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Preface

Aortic stenosis is one of the most common valvular diseases in the elderly. The only 
effective treatment is surgery. Angina pectoris, syncope or near syncope, and heart 
failure are the three classic manifestations of severe aortic stenosis. Aortic valve 
replacement should be performed for severe symptomatic aortic stenosis (class I), 
severe asymptomatic aortic stenosis with reduced left ventricular ejection fraction 
(class I), and severe aortic stenosis undergoing valvular surgery (class I). There are 
five different class IIa indications for performing aortic valve surgery. Surgical aortic 
valve replacement or transcatheter aortic valve replacement may be performed in 
suitable patients.

Aortic Stenosis - Recent Advances, New Perspectives and Applications includes  
nine chapters written by experts in the field. Chapters 1–4 address diagnosis and 
Chapters 5–9 discuss treatment. This book is an important resource for all healthcare 
professionals taking care of patients with aortic stenosis.

I would like to thank the contributing authors for their excellent chapters. I would 
also like to thank Martina Ivancic at IntechOpen for her assistance in editing this 
book.

Wilbert S. Aronow, MD, FACC, FAHA, FACP, FCCCP, FASPC, AGSF, FGSA
Department of Cardiology,

Westchester Medical Center and New York Medical College, 
Valhalla, New York, USA
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Chapter 1

Use of Computed Tomography 
in the Assessment of Severity of 
Aortic Valve Stenosis
David Weininger Cohen and Wilbert S. Aronow

Abstract

The workhorse in the diagnosis of aortic stenosis (AS) has been transthoracic 
echocardiography (TTE) with clear-cut validated threshold values for grading it mild, 
moderate, or severe. However, up to one-third of patients may present with discor-
dant findings on echo sonogram and may need further evaluation with other imaging 
modalities such as computed tomography (CT). CT is useful in determining aortic 
valve area (AVA) by planimetry and outperforms TTE in identifying severe AS in 
bicuspid aortic valve (BAV), but it is not routinely ordered for those purposes. It has 
been widely used in helping, determining, and grading the severity of AS by calculat-
ing aortic valve calcium (AVC) load with a scoring system. AVC scores of 2000 AU 
or more for men and 1300 AU for women are highly indicative of severe AS and have 
been associated with the poor outcomes. AVC score will underestimate AS in a minor-
ity of circumstances where the process is driven more by fibrosis than calcification. 
CT use is limited by its recent adoption into medical practice and, therefore, is still 
not universally available in every center. It requires additional training for providers 
and low-dose radiation exposure may be a concern for some patients.

Keywords: severity of aortic stenosis, cardiac computed tomography, low gradient 
severe aortic stenosis, paroxysmal severe aortic stenosis, aortic valve calcium score, 
planimetry, aortic valve area

1. Introduction

Aortic stenosis (AS) is one of the most common valvular diseases in the developed 
world and its prevalence increases with age. It is estimated that up to 10% of octoge-
narians suffer from it [1]. It is expected that with aging populations, the prevalence 
will only increase, being an important condition for most healthcare systems given 
its progressive nature and associated morbidity and mortality. However, the spike in 
symptomatology and mortality occurs when the stenosis becomes severe. There is 
no effective medical treatment to reverse or slow progression of the disease so most 
therapeutic solutions have been focused on replacing the stenotic valve through 
surgery or, more recently, via catheter [2]. Given increased safety and recent thera-
peutic advances in transcatheter aortic valve replacement (TAVR), more centers 
are performing an increasing number of them. However, this is still an expensive 
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procedure and complications do occur. Therefore, increased importance has been 
given to determining severity of the disease to better assess which patient, at which 
time, would benefit the most from a therapeutic intervention.

Severity of AS is guided by transthoracic echo sonogram (TTE) findings. 
According to the most recent guidelines by the American and European Societies of 
Cardiology (American College of Cardiology [ACC], American Heart Association 
(AHA), European Society of Cardiology [ESC], and European Association for Cardio-
Thoracic Surgery [EACTS]), AS can be assumed to be severe when aortic valve area 
(AVA) is equal or less than 1.0 cm2 (or 0.6 cm2/m2 of body surface area [BSA]) and its 
mean pressure gradient (MG) is equal or higher than 40 mmHg (alternatively, peak 
aortic jet velocity of at least 4 m/s is also accepted) [3, 4].

Frequently, patients present with TTE measurements of AVA and MG that would 
place the severity of their AS in different grading categories. Most commonly, this 
scenario implies an AVA of 1.0 cm2 or less (putting the patient in the category of 
severe AS), but an MG less than 40 mmHg (which would establish the patient’s AS as 
moderate). This grading inconsistency can be present in up to one-third of patients 
[5] and is usually referred to as low-flow-low-gradient AS (LFLG) if stroke volume 
index (Svi) is less than equal or less than 35 ml/m2. Elevated gradient is the most 
robust parameter when assessing a stenotic lesion of the aortic valve, and a high gra-
dient AS is indicative of its severity. However, AVA less than 1.0 cm2 has been the best 
predictor for severe outcomes in AS [6] so its presence should still prompt thorough 
evaluation beyond TTE regardless of low gradient. LFLG AS can be further classified 
based on associated left ventricular ejection fraction (LVEF).

LFLG AS with reduced LVEF needs to be teased out from pseudo-severe AS and 
is usually assessed with dobutamine stress echo. An increase in AVA with increased 
flow through the valve is indicative of pseudo-severe AS. However, no change in AVA 
or gradient with no increase in flow through the valve is indicative of no reserve in the 
left ventricle. AS severity in those cases is also hard to tease. LFLG AS with preserved 
LVEF, also called paroxysmal, is challenging to assess for true severe AS versus other 
clinical conditions that would explain low flow independently from the aortic valve, 
usually atrial fibrillation, mitral stenosis, mitral regurgitation, or right ventricular 
(RV) failure [7]. Errors in TTE measurements of AVA are also common, given the 
anatomical characteristics of left ventricular outflow tract (LVOT), especially given 
its diameter is squared for calculation of AVA. This is when multidetector computed 
tomography (MDCT) plays a crucial role in the assessment of the severity of AS, 
especially when dobutamine stress echo is inconclusive or cannot be performed [8].

CT imaging for planning transcatheter aortic valve replacement (TAVR) is also 
crucial as it helps define the anatomy of aortic annulus and LVOT, reduces post-TAVR 
complications, and aides with the selection of vascular access [9, 10]. However, that 
role of CT is not in the purview of this chapter and we will only focus on its role in 
helping define its severity.

