-

value refer to the comparison of the annualized difference of each parameter between both groups.  AVA, aortic 

valvular area; GLS, global longitudinal strain; LV, left ventricular; LVEDD, left ventricular end-diastolic diameter; 

LVEF, left ventricular ejection fraction; SAC, systemic arterial compliance, SBP, systolic blood pressure; SV, stroke 

volume; and Zva, valvulo-arterial impedance.  

 

 3.3.2.1. Global longitudinal strain, left ventricle systolic and diastolic function, and left ventricle 

geometry 

 
 The primary endpoint was not met due to the loss of follow-up and thus suboptimal statistical power of 

this endpoint. GLS could only be measured in only twelve patients from the Losartan group and showed 

a slight improvement with a borderline significant trend (∆GLS: -0.6%, PC: [-1.6;0.4], paired p-value = 

0.092). The absolute value of GLS at baseline and the follow-up are depicted in Figure 3-2. There were 

missing data from the control group at follow-up, and GLS could be got in only two patients. Thus, it 
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was impossible to compare. The major cause of missing GLS was the poor quality of images (poor 

echogenicity and inadequate frame rate; ie, <50 fp139,350,351).  LV systolic function, estimated by LVEF, 

did not present a statistically significant difference between groups (p-value = 0.799) and the median 

∆LVEF was the same in both. Further, there were not any significant differences within each group 

(Losartan group: paired p-value = 0.622 vs. control group: paired p-value = 0.791). 

 

Figure 3-2. GLS at baseline and follow-up in the Losartan group. A) Scatterplot of individuals values of GLS 

at baseline (blue points) and at follow-up (red points). (B) The box (blue box, at baseline; red box, at follow-up) 

shows the 25th to 75th percentiles, the median line on the box shows the median value, and the error bars the 10th 

and 90th percentiles; circles are outliers; the numbers of the top of the graph are median [25th - 75th percentiles]. 

p-value obtained from this comparison is shown. GLS, global longitudinal strain.  
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About LV diastolic function, the annualized difference in A wave was statistically significant, decreasing 

in Losartan group and augmenting in the control group (Losartan group ∆A wave: - 11.25 cm/s, PC: [- 

13.0; - 8.12], paired p-value = 0.012 vs. control group,  ∆A wave: 9.20 cm/s, PC [- 7.78; 15.70 cm/s], 

paired p-value = 0.313; p-value = 0.022).  In Losartan group, the E/A ratio was significantly increased 

after one year (∆E/A ratio: 0.16, PC [ 0.05; 0.27], paired p-value: 0.001 vs. ∆E/A ratio: -0.10, PC [ -0.26; 

0.10], paired p-value: 0.194), and the difference between groups was also significant (p-value: 0.013). 

Contrary, there was no statistically significance difference concerning the E/e’ ratio. In the Losartan 

group, at follow-up, only one patient improved its grade I diastolic dysfunction becoming normal, and 

another worsened it from grade I to grade II. Apropos LV geometry, LV mass index ratios were not 

significant in each group (Losartan group, paired p-value = 0.217, control group paired p-value: 0.376) and 

certainly, no significant difference between groups (p-value = 0.390). Same results were got concerning 

LV diastolic diameter (Losartan group, paired p-value =0.349, control group paired p-value = 0.115, p-

value = 0.311). One patient of each group was no longer considered to have LV hypertrophy according 

to the definition from the guideline.105 

3.3.2.2. Aortic stenosis progression 

There were no statistically significant changes in AS severity according to the hemodynamic parameters 

evaluated by Doppler-echocardiography in both groups. The annualized difference of AVAi were not 

significant in Losartan group but presented a statistically tendence in control group (in Losartan group, 

∆AVAi: -0.02 cm2/m2, PC: [-0.06; 0.03], paired p-value = 0.542 vs. ∆AVAi: -0.06 cm2/m2, PC: [-0.09; 

0.01], paired p-value = 0.097). The difference between groups were not statistically significant (p-value = 

0.402). However, DVI showed a borderline significant difference in both groups (in Losartan group, 

∆DVI: -0.01, PC: [-0.05; 0.005], paired p-value = 0.091 and control group, ∆DVI: -0.03, PC: [-0.03; 0.01], 

paired p-value = 0.08; p-value between groups = 0.375). On the other hand, only Losartan group presented 

a statistically significant increase in peak transaortic jet velocity (∆Vmax: 17.1 cm/s, PC: [-1.0; 33.1], 

paired p-value = 0.007 vs. control group ∆Vmax: 10.3 cm/s, PC: [-3.9; 20.0], paired p-value = 0.424) and 

MP (∆MP: 2.4 mm Hg, PC: [1.1; 3.2], paired p-value = 0.006 vs. control group ∆MP: 0.7 mm Hg, PC: [-

0.2; 1.8], paired p-value = 0.333). Between both groups, there were no significant differences (∆Vmax p-

value = 0.227, ∆MP p-value = 0.186).  