2. Aortic valve calcium scoring

Aortic valve calcium (AVC) score can determine whether true AS is present, 
regardless of flow [11]. For acquiring a validated AVC score, obtained images have to 
be non-contrast, electrocardiogram (ECG) gated in diastole (60–80% of RR inter-
val), slice thickness of 3 mm, applied tube voltage of 120–140 kilovolts (KV), and 
a tube current of 30–80 milliampere seconds (mAs) based on patient body weight. 
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Contrast-enhanced CT images have not been validated for accurately predicting 
calcium load or outcomes in AS [12].

The way to measure AVC is through a modified Agatston method. For every 
cluster of four pixels with an attenuation of 130 Hounsfield units (HU) or more, one 
arbitrary unit (AU) gets assigned. There is a density weighing factor (DWF) that 
derives from the highest Hounsfield unit in the lesion when it was originally designed 
for coronary artery calcium scoring. The area of the lesion gets multiplied by the 
DWF (130–199 HU = 1, 200–299 HU = 2, 300–399 HU = 3, and > 400 HU = 4) and 
then the areas with calcification are summed to give a total AVC score [11–13]. The 
software identifies those calcific regions but then the operator must manually select 
the ones that will be included in the score calculation. Areas that are considered for 
the AVC score are the AV leaflets as well as the annulus in axial slices. LVOT calcifica-
tion is sometimes difficult to differentiate from AV and should not be included in 
total AVC score even though its presence is associated with post-TAVR peri-valvular 
leak [12]. Possible anatomical structures apart from the LVOT that may get errone-
ously included in the calculation of AVC score are calcium in the aortic root, right 
coronary ostium, and anterior mitral valve annulus. Use of different orientations 
and reconstructions of CT images, such as the “en face” (short axis) may help dif-
ferentiate structures when there is a high calcium burden in surrounding structures. 
However, the AVC score should be calculated in axial views rather than in those 
reconstructions [12].

The presence of AVC has been independently associated with an increased risk 
of all-cause mortality [14], but a more specific and validated score can be helpful 
in grading the severity of AS and maybe determining who is a candidate for a life-
saving intervention, such as TAVR. Initially, an AVC score of more than 1274 AU in 
women (sensitivity 86%, specificity 89%) and 2065 AU in men (sensitivity 89%, 
specificity 80%) were found to be highly indicative of severe AS with a sensitivity 
and specificity close to 90% [15]. A subsequent larger study found similar thresholds 
for severe AS; 1377 AU in women (sensitivity 87%, specificity 84%) and 2062 AU for 
men (sensitivity 80%, specificity 82%) [16]. Most of the patients in this study had a 
reduced EF (average 21 ± 4.6%) [16]. These are just absolute AU numbers. However, 
some patients with paroxysmal LFLG AS may have a smaller AV annulus but still have 
absolute AU values that do not reach the above-mentioned threshold but may still 
have severe AS. Indexing the calcium score to the valve area provides the AVC density, 
which was a more powerful predictor of survival than AVC load but threshold may 
need to be revised, especially for women [17]. AVC density for severe AS differs 
between gender; 420 AU/cm2 (292 AU/cm2 in the previous study [17]) or more for 
women and 527 AU/cm2 for men [16]. In a prospective study, AVC density has been 
found to correlate well with severe AS and bicuspid aortic valve (BAV) in the age 
group of over 51 years of age but not in younger individuals with BAV [18]. AVC score 
may underestimate AS in young patients. An observational study found higher AVC 
score in patients with BAV compared to tricuspid AS (510 AU vs. 0 AU) in addition 
to earlier calcification of the AV (as early as 4th decade of life). The fusion raphe was 
the most common location for calcific deposits in BAV followed by the cusp in relation 
with the left coronary artery. For tricuspid AV, the noncoronary cusp was the most 
common location with evidence of calcification [19].

A few studies have investigated ethnic differences in AVC. In a large prospective 
cohort study in 6814 individuals without symptoms or known cardiovascular disease, 
after adjustment for risk factors, relative risk (RR) for AVC was similar between 
Caucasians and Hispanics (1.03 in Hispanics with 95% CI 0.82–1.28). Compared with 
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Caucasians, RR was 0.72 in Blacks (95% CI 0.59–0.90) and 0.56 in Chinese (95% CI 
0.40–0.80). These differences were not specific to patients with AS [20]. More recently 
another study suggested AVC score thresholds for severe AS are comparable in Asian 
(68% of study population) and Caucasian population but were less accurate for Asian 
women when compared to Caucasian women, suggesting fibrosis and not calcification 
as an important driver of stenosis in this population [21].

The 2019 consensus document from the Society of Cardiovascular Computed 
Tomography defines the cutoff for AVC score for severe AS as 3000 AU or more in men 
and 1600 AU or more in women [22], which has been added to the 2021 ESC/EACTS 
guidelines as highly likely for severe AS. Any score less than those previously men-
tioned but 2000 AU and above for men and 1200 AU for women is considered “likely” 
for severe AS. AVC scores of less than 1600 AU for men and 800 AU for women are 
considered “unlikely” to represent severe AS [23]. ACC and AHA in their 2020 guide-
lines have mentioned AVC scores of 2000 AU or more for men and 1300 AU for women 
as diagnostic for severe AS [4].

AVC scoring has also been shown to progress with time at an average of 152 AU/year 
and progression was faster with severe disease (342 AU/year) compared to moderate 
AS (289 AU/year) and mild AS (64 AU/year) [24]. This expands the possible use of CT 
also to track progression of disease in patients with LFLG AS with preserved EF or in 
patients with poor windows for TTE. Given its reproducibility and sensitivity, CT could 
also serve as a tool to track disease progression while researching medical therapies 
looking to prevent or slow progression of AS as it would mean a smaller sample size 
needed to detect a change in AS.

2.1 Limitations and advantages of aortic valve calcium score

MDCT use is limited by its recent adoption into medical practice and therefore is 
still not universally available in every center. It requires additional training for provid-
ers and low-dose radiation exposure may be a concern for some patients. As pointed 
out before, MDCT AVC score will underestimate AS in a minority of circumstances 
where the process is driven more by fibrosis than calcification (BAV and young 
females) [18, 19].