The annualized changes in SV, SVi and Q mean were not statistically significant. While in the Losartan 

group, the SVi was maintained (∆SVi: -0.5 mL/m2, PC: [-5.3; 4.2], p-value = 0.952) after treatment, Q 

mean slightly increased (∆Q mean: 7 mL/s, PC: [-23 ; 35], p-value = 0.588); the opposite changes were 

observed in the control group (∆SVi: 0.2 mL/m2, [PC: -5.0; 1.3], paired p-value = 0.588 and ∆Q mean: -
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8 mL/s, PC: [-15; -1], paired p-value = 0.033), being the decrease in Q mean statistically significant. No 

significant differences were observed between groups. 

3.3.2.3.  Systemic arterial hemodynamics and global left ventricle hemodynamic load 

Control of blood pressure was achieved in the intervention group. Treatment was intensified as needed; 

however, only three patients needed more than 50 mg of Losartan for blood pressure control. They also 

had prescriptions for calcium blockers or diuretics and presented more comorbidities as atrial fibrillation 

or coronary artery disease. In the control group, antihypertensive treatment was the same throughout the 

study, although only one patient changed his therapy of beta- and calcium channel blocker to ACEI. SBP 

was significant decreased in Losartan group (Losartan group, SBP: -11 mm Hg, PC: [-18; -1], paired p-

value: 0.007 vs. control group, SBP: -8 mm Hg, PC: [-20; 8], paired p-value: 0.453). Nevertheless, there 

was no significant difference between groups (p-value: 0.163). Although the Losartan group has 

significantly improved the SAC (paired p-value: 0.011) and decreased the Zva with a borderline significant 

trend (∆Zva: - 0.29 mmHg.mL1.m2, PC: [- 0.79; 0.23], paired p-value: 0.085 vs. control group, ∆Zva:  0.29 

mmHg.mL1.m2, PC: [- 0.51; 0.48], paired p-value:0.747), there were no statistically significant differences 

(∆SAC p-value: 0.202, ∆Zva p-value: 0.141) between groups. Those results are illustrated in Figures 3-3, 

3-4, 3-5 and 3-6, respectively.  Sub-analysis of Zva classification in the Losartan group indicated that 6 

patients had an improvement in their Zva category (Figure 3-8). Contrary, in the control group, 4 subjects 

worsened their Zva class, only two improved it. 
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Figure 3-3. SAC at baseline and follow-up within both groups. (A) Scatterplot of individuals values of SAC at 

baseline (blue points) and at follow-up (red points). (B) The box (blue box, at baseline; red box, at follow-up) shows 

the 25th to 75th percentiles, the median line on the box shows the median value, and the error bars the 10th and 

90th percentiles; circles are outliers; the numbers of the top of the graph are median [25th - 75th percentiles]. p-

values obtained from this comparison within each group are shown. SAC, systemic arterial compliance.  
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Figure 3-4. Comparison of the annualized ratio of SAC between both groups. The box shows the 25th to 

75th percentiles, the median line on the box shows the median value, and the error bars the 10th and 90th 

percentiles; circles are outliers; the numbers of the top of the graph are median [25th - 75th percentiles]. p-value 

obtained from this comparison is shown. SAC, systemic arterial compliance.  

 

 

Figure 3-5. Comparison of Zva at baseline (blue box) and follow-up (red box) within both groups. The box 

shows the 25th to 75th percentiles, the median line on the box shows the median value, and the error bars the 

10th and 90th percentiles; circles are outliers; the numbers of the top of the graph are median [25th - 75th 

percentiles]. p-values obtained from this comparison within each group are shown. Zva, valvulo-arterial 

impedance. 
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Figure 3-6. Comparison of the annualized ratio of Zva between both groups. The box shows the 25th to 75th 

percentiles, the median line on the box shows the median value, and the error bars the 10th and 90th percentiles; 

circles are outliers; the numbers of the top of the graph are median [25th - 75th percentiles]. p-value obtained from 

this comparison is shown. Zva, valvulo-arterial impedance. 