However, MDCT AVC score has many attributes that should make it easy to 
introduce in daily clinical practice. AVC score is reliable, reproducible, independent 
of flow, has low (average < 5% of score) interobserver and intraobserver variability 
[25, 26] (unlike TTE), and it can be performed with an array of scanners that already 
exist and established thresholds remain valid [16]. In addition, no contrast is needed. 
It is important to know that AVC score has not been validated in contrast-enhanced 
scans and it may greatly differ from non-contrast images [12].

3. Anatomic assessment

AV planimetry can be used to measure AVA and the LVOT. CT is superior to TTE 
in determining valve anatomy but has not shown its superiority in improving the 
correlation between AVA and MG or in predicting mortality [27]. To measure AVA, 
the CT has to be ECG-gated as well and the smallest AV opening is chosen during 
systole (15–35% of RR interval) when the valve is fully open [12] as you can see in 
Figure 1. Measured AVA by MDCT in severe AS is larger than AVA measured by TTE 
(1.2 cm2 vs. 1.0 cm2, respectively) [27], which has also been found in earlier studies 
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[28]. A small meta-analysis of 9 studies with 262 men and 175 women found that AVA 
measurements by planimetry were very similar to AVA obtained by continuation on 
TTE, but consistently overestimated it [29], suggesting that the CT-measured AVA 
threshold for severe AS should be less than 1.2 cm2, but this threshold difference has 
not been included in the guidelines. This discrepancy has been present in most stud-
ies, and it is thought that the difference stems from the fact that flow through the ste-
notic valve will not be equal in the middle and at the edges of the effective orifice area 
(EOA). This difference in measured AVA has been found comparable to other imaging 
modalities in a recent pairwise meta-analysis, with a mean AVA difference of 0.12 cm2 
over the one calculated by TTE (0.14 cm2 specifically for the MDCT subgroup) [30].

LVOT measurement by MDCT is another tool that has been used to better study 
the valve. The reconstruction of the LVOT has been fundamental in planning for 
TAVR, specifically in selecting the correct valve size and preventing post-TAVR valve 
leaks [10]. However, measuring LVOT on MDCT has also been helpful in grading the 
severity of AS by calculating a hybrid AVA using Hybrid MDCT-Doppler imaging: 
the use of TTE and MDCT measurements in the continuity equation [31]. Inaccurate 
LVOT measurements by TTE are one of the most common ways error can be intro-
duced in the continuity equation, leading to an underestimation of gradients across 
the AV. CT is able to obtain an accurate LVOT area that can be used in the continuity 
equation and eliminate some of the variability that standard TTE introduces. Several 
studies have shown that, when compared to MDCT, TTE underestimates AVA and 
LVOT areas and in some instances, the use of a hybrid AVA (or sometimes called 
fusion AVA) helped reclassify a big proportion of patients into a different severity 
grading [32–34]. One study performed on 359 consecutive patients with low gradient 
severe AS, who already had TAVR, recalculated AVA based on CT and TTE parameters 
combined and reclassified 35% of them as moderate based on the new AVA. Even 
though their reclassification did not affect clinical outcomes, it shows the extent 
that combined imaging can help correctly grade the severity of AS in this subset of 

Figure 1. 
Aortic valve area (AVA) calculation tracing the edge of the aortic leaflets that border the smallest aortic valve 
(AV) opening during systole. Measured AVA 0.8 cm2 (78.53 mm2). Note the three distinct leaflets of this tricuspid 
AV with presence of calcium. “EnFace” view is used to better see the valve. Calcium present is not used to calculate 
aortic valve calcium (AVC) score.
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patients [35]. A similar study in 422 patients found that about 30% of patients were 
reclassified after calculating hybrid AVA without any difference in clinical outcomes 
2 years post TAVR [36]. It is important to note that clinical outcomes were similar in 
trials, regardless of reclassification or not; however, there was no control group as 
every patient received a TAVR. The biggest change when using a hybrid AVA is usually 
a higher number of concordant moderate AS (in the patients who had originally low 
gradient severe AS) and a higher number of discordant high gradient moderate AS 
(who previously had a high gradient severe AS and now the AVA is being recalculated 
to >1 cm2). However, revisiting the threshold for severe AS to 1.2 cm2 when obtained 
by CT may help define better the latter group of patients. Due to lack of more trials 
and no apparent association with outcomes, the use of the hybrid AVA is not part 
of the guidelines yet [37] but it could be helpful in cases where the LVOT cannot be 
optimally visualized in TTE.

Cardiac CT can also be useful in detecting BAV when it is difficult by echo 
sonogram as it has better sensitivity and specificity (94.1% vs. 76.5% and 100% vs. 
60.6%) when compared to TTE [28]. Presence of BAV has not been a limitation in 
measuring AVA [29]. BAVs have been found to be heavier than tricuspid AV in a study 
of excised severe AS when undergoing surgical AV replacement [38], suggesting a 
higher amount of calcium and fibrosis likely due to increased endothelial damage and 
increased repetitive mechanical stress on the valve.

4. Conclusion

Computed tomography is a useful tool in helping determine the severity of AS 
in patients, but it has not replaced TTE as the main tool in diagnosing it. CT-derived 
AVC score is most useful in establishing true AS severity in LFLG AS with preserved 
EF or in cases where dobutamine stress echo cannot be performed or results are 
inconclusive. AVC score is reliable, reproducible, independent of flow, and has low 
interobserver variability, but it can underestimate severity of AS in BAV and young 
women. Anatomic measurement of AVA is also possible but usually overestimates 
it compared to TTE. LVOT measurement is more reliable than its TTE counterpart 
and it could be used in the continuity equation to classify patients with AS more 
accurately.
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Chapter 2

Symptomatic Severe Aortic 
Stenosis
Masar Gashi

Abstract

This chapter is intended for cardiologists and all health care professionals involved 
in the evaluation, diagnosis, or management of patients with severe symptomatic  
aortic stenosis (AS). Risk factors, etiology, pathophysiological changes, symptoms 
due to severe AS, diagnosis, and natural history of severe symptomatic AS are 
discussed. The management of patients with aortic valve disease is constantly evolv-
ing by innovations in imaging and transcatheter and surgical implanted devices. 
Guidelines, research studies, and clinical trials are continually expanding related to 
severe symptomatic AS. The role of basic and advanced imaging techniques in the 
assessment and management of patients with severe symptomatic AS is discussed. 
Options to assess accurately for treating difficult scenarios associated with severe 
symptomatic AS disease, including medical and transcatheter, and surgical risks fac-
tors are discussed. A review of the management of potential complications along with 
results in clinical practice is summarized. This chapter is designed with case-based 
severe symptomatic AS and critical decision-making for this condition.