 

 

Figure 3-7. Comparison in Zva group changes from baseline to follow-up between Losartan group and 

control group. Categories was considered as follow: low Zva (≤ 3.5 mmHg.mL1.m2, medium Zva (> 3.5 

mmHg.mL1.m2, < 4.5 mmHg.mL1.m2) and severe Zva (≥4.5 mmHg.mL1.m2). Lines represent the Zva group change. 
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3.3.2. Evaluation of annualized ratios of cardiac biomarker (NT-ProBNP) 

At the follow-up, there were no statistically differences in NT-ProBNP serum concentrations in both 

groups (Losartan group paired p-value = 0.622, control group paired p-value = 0.391) Indeed, no 

significant difference was seen between groups (p-value = 0.742). Those results are shown in Table 3-4.  

3.3.3. Evaluation of angiotensin-receptors blockers safety 

In the Losartan group, there were no reports of side effects. Moreover, the minor decrease observed in 

creatinine clearance was not statistically significant in this group (paired p-value = 0.597). In contrast, it 

was a statistically significant decline in the control group (paired p-value = 0.006).  There was no 

difference between groups (p-value: 0.820). Those results are shown in Table 3-4. 

  Losartan group 
n = 14 

Control group 
n = 14 p-

value Median 
(25th;75thPC) 

Paired p-
value 

Median 
(25th;75thPC) 

Paired p-
value 

NT-ProBNP – pg/mL  -2.5 (-43.7; 137.6) 0.622 24.1 (-42.3; 51.5) 0.391 0.742 

NYHA Functional Class - nº 
(%) 

 

1.000 
  

0.625 0.252 

I 8 (61.5)   6 (42.9)   

II 4 (30.8)   8 (57.1)   

III 1 (7.69)   0   

IV 0   0   

Creatinine –µmol/L -0.1 (-6.2: 13.2)  0.865 3.1 (1.0; 7.9) 0.008 0.403 

Creatinine Clearance -
mL/min 

-4.6 (-10.0; 5.6)  
0.569 

-2.5 (-6.3; -2.1) 
0.001 0.820 

Table 3-4. Cardiac serum biomarker, NHYA Functional Class and Renal Safety. Values are median (25th 

percentile; 75th percentile) or number of patients (percentage difference). Paired p-values represent the comparison 

between follow-up and baseline within each group and p-value refer to the comparison the annualized difference 

of each parameter between both groups. NT-ProBNP, N-terminal fraction of the brain natriuretic peptide; and 

NYHA, New York Heart Association. 

 

3.4. DISCUSSION  

 

This is one of the first studies to evaluate the impact of antihypertensive treatment on LV systolic 

function using GLS in patients with AS. GLS  has been well-validated as a quantitative index for global 

LV function,139,140 and is an early marker of subclinical LV systolic dysfunction that deteriorates before a 

decline in LVEF.139,153-156 In patients with preserved LVEF, decreased GLS was highly prevalent even 

among patients with LVEF higher than 55%.154 Vollema et al. revealed that patients with AS significantly 

deteriorated GLS while LVEF remained unchanged.156 Patients with more impaired GLS had a greater 



 

 83 

LV mass index, lower LVEF, a higher prevalence of atrial fibrillation and coronary artery disease, and a 

higher risk for the development of symptoms.156 Further, its impairment is associated with worse clinical 

outcomes and prognosis.14,30,98,156,171,308,349,350 Moreover, GLS has been correlated with myocardial fibrosis, 

measured by cardiac magnetic resonance in patients with severe AS.352  

Our study found that GLS was slightly lower than normal at baseline in both groups (Losartan group, -

17.6, PC:[-19.1;-15.4] and control group, -17.81, PC:[-18.8;-15.8]) in comparison to the reported normal 

GLS.142,149 Most of our selected views for GLS analysis was 4-chamber apical view, which was reported 

to be -21.4% using TomTec.142 One meta-analysis reported a normal GLS of 19.7% (95%CI, 20.4% to 

18.9%).149 These results demonstrated that those patients with hypertension and mild or moderate AS, 

being mild AS more prevalent, could already have some type of LV systolic dysfunction despite their 

normal LVEF. Besides, it is foreseeable that the decrease in GLS would be greater while AS severity 

progress. Miyasaki et al. found a significant correlation between GLS, AVA and mean pressure gradient. 