Keywords: severe, aortic stenosis, echographic criteria, practice essentials, aortic valve 
replacement

1. Introduction

Symptomatic severe aortic stenosis (SAS) is the most common valvular heart 
disease. While rheumatic heart disease (RHD) remains the most frequent etiology 
in developing countries worldwide, degenerative aortic stenosis (AS) and congenital 
bicuspid valve defect are the two usual causes in developed countries. Symptomatic 
SAS gradually progresses to heart failure, producing exertional dyspnea, angina, 
and/or syncope. A crescendo-decrescendo systolic murmur is audible in the right 
upper sternal border. Doppler echocardiography is the imaging of choice, showing 
structural and flow changes in the valvular area. At the present time, symptomatic 
severe AS is the most common valve lesion requiring valve replacement as the only 
effective treatment. Indications for the procedure depend on the Heart Valve Team 
with structured collaboration between cardiology and cardiac surgery, and a careful 
individual assessment of the suitability and risks of transcatheter aortic valve implan-
tation (TAVI) versus aortic valve replacement (AVR), the patient’s symptoms, degree 
of AS severity, exercise tolerance, concurrent cardiac abnormalities, comorbidities, 
surgical risk, and life expectancy.
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1.1 Definition of symptomatic severe aortic stenosis

Aortic stenosis (AS) is defined as severe in the presence of narrowing of the aortic 
valve aperture; mean pressure gradient ≥40 mmHg, peak aortic velocity ≥4 m/s, 
and aortic valve area (AVA) ≤1 cm2 (or an indexed AVA ≤0.6 cm2/m2 for the body 
surface). Severe AS consequently causes varying degree of blood flow of the aortic 
valve aperture and produces left ventricular (LV) pressure overload with symptoms 
(syncope, angina, and heart failure) requiring valve replacement.

1.2 Epidemiology

Severe AS is a major cause of morbidity and mortality in the elderly. The number 
of cases will increase because of strong association between valvular disease and age 
[1, 2]. Men are more affected than women. Calcified aortic valve disease (CAVD) is 
the most common cause of aortic stenosis in the developed world. While up to 1.5 
million people in the USA suffer from AS, approximately 500,000 within this group 
of patients suffer from severe AS. An estimated 250,000 patients with SAS are symp-
tomatic. Aortic stenosis is the second most common valvular lesion in the USA. It is 
present in about 5% of the population at age 65. For people over the age of 75 years, 
the prevalence of SAS is 3%. Therefore, it is relatively uncommon in the age group 65 
and under in the absence of a congenital abnormality.

A meta-analysis of predominantly older studies conducted in Europe, the USA, 
and Taiwan found a population prevalence of AS of 12.4% and a prevalence of 3.4% 
of SAS in those aged 75 years and older [3]. More recent studies have shown relatively 
similar figures, with 4.3% in an Icelandic cohort aged ≥70 having SAS [4].

Other studies have reported that up to 33% of patients with aortic sclerosis 
developed AS within 4 years of follow-up [2]. In addition, aortic valve sclerosis is 
frequently associated with other comorbidities increasing the risk of myocardial 
infarction or cardiovascular death by 50%. As such, aortic valve disease has a serious 
impact on general health.

The burden of rheumatic heart disease (RHD) falls disproportionately on low-
income countries and in low-income groups in high-income countries and is vastly 
different in different continents.

Congenital bicuspid aortic valve (BAV) is the most common form of congenial 
heart valve defect, being found in approximately 0.5–0.8% of the population, and is 
present in the third to fifth decade of life [2]. In general, women are also more likely 
to have smaller annular sizes and left ventricular outflow tract (LVOT) dimensions 
associated with concentric LV hypertrophy. In addition, women have demonstrated 
a higher prevalence of paradox low-flow/low-gradient AS, which has been associated 
with poor outcomes and worse mortality compared with high gradient AS [5].

1.3 Etiology of symptomatic SAS

Congenitally affected valve may already be stenotic at birth. The valve may be 
unicuspid, bicuspid, and tricuspid. BAV is most common congenial heart valve defect 
and may be presented with other cardiac abnormalities—coarctation of the aorta.

Acquired

a. Secondary to rheumatic inflammation of the aortic valve and often associated 
with mitral stenosis.
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b. Degenerative calcification of the aortic cusps of unknown cause (autoimmune/
degenerative) [6].

c. Other rare cases: obstructive infected vegetation, irradiation, Homozygotus 
type II hyperlipidemia, Paget’s disease of bone, systemic lupus erythematosus, 
rheumatoid involvement, and ochronosis (alkaptonuria).

Calcific degenerative AS is the common cause of left ventricular outflow tract 
obstruction in adult >70 years in developed countries, and risk factors for that are 
systemic arterial hypertension, diabetes, smoking, end-stage kidney disease, and 
disturbances in mineral metabolism. Natural history and prognosis of SAS is a 
progressive disease, and the severity increases over time. The factors that control 
this progression to develop severe outflow tract obstruction are unknown; it appears 
that in older patients, AS may progress at about twice the rate that it does in younger 
patients.

1.4 Pathology

The most frequent BAV phenotypes were type 1 (left–right coronary cusps fusion 
64%) and type 1 (right-noncoronary cusps fusion 17%). In congenitally abnormal 
tricuspid aortic valve, the cusps are of unequal size and have some degree of commis-
sural fusion; the third cusp may be unusually small. Congenital valve defect produces 
severe obstruction to LV outflow as well as turbulent flow, which traumatizes the 
leaflets and eventually leads to fibrosis, rigidity, and calcification of the valve within 
first few years of life. Patients with BAV have an increased incidence of aortic root 
dilatation (25–40% of patients) and aortic dissection.

In calcific AS (autoimmune/degenerative), early changes show chronic inflamma-
tory cell infiltrate, lipid in lesion, and thickening of fibrosa with collagen and elastin. 
In severe forms of hypercholesterolemia, lipid deposits occur not only in the aortic 
wall but also in the aortic ring and incoherently produces AS. Subclinical calcific 
emboli are commonly found in calcific AS.

Rheumatic AS results from adhesions and fusion of the commissures and cusps. 
The leaflets and the valve ring become vascularized leading to postinflammatory 
fibrosis and stiffening of the cups. The valve is usually calcified, and the aortic 
valve orifice is reduced to a small opening, which is frequently regurgitant as well as 
stenotic.