Further, he showed statistically significant differences among three groups according to AS severity.171  

Therefore, our study aimed to identify an improvement in GLS values when an ARBs therapy is given to 

hypertensive patients with mild or moderate AS. Unfortunately, it was not accomplished, and the 

hypothesis of our study cannot be accepted due to the lack of power for the estimated outcome.  

However, a statistical tendency was established, and GLS values exhibited a slight improvement with 

ARBs therapy.  Unluckily, it was not possible to compare this outcome with the control group because 

of the poor quality of the images, and only three subjects presented measurable images.  We cannot know 

if this non-significant improvement is due to the intervention or by chance. Nevertheless, this treatment 

seems not to worse LV systolic function.   

Previously published studies could neither evidence an increase in LV systolic function following 

antihypertensive therapy in patients with AS even though there was a regression of LV mass index or an 

improvement in other parameters.137,184,187,341 One meta-analysis, including 24 studies done in moderate-

to-severe AS, investigated the effect of several different antihypertensive treatments on LVEF, other 

echocardiographic parameters, AS progression and mortality.353 The authors did not find an advantage 

of antihypertensive treatment on LVEF or other parameters of LV systolic function, as S-wave; probably, 

because of the presence of substantial heterogeneity.353 Only one publication has shown an impact on S-

wave with the use of ramipril in moderate and severe AS. Are these results meaning that antihypertensive 

treatment, particularly RAS inhibitors, is not effective in improving LV systolic function?  It may be 

possible that LVEF or S-wave measured by tissue Doppler echocardiography are not enough sensitive 

to show a difference in LV systolic function, especially in those patients with mild or moderate AS and 

preserved LVEF. Moreover, this meta-analysis found a statistically significant reduction in all-cause 
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mortality using RAS inhibitors.353 Several studies have also reported improvements in symptoms or 

exercise tolerance.87,185,187,190,341,346-349 Moreover, ARBs were found to abolish the increased risk of 

mortality associated with hypertension.191 Hence, although it has not been proved that RAS inhibitors 

could improve or regress LV systolic dysfunction, it was vastly shown that antihypertensive treatment 

has beneficial effects in patients with AS and concomitant hypertension.  

 Control of blood pressure was achieved in the intervention group. As it was expected, SBP was rather 

reduced with a statistically significant difference in this group. Thus, SAC presented a statistically 

significant increase in the Losartan group owing to a decrease in pulse pressure and, in a lesser way, a 

possible increase in SV. Arterial stiffening has been linked to reduced SAC and is a major factor in the 

development of hypertension. Arterial stiffening is commonly seen in elderly patients and is associated 

with other comorbidities, such as dyslipidemia, diabetes, and atherosclerosis.305,307,354-356 Patients from the 

intervention group were slightly older, but comorbidities were similar between both groups. It is not 

possible to know whether or not they have comparable arterial stiffness. RAS inhibitors were associated 

with decreasing arterial stiffness, which is measured by carotid-femoral pulse wave velocity, 

independently of blood pressure lowering.357,358 Losartan treatment may impact positively by decreasing 

it.  Furthermore, reduced SAC impacts on LV mechanics increasing LV afterload and myocardial oxygen 

demand, and it was also associated with a fall in coronary flow during diastole.305 Thus, it is an 

independent predictor of LV dysfunction and adverse outcomes.224,306,307,355,356  

Briand et al. found that SAC was an independent predictor of LV dysfunction. Conversely, when Zva 

was considered into the multivariable model became the only hemodynamic factor to be independently 

associated with LV diastolic and systolic dysfunction, representing the respective contribution of AVAi 

and SAC.224 Thus, it allows to better evaluate the global LV afterload in the context of AS and 

hypertension. In our study, there was a diminution of it with a borderline significant trend in the Losartan 

group. However, there was no statistically significant difference between groups. Interestingly, 

considering the Zva groups established by Hachicha et al.232, the low Zva group was more prevalent after 

one year of treatment in the Losartan group in comparison with the control group, in which patients were 

dispersed between the Zva groups. Although there was not a statistically significant difference, these 

outcomes could have a clinical implication because of the association between Zva and myocardial 

systolic dysfunction190, and Zva and mortality.232 Besides, higher global LV hemodynamic load is linked 

to earlier onset of symptoms in patients with AS. Only one study has evaluated the impact of 

antihypertensive treatment on Zva in patients with moderate-to-severe AS.335 Despite its positive results, 

the study was done using metoprolol, a beta-adrenergic blocker, which is not the first choice to treat 
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hypertension due to its side effects. Besides, RAS inhibitors or diuretics have demonstrated better 

outcomes in randomized clinical trials of hypertension.  