The LV is concentrically hypertrophied, and muscle cells are increased in size. 
There is an increase of connective tissue and proliferation of fibroblasts and collagen 
fibers in the interstitial space.

1.5 Pathophysiology

With reduction in the aortic valve area (AVA), the primary hemodynamic abnor-
mality is obstruction to LV outflow, which causes a systolic pressure gradient between 
the LV and aorta. A measurable pressure gradient between the LV and the ascending 
aorta can be present when the aortic valve area is reduced by 50% of normal [7, 8]. 
While LV pressure and wall stress increases, aortic pressure remains within the normal 
range until end-stage heart failure occurs. The heart normalizes wall stress by becom-
ing hypertrophic, which develops slowly in proportion to increased LV pressure as a 
compensatory mechanism to the aortic valve orifice narrowing obstruction.
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Diastolic properties of the LV in AS are affected [9, 10]. This diastolic abnormality 
results from a combination of impaired myocardial relaxation with altered cham-
ber compliance and myocardial stiffness (structural alteration) causing increased 
resistance to filling.

LV systolic function measured by ejection fraction (EF) is determined by myo-
cardium and by a combination of LV preload and afterload. As the LV afterload 
continues to increase, the LV uses two additional compensatory mechanisms, namely, 
increase of preload and increase of myocardial contractility. Both of these help main-
tain normal LV systolic function. Preload is not a good compensatory mechanism. 
Even small increases in LV volume may result increases in LV end-diastolic pressure 
and the corresponding increase in mean left atrial pressure, which produces pulmo-
nary edema. When the limit of the preload reserve has been reached, and afterload 
mismatch or myocardial contractility is reduced, LV systolic function becomes abnor-
mal. Clinical heart failure in those with normal LV systolic function is usually a result 
of LV diastolic dysfunction. The necessary LV filling to achieve an adequate stroke 
volume are achieved by atrial systole, which occupies only a small part of the cardiac 
cycle. Mean atrial pressure remains normal or is only minimally increased because of 
transient increase in left atrial pressure due to large a wave. Left atrial contraction has 
considerable benefit and loss of effective; booster atrial contraction because of any 
reasons results in elevations of mean atrial pressure, reduction of cardiac output, or 
both and may precipitate heart failure with pulmonary congestion.

In most patients, severity of AS progressively increases, and the cardiac output 
remains within the normal range at rest, but on exercise, it no longer increases in 
proportion to the exercise or does not increase at all. With the development of heart 
failure, there is reduction in the resting cardiac output. Stroke volume may be so low-
ered that it results in a small gradient across the LV outflow tract in spite of SAS [11]. 
At equal area of AV, as the patient’s age increases, there is a progressive decrease of 
cardiac output with exercise and a progressive increase of LV end-diastolic pressure.

Increased myocardial oxygen needs in SAS due to hypertrophy, elevations in 
LV pressure, and prolongation of systolic ejection time; total coronary blood flow 
is increased, while coronary blood flow per 100 g of LV mass is reduced. Coronary 
blood flow to the subendocardium is inadequate because of reduced coronary perfu-
sion pressure and also because hypertrophied myocardium compresses coronary 
arteries as they traverse the myocardium from the epicardium to the endocardium 
[12]. Coronary vasodilatator reserve ability is also significantly reduced. These 
patients may have angina pectoris even in the absence of coronary artery disease 
(CAD). If associated with coronary artery disease (CAD), which is not uncommon 
in AS, this further increases the imbalance between myocardial oxygen needs and 
supply.

1.6 History

Most patients with severe AS are asymptomatic. The classic triad symptoms of SAS 
are angina pectoris, dyspnea (on exertion, paroxysmal nocturnal dyspnea, ortopnea 
and pulmonary edema), and exertional presyncope or syncope. Later, the other clini-
cal manifestations of low cardiac output symptoms of heart failure are present. Once 
symptoms occur in a patient with SAS without surgical treatment, the life span of the 
patient is very short. Typical angina pectoris occurs with or without associated CAD.

Syncope from AS is the result of reduced cerebral perfusion caused by either 
systemic vasodilatation under the settings of obstruction with fixed cardiac output 
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leading to hypotension or the presence of inadequate cardiac output, an arrhythmia, or 
both. Nitroglycerin-induced syncope as a possible etiology of AS has to be considered.

There is an increased incidence of gastrointestinal arteriovenous malformations 
(Heyde syndrome) [13]. As a result, these patients are susceptible to gastrointestinal 
hemorrhage and anemia. Rarely, calcific systemic embolism to various organs may occur.

Patient with rheumatic AS may have a history of rheumatic fever, and those with 
congenital AS may give a history of a murmur since infancy.

1.7 Physical findings

Depending on the severity of AS, LV function, stroke volume, and the rigidity 
and calcification of the valve, there is a spectrum of physical findings in patients. 
The systemic arterial pressure is usually within normal limits, and the pulse pressure 
is narrowed. Arterial pulse is low-amplitude parvus and delayed tardus. In elderly 
patients with SAS, systemic arterial hypertension is common being present in about 
20% of patients, half of whom have moderate or severe systolic and diastolic hyper-
tension with the vide pulse pressure. However, a systolic blood pressure higher than 
200 mmHg is rare. Hyperdynamic left ventricle—the apex beat—is usually active 
and displaced laterally, reflecting the presence of LV hypertrophy. A systolic thrill 
is generally present at the base of the heart and is palpable during expiration with 
the patient leaning forward. The rhythm is generally regular until very late. Atrial 
fibrillation suggests the possibility of associated mitral valve disease. As AS increases 
in severity, LV systole may become prolonged so that the aortic valve closure sound 
no longer precedes the pulmonic valve closure sound, and the two components may 
become synchronous or cause paradoxical splitting of the second heart sound (S2). 
Frequently, as a result from forceful atrial contraction, fourth heart sound (S4) is 
audible at the apex in many patients with SAS and reflects the presence of LV hyper-
trophy and an elevated LV end-diastolic pressure. A third heart sound (S3) generally 
occurs when the LV dilates and fails. The systolic ejection murmur, which begins 
shortly after first heart sound (S1), increases in intensity to reach the peak toward the 
middle of ejection and ends just before aortic valve closure (crescendo-decrescendo 
murmur between S1 and S2), loudest at the base of the heart in the second right inter-
costat space, transmitted upward along carotid arteries. In elderly, occasional down-
ward radiation of AS murmur to the cardiac apex (Gallavardin phenomenon) may be 
confused with mitral regurgitation murmur. In almost all the patients with severe AS, 
the murmur is at least grade III/VI. In patients with severe AS and heart failure with 
decreased stroke volume, murmur may be relatively soft and brief. Ejection clicks, 
which are rare in elderly patients with acquired AS, may be confused with split S1. 
The murmur intensity is reduced during the provocative maneuvers (Valsava strain 
and squatting) or following premature beat can increase murmur.