NT-proBNP is a biomarker of cardiac damage because its synthesis and secretion are stimulated by 

mechanical stretch of the myocyte.  It is released in response to ventricular volume expansion and 

increased wall stress.359 It is highly increased during acute heart failure, myocardial infarction and other 

diseases. Chronic heart failure or LV dysfunction leads to upregulation of its secretion. Normal ranges 

depend on age, gender, and assay method. Moreover, NT-proBNP and serum B-type natriuretic peptide 

are well-known predictors of prognosis in heart failure.359,360 Values correlate well with the severity of AS 

and are associated with symptoms and adverse clinical outcomes in moderate-to-severe and severe 

AS.359,361-363 One recently published study including only patients with moderate AS has revealed that the 

all-cause mortality rate was superior in patients with higher-median NT-ProBNP levels (> 888 pg/dl) in 

comparison with lower-median NT-ProBNP.359 Further, higher NT-ProBNP level was linked to lower 

LVEF levels as well as larger LV mass indexes, larger LV dimensions and more elevated medial E/e’ 

levels; suggesting an association with systolic and diastolic dysfunction in patients with moderate AS.359  

Dalsgaard et al. carried out a study using RAS inhibitors in severe AS (follow-up: 49 days) and indicated 

a significant improvement in NT-proBNP values. This result was accompanied by an amelioration of 

SBP and SAC. Thus, it showed that the reduction of NT-proBNP might have been a consequence of 

unloading the LV.  We could not demonstrate a difference in the annualized ratios of NT-proBNP levels, 

although there were significant changes in SBP and SAC in the Losartan group. At baseline, the NT-

proBNP values were low and similar between groups. The effects of ARBs may be denoted with further 

higher levels of NT-proBNP. 

In this study, hemodynamic parameters of SV and Q mean were preserved in the Losartan group, contrary 

to the control group and the expected outcome in those patients. In the control group, a statistically 

significant decrease of Q-mean was observed. Both diseases are associated with a decline in SV and Q 

mean through time.364,365 Hence, these results may be in response to the decrease in SBP and the 

amelioration in SAC due to antihypertensive treatment and the vasodilatory effects of ARBs.346-348. It also 

suggests a protective effect of the treatment on the LV systolic function, probably due to a decrease in 

the global LV afterload.  

Hypertension and AS have strong implications in the development of LV remodeling and hypertrophy. 

These occur as a compensatory mechanism to increased afterload accompanied by an increased LV 

chamber stiffness and higher LV filling pressures. In the RIAS trial, a modest and progressive reduction 

of LV mass, measured by cardiac magnetic resonance, was observed in the intervention group.187 Similar 

results were observed with the use of candesartan (an ARBs).343 In the recently published meta-analysis, it 
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did not find a statistically significant difference.353 However, the inclusion criteria, the measurements 

methods and the follow-up were very different between each study. Thus, it is not possible to conclude. 

Studies in hypertension using ARBs or ACEIs have also demonstrated favorable outcomes regarding LV 

geometry.337,338,344 Our study was not planned to find a difference in LV mass index despite being an 

important parameter to assess in the setting of AS and concomitant hypertension. As it was largely 

described, hypertension may have a preponderant role in LV remodeling and hypertrophy while AS is 

moderate, whereas when AS become severe,  the fixed obstruction of the valve would become the 

principal cause of the LV afterload.276 In our study, there were no statistically significant differences at 

baseline, whereas there was a higher prevalence of LV hypertrophy in the control group. Even though 

LV diastolic diameter was larger in the intervention group, this difference was not seen after indexing to 

BSA. The annualized ratios were not significant in each group and between them. After treatment, only 

one patient in each group had hypertrophy. It is difficult to make conclusions, as these results could be 

because of the inter-observer variability or lack of time. It would be desirable to measure these outcomes 

by cardiac magnetic resonance, which is the gold-standard for the assessment of LV mass and myocardial 

fibrosis.  