1.8 Electrocardiogram

An electrocardiogram (ECG) reveals LV hypertrophy in the majority of patients 
(85%) with severe AS. There is no close correlation between electrocardiographic signs 
of LV hypertrophy, and the absence of these signs does not exclude severe obstruction. 
In fact, the ECG may be entirely normal in some of these patients. In advanced cases, P 
wave abnormality—left atrial enlargement, ST segment depression, and T wave inver-
sion in standard leads I and aVL and in the left precordial leads are evident. ST depres-
sion exceeding 0.3 mV in patients with AS indicates LV strain and suggests severe LV 
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hypertrophy, and septal pseudoinfarct pattern can be seen. Atrial fibrillation can be seen 
at late stages or as a consequence of coexistent mitral valve disease or hyperthyreosis.

The ECG may show different bundle branch block and axis deviation (in 10% of 
all cases). In some patients, the conduction abnormality results from aortic valve cal-
cification extending into the specialized conducting tissue, which may even produce 
heart block (in 5% of cases). Serial ECGs performed over time (months to years) can 
be valuable in demonstrating the progression of the disease.

Ambulantory ECG recording frequently shows complex ventricular arrhythmias, 
particularly in cases with myocardial dysfunction, and may be needed in patient 
suspected or having an arrhythmia or painless ischemia.

2. Investigational imaging modalities

It is clinically validated that the volume quantification of aortic valve calcification 
using multislice computed tomography (CT) scanning demonstrates a close, nonlin-
ear relationship to echocardiographic parameters for the severity of AS [14].

Cardiac magnetic resonance imaging (MRI) is not yet validated clinically but has 
been used for the assessment of AS. AVA measurements made with cardiac MRI have 
shown excellent correlation with those made by Doppler echocardiography.

2.1 B-type natriuretic peptide

B-type natriuretic peptide (BNP) may provide incremental prognostic information 
in predicting symptom onset in patients with AS [15]. A high or steadily rising BNP may 
predict the short-term need for valve replacement in SAS. Preoperative BNP provides 
prognostic information on postoperative outcome [14]. In evaluating data from a 
Japanese multicenter registry comprising 3815 patients with severe AS, it was found that 
increased BNP levels were associated with a greater risk for AS-related adverse event 
(aortic valve-related death or heart failure hospitalization) in these patients [15–17].

2.2 Chest X-ray

Even in the presence of significant AS, the cardiac size often is normal. Severe 
valvular AS in later, more severe stages of the disease, as the LV dilates, there is 
increasing evidence of left ventricular enlargement. The radiographic sings of pulmo-
nary congestion and redistribution of blood flow with left atrial enlargement may be 
evident. Aortic calcification is often associated with the poststenotic dilatation of the 
ascending aorta.

2.3 Transthoracic echocardiography

Transthoracic echocardiography (TTE) using two-dimensional (2D) imaging, 
color flow mapping, and spectral Doppler are important and well-established meth-
ods for the primary assessment of aortic valve disease. It relies on three parameters, 
namely, the peak velocity (PVeI), the mean pressure gradient (MPG), and the aortic 
valve area (AVA). Error measurement may occur in all three. These parameters should 
be concordant with SAS being defined by a PVel >4 m/s, an MPG >40 mmHg, and an 
AVA <1 cm2 (Figure 1). Discordant grading is defined based upon the observation 
that one parameter suggests a moderate AS, while the other suggests an SAS. The 
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measurement of LV outflow tract (LVOT) diameter is the main source of error for 
the calculation of the AVA and, if below 1 cm2, should be adjusted for body surface 
area (BSA). Discordant grading is still between 20% and 30%, thus representing a 
common clinical problem. The most appropriate way of classifying patients is first 
to consider whether AVA and MPG are concordant and second to consider the flow 
(stroke volume index—SVI). Thus, among patients with an AVA below 1 cm2 (and 
preserved ejection fraction), four groups can be identified according to MPG and 
stroke volume index (SVI) proposed threshold of 35 ml/m2, which is now widely 
accepted (see Table 1) [18].

Among 1704 patients with a valve area below 1 cm2, 24% presented with discor-
dant grading (AVA < 1 cm2 and MPG < 40 mmHg). In the vast majority, the flow was 
normal, while low flow was observed in only 3%. Patients with discordant grading 
and a low flow had the worst prognosis. The flow is a prognostic factor, whatever 
the reason or the cause of the depressed flow. One main debate of recent years in 
the domain of valvular heart disease has indeed been whether the patients with 
discordant grading should be managed according to the valve area (thus as SAS) or 
according to MPG (usually moderate AS). Flow consideration has added a supple-
mentary level of confusion. As resting echocardiography is inconclusive, it requires 
the use of additional methods. With the use of computed tomography in the workup 
evaluation before TAVI, the anatomy of the aortic annulus has been well described. 
The measurement of LVOT diameter is a main source of error for the calculation of 
the AVA; some have suggested combining CT and echocardiography. Calcium scoring 
is a reliable flow-independent method for the assessment of AS severity. Aortic valve 
calcification is the leading process of AS [19]. The degree of aortic valve calcification 
can be quantitatively and accurately assessed in vivo using computed tomography 
[20]. Agaston calcium scoring is highly correlated with echocardiographic hemody-
namic severity and has validated its diagnostic value for the diagnosis of SAS. For the 
same degree of aortic valve calcification, females experienced a higher hemodynamic 
obstruction. Thresholds are different in males and females (approximately 2000 and 
1250 AU, respectively), because pathophysiology is different in males and females; 