In our study, LV diastolic function assessment was inconclusive. A wave significantly decreased, and the 

E/A ratio increased in the Losartan group after treatment. The clinical significance of those findings is 

questionable. Does it mean that treatment leads to a less rigid LV, decreasing LV filling pressure and 

reducing the importance of atrial contraction? Or does it mean that LV became stiffer, decreasing LV 

filling flow and increasing filling pressure with an early rapid filling, and so, diastolic dysfunction has 

advanced becoming a pseudonormal pattern?366 Nevertheless, E/e’ ratio was non-significantly reduced 

in this group indicating that LV filling pressure may have decreased, improving LV relaxation and 

decreasing its stiffness. No previous study could find a statistically significant improvement in LV 

diastolic function parameters measured by echocardiography with antihypertensive treatment. 

Nonetheless, Eleid et al. found an important decrease in LV filling and pulmonary artery pressures with 

the administration of nitroprusside, a potent vasodilator, in patients with low-gradient severe AS, systemic 

hypertension and preserved LVEF.137 Even though this study was done in a very different population 

(low-gradient severe AS vs. mild, moderate AS), it would be interesting to observe similar results in our 

population, who normally are aged and presented at least a restrictive pattern at the echocardiographic 

assessment. Intriguingly, one study has found that the administration of an ACEI into left coronary 

arteries in patients with LV hypertrophy and AS declines the curves of LV pressure-volume and LV 

pressure-dimension measured by ventriculography and echocardiography, respectively, implicating an 

amelioration in diastolic distensibility.114 It also showed an acceleration in isovolumic relaxation time.114 
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Those results suggest that RAS is activated in those patients contributing to impaired diastolic function 

and RAS inhibitors may be an effective therapy to slow the progression of diastolic dysfunction.114  

ARBs therapy was associated with slower progression of AS, assessed by Doppler-echocardiography.191 

In our study, there were no differences in the severity of AS between groups; which was confirmed by 

measuring the AVC score with computed tomography. We have included the AVC score, due to the 

hemodynamic dependence of the AS assessment by Doppler echocardiography, and the possible 

discordance that could exist in patients with hypertension and AS. There are some reports that 

concomitant hypertension can influence the echocardiographic evaluation of AS severity.367-370Thus, 

AVC score, an independent measurement of transaortic flow, allows to correctly evaluate the severity of 

AS and its use is recommended in case of discordances in the severity of AS.177,371,372 Regarding the 

progression of AS, peak jet aortic velocity and mean pressure gradient increased significantly in the 

Losartan group. Those parameters are strongly dependant on the flow state, and the increase in SAC and 

the concomitant decrease in LV afterload may impact positively on the LV systolic function improving 

its contractibility and increasing the transaortic flow. Therefore, it may not mean that AS has progressed.  

Lastly, about our safety point, there were no reported side-effects during the follow-up, neither dyspnea 

nor hypotension. As it could be an idiosyncratic side effect on the kidneys, especially in patients with 

chronic renal failure, diabetes, or older patients; creatinine clearance and serum concentration were 

measured.  There were no changes in creatinine clearance or creatinine serum levels, suggesting that this 

medication may be safe for renal function. Moreover, there was no report of hyperkalemia.  

3.5. LIMITATIONS 

Due to the COVID-19 pandemic, it was not possible to finish the follow-up in several patients. This has 

compromised the statistical power and the sample size of this study.  Consequently, our null hypotheses 

could not be rejected.  However, we have performed a large list of analyses to extensively evaluate the 

effects of ARBs treatment on LV systolic function and global LV hemodynamic load. We also included 

analyses about LV diastolic function and AS progression. Another important limitation was that we could 

not compare the results of GLS in our interventional group with the control group due to the poor 

echogenicity of several patients. It would be interesting and desirable to match our interventional patients 

to two controls or to use GLS as one parameter to match our patients. However, in this way, it would be 

a risk that our two (interventional and control) groups were not homogenous.   

Moreover, there were limitations inherent to our study design. The best way to investigate a new drug or 

a new indication for a drug is through a randomized controlled trial, in which the intervention group can 
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be compared with a control group receiving a placebo or no intervention. Every subject is allocated 

randomly, and this leads to reducing the sources of confounder factors and bias. In our study design 

(historical controlled), it would not be possible to set causality, although we would have enough statistical 

power. To reduce bias, we had matched the patients with our historical cohort. However, there were 

some limitations; for example, when we could not match the patients by their SBP. We have taken it into 

account, but the differences between each patient were large (± 20 mmHg). This could be part of a 

selection bias; even though there was no statistically significant difference at baseline. Furthermore, there 

was also no possibility to supervise the hypertensive treatment of the control group if there were one. 

Hence, it is not possible to know if the outcomes that we got are because of the ARBs therapy or because 

of the treatment intensity to control blood pressure. 

Randomized controlled trials are extremely expensive and non-randomized controlled trials allow 

screening the possible outcomes of the future random controlled trial before starting one, evaluating 

possible harms, the feasibility of a new therapy or a new indication, and possible benefices. Our study 

was a pilot one and, although our results were not conclusive, we could observe that ARBs therapy in 

patients with mild to moderate AS and concomitant hypertension may be safe and well-tolerated.  

Myocardial fibrosis, which is strongly associated with rapid AS progression, poor outcomes and 

cardiovascular mortality, could not be assessed, despite indirectly analyzing LV mass and GLS. Even if 

this last one is an early marker of myocardial fibrosis, GLS narrowly depends on cardiac load conditions 

(preload and afterload), which are easily modifiable. Besides, GLS presented high interobserver variability 

(7.5% in our laboratory).350 Cardiac magnetic resonance could be done to adequately evaluate myocardial 

fibrosis, LV remodeling and LV mass. Moreover, the results in GLS could be correlated with the one of 

cardiac magnetic resonance.  

AS progression could not be evaluated due to the study time and methods. AVC score by computational 

tomography is a more accurate parameter to define AS progression and the impact of the therapy on it.  

Although it was assessed at the baseline, for the timing of AS progression and radiation purpose, 

computational tomography was not repeated at the one-year visit but will be done at the 2-year follow-

up.  
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CONCLUSION 

AS and hypertension are two of the three more prevalent cardiovascular diseases in the high-income 

countries,4 and their coexistence is highly prevalent. Their prevalence augments each year, due to the 

increasing life expectancy. Both diseases trigger myocardial damage, principally, by increasing the LV 

afterload and eliciting myocardial fibrosis. There is no pharmacological treatment to slow the progression 

of AS.  Contrary, there are wide options to treat hypertension. There is a paucity of data regarding the 

efficacy of ARBs in AS, especially compared to ACEI. Theoretically, as non-ACE pathways such as 

chymase activation are increased in the aortic valves and AT1 receptors are increased in the aortic valves, 

ARBs may have comparable benefits to ACE inhibitors in patients with AS. ARBs may be more effective 

than ACEI to slow the calcification of the aortic valve and regress LV remodeling. However, both classes 

of RAS inhibitors have been shown to improve SAC, decrease global LV hemodynamics, improve 

symptoms related to LV dysfunction and decrease cardiovascular and all-cause mortality. However, the 

impact of RAS inhibitors on LV systolic function is not clear.  

Therefore, our study aimed to demonstrate the impact of ABRs treatment on LV systolic dysfunction by 

principally measuring it with GLS. Our endpoints were not met due to the loss of follow-up during the 

COVID-19 pandemic. However, the revised literature and our study highlighted the importance of 

treating systemic hypertension in patients with AS, independently of the severity of AS.  Nowadays, the 

new guidelines recommend:  

“Medical therapy for hypertension follows standard guidelines, starting at a low dose and gradually titrating 

upward as needed to achieve blood pressure control. (…) Consideration should be given to a higher target 

blood pressure for patients with AS than is recommended for the general population”30 … 

However, there is no clinical study that has indicated the targets of blood pressure for patients with AS; 

and it is less clear which is the best therapy for them and if this therapy might slow the progression of 

AS.  

Our study could show that ARBs may be safe and well-tolerable in this population.  Nevertheless, it will 

need evidence from larger, randomized controlled studies to conclude that ARBs would be a good 

therapy to slow the progression of AS and LV myocardial fibrosis and dysfunction.  

One strength of our study was the use of GLS to measure subclinical LV systolic dysfunction. It would 

be desirable to repeat this study with a 1:2 matched historical controlled design. Further, our study also 

showed that blood pressure is optimized and control with ARBs therapy and, the antihypertensive 
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treatment leads to increase SAC; decreasing the stiffness of the systemic arterial system and the LV 

afterload. 
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