Figure 1. 
Severe calcific AS (TTE).
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female leaflets are more fibrotic than those of males [21]. Calcium scoring measure-
ments and the thresholds have recently been implemented in the latest version of the 
ESC/EACTS guidelines on valvular disease [22]. In the case of discordant grading, 
calcium scoring should be performed as the first-line test. If the diagnosis of SAS is 
established (and if the patient is symptomatic), intervention should be promptly con-
sidered. Threshold numbers provide a probability of having or not having SAS. Thus, 
a woman with a score of 3000 is very likely to present with SAS, whereas a man with 
a score of 700 is very unlikely to present with SAS. Discordant grading is common in 
clinical practice, and the first step is to look for error measurements and adjusted for 
BSA. Among patients with discordant grading (AVA < 1 cm2 and MPG < 40 mmHg), 
those with low flow are much less frequent than those with normal flow. Flow does 
not provide any diagnostic information regarding AS severity, but provides prognos-
tic information. In most cases of discordant grading, echocardiography alone cannot 
differentiate a true SAS that generally benefits from AVR versus a pseudosevere AS 
that should be managed conservatively. This is why some have suggested combin-
ing aortic valve calcium scoring as a quantitative and flow-independent method of 
assessing AS severity. In many patients, the severity of AS is incorrectly estimated by 
M-mode or 2D echocardiography. Echo/Doppler, when properly applied, is extremely 
useful for estimating the valve gradient and AVA noninvasively; compared with 
results obtained at cardiac catheterization, the standard error of the estimate of mean 
gradient in the best laboratories is 10 mmHg [23, 24]. Guidelines for assessing the 
severity of AS based on Doppler-obtained gradient are with normal cardiac output 
and normal heart rate.

Transesophageal echocardiography (TOE) is performed in moderate or severe 
aortic valve disease when adequate examination cannot be obtained with TTE 
technique and has suboptimal image quality to estimate valve disease severity. LVOT 
diameter can be measured from multiple mid-esophageal views with greater preci-
sion. TOE also plays important roles in the intraoperative evaluation and guidance of 
aortic valve procedures. Immediately before and after cardiac surgery, the velocities 
and gradients across native or prosthetic aortic valve can be interrogated. According 
to a prospective study, 51 patients in detecting BAV had a sensitivity of 95.5% and 
a specificity of 96.5%. TOE remains an alternative strategy, especially when CT is 
contraindicated (Figures 2 and 3).

3D TTE allows the confirmation of AS etiology, such as calcific/degenerative or 
rheumatic, and clarifies both the location and the extent of these pathologies. 3D TTE 
has high reproducibility and agreement with TOE, although this correlation is in part 
dependent upon the quality of 2D TOE views. In addition, 3D is especially helpful in 
measuring the dimensions of the LVOT, which is the major potential source of error.

Cardiac CT assessment is particularly useful when echocardiographic findings are 
conflicting and is part of the AS diagnosis algorithm in guidelines. Furthermore, CT 

High flow/high gradient
MPG > 40 mmHg
SIV ≥ 35 ml/m2

Low flow/high gradient
MPG > 40 mmHg
SVI < 35 ml/m2

High flow/low gradient
MPG ≥ 40 mmHg
SVI ≥ 35 ml/m2

Low flow/low gradient
MPG < 40 mmHg
SVI < 35 ml/m2

Table 1. 
Four groups according to MPG and stroke volume index (SVI) for AVA below 1 cm2 with preserved EF.
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is now considered mandatory in the preprocedural evaluation of TAVR, the preferred 
modality for the evaluation of aortic annulus size and shape, number of cusps, degree 
of calcification, coronary ostia height from annulus, atherosclerotic burden, and 
aortic dimensions (for prosthesis sizing).

2.4 Cardiac catheterization—angiography

In general, cardiac catheterization is not necessary to determine the sever-
ity of AS. Catheterization of the left-side heart and coronarography for further 

Figure 2. 
Bicuspid aortic valve (TOE).

Figure 3. 
Bicuspid aortic valve area.
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hemodynamic assessment should generally be carried out when clinical findings are 
not consistent with echocardiography results. Cardiac catheterization remains the 
gold standard technique to assess accurately the severity of AS by measuring simul-
taneous LV and ascending aortic pressures and measuring cardiac output by either 
technique.

Selective angiography, coronarography, is gold standard for the presence of CAD, 
and its site and severity can be estimated. This should be performed in all patients 
older than 35 years who are being considered for valve surgery. Coronary angiography 
should also be performed in patients younger than 35 years if they have symptoms 
or signs suggesting CAD or having two or more risk factors for premature CAD, 
excluding gender. Generally, in patients with AS who are older than 50 years, CAD 
was reported to be 50%. In young patient coronary, arteriography need not to be 
performed with no atherosclerotic risk factors and in circumstances where the risk 
involved outweighs the benefits.

Radionuclide studies to evaluate myocardial perfusion at rest and exercise may be 
considered as a part of the complete workup of aortic stenosis. Radionuclide ventricu-
lography may provide information on LV function, including left ventricular ejection 
fraction (LVEF), end-systolic valium (ESV), and end-diastolic valium (EDV).

Exercise stress testing in symptomatic SAS patients may precipitate ventricular 
tachyarrhythmias and ventricular fibrillation. It is contraindicated, but, occasionally, 
closely monitored exercise test may be needed to assess exercise capacity in a patient 
with severe AS who denies all symptoms.

Calculated AVA on echo/Doppler ultrasound may be very small because of severe 
stenosis or because the small stroke volume only opens the valve to a limited extent. 
The infusion of an inotropic agent, such as dobutamine, which results in an increase 
of stroke volume and heart rate, is usually helpful to make a correct diagnosis. When 
dobutamine infusion gradient increases in SAS, the AVA does not increase or increases 
minimally, few percent. Cardiac output and LV and aortic pressures are measured 
simultaneously, and AVA is calculated before and during dobutamin infusion.

2.5 Management

A number of steps are involved in clinical decision-making for patients with 
symptomatic severe AS. The first is a complete clinical evaluation. Next is the disease 
of all cardiac vales, ventricular function, and hemodynamic effects, as well as CAD. 
Other organs disease should be diagnosed and the severity assessed. The follow-
ing criteria should be kept in mind: accuracy, reliability, lowest risk to patient, and 
reasonable cost. The duration of the asymptomatic period after the development SAS 
is unknown.

In severe AS patients with the symptoms, the average life expectancy is 2–3 years 
with heart failure and almost all patients are dead in 1–2 years, and the combination 
of symptoms is much more a sign of greatly reduced survival. The exact incidence of 
sudden death is difficult to determine but may be nearly 5%.

All the patients with symptomatic SAS need careful periodic follow-up. In patients 
with SAS, heavy physical activity should be avoided even in the asymptomatic stage. 
In the treatment of congestive heart failure in SAS, sodium restriction, digitalis glyco-
side, and cautious administration of diuretics are indicated, but care must be taken to 
avoid volume depletion. Surgical aortic valve replacement (SAVR) should be advised 
for the patient with symptomatic SAS. Older patients and even young patients with 
calcified rigid valves need valve replacement. There is good outcome after surgery, 
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particularly in patients without any comorbid conditions. Clearly, aortic valve 
replacement (AVR) is indicated for all the symptomatic patients will normal LV func-
tion as soon as possible, with LV dysfunction urgent and with heart failure emergent. 
The operative mortality of AVR in patients without associated CAD, heart failure, 
and other comorbid cases may be 1–2% in centers with experienced and skilled staff. 
There are no many prospective randomized trials of AVR in SAS. Two studies have 
compared the results of AVR with medical treatment during the same time period 
in a symptomatic patient with normal LV systolic pump function. Patients who had 
valve replacement had much better survival than those treated medically [25]. These 
differences in survival between those treated medically and surgically are so large 
that AVR significantly improves the survival of those with SAS [26, 27]. Patients 
with associated CAD should have coronary bypass surgery at the same time as valve 
surgery because it results in a lower operative and late mortality risk. Postoperatively, 
LV hypertrophy regresses toward normal after 2 years; the regression continues at a 
slower rate for up to 10 years after AVR.

Percutaneous balloon aortic valvuloplasty may be performed as a palliative, 
emergency measure in critically ill adult patients who are not surgical candidates or as 
a bridge to AVR in critically ill patients. Best results from valvuloplasty are obtained 
in the patients with a commissural BAV in whom 60–70% reduction in gradient and 
60% increase in the AVA can be expected. Calcific AS has leaflet fusion, but the prob-
lem in acquired calcific AS is due more to the rigidity of the valve leaflets. In this latter 
group of patients, balloon valvuloplasty fractures leaflet calcium and temporarily 
expands the aortic annulus. This procedure in acquired calcific AS increases the effec-
tive systolic valve area for 0.3 cm2, which is small, but it does relieve symptoms at rest 
or during mild-to-moderate exertion in most patients with severe AS. Unfortunately, 
high incidences of valvular restenosis, up to 50%, within 1 year after balloon dilata-
tion make this procedure temporary palliation. Mortality rate associated with the 
procedure is 3–7%. Another 6% develop serious complications, including perforation, 
myocardial infarction, and severe aortic regurgitation. Nevertheless, this procedure 
may be useful in patients who refuse surgery, in patients with heart failure who need 
an urgent, major noncardiac surgical procedure, in patients with life-threatening AS 
and advanced extracardiac disease, and as a bridge to surgery in patients at risk for 
AVR with severe LV dysfunction.

In symptomatic SAS patient, the outlook, despite medical treatment, is very poor 
and can be improved significantly by AVR. If concomitant coronary disease is pres-
ent, AVR and coronary artery bypass graft (CABG) should be performed simultane-
ously. The choice of prosthesis is determined by the expected longevity and by his/her 
ability to tolerate anticoagulation. In a prospective, randomized study of 310 patients 
aged 55–70 years, follow-up at 13 years showed that valve failures and reoperations 
were more frequent in the bioprosthetic group than in the mechanical prosthesis 
group. Bioprosthetic aortic valves were significantly less durable than mechanical 
valves. However, there were no differences between the two types of valves regarding 
the rate of survival and major adverse prosthesis-related events. The operative risk 
in this group of patients is relatively high 10%, which is considerably lower than the 
risk involved by nonoperative treatment. Operation should, if possible, be carried 
out before frank LV failure develops; at this late stage, the operative risk is high about 
15–20%. Long-term postoperative survival correlates inversely with LV dysfunction 
and comorbiditis. Since many patients with symptomatic SAS are elderly, particular 
attention must be directed to the renal, hepatic, and pulmonary function before 
procedure is recommended.
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2.6 Intervention for symptomatic severe aortic stenosis

Symptomatic SAS has a poor prognosis, and early intervention is recommended 
for severe high-gradient AS (mean transaortic gradient ≥40 mmHg or peak 
velocity ≥ 4 m/s, Class I recommendation) and severe low-flow, low-gradient AS 
(<40 mmHg) with reduced ejection fraction (EF) and either evidence of contractile 
reserve (Class I) or with SAS confirmed on CT calcium scoring (Class IIa).

Alain Criblier performed the first percutaneous transcatheter aortic valve implan-
tation (TAVI) in 2004 as a great progress in the management of SAS. Many studies 
have demonstrated that this technique is noninferior to SAVR and superior to medi-
cal therapy in inoperable patients with symptomatic SAS. It is safer than SAVR in 
the elderly with symptomatic SAS, who are not suitable for SAVR as assessed by the 
Heart Team. According to the current guidelines, this is a class I recommendation of 
treatment.

In real life, there is a high rate of delayed TAVI intervention, as shown in Improve 
Outcomes in Aortic Stenosis (IMPULE) enhanced registry, which included 2171 
participants with an established TAVI indication in symptomatic SAS from nine 
European countries of mean age 77.9 years, with 48% females. According to the recent 
guidelines, 24.8% of these patients did not receive TAVI or SAVR intervention within 
3 months after the indication was made.

The best choice for intervention for SAS in an individual patient has become 
increasingly complex because of minimal access surgery, rapid-deployment valves, 
resilient valves, and later-generation TAVI devices.

The options for aortic valve intervention have become broader and need to be 
discussed by the multidisciplinary Aortic Heart Valve Team based within a heart valve 
center for the best approach according to the best available clinical evidence and the 
patient’s preference. The decision regarding the indication, timing, and modality of 
the surgical approach and prosthesis merits careful consideration.

Selected patients for aortic valve surgery, because of significant comorbidities, 
such as chronic obstructive airways disease, cerebrovascular disease, and renal dis-
ease, become more common in an aging population. In some patients, their symptoms 
and long-term prognosis are affected more by their comorbidities than by valvular 
diseases and make intervention unlikely (Class III recommendation). Coexisting 
cardiac or aortic pathology may require concomitant procedures [28].

The assessment of operative risk has been facilitated by scoring systems to esti-
mate the risks of cardiac surgery, e.g., the Society for Thoracic Surgeons Predicted 
Risk of Mortality (STS-PROM) and EuroSCORE II risk scoring systems [28, 29].

2.7 Choice of intervention modality in symptomatic severe AS

The evidence supporting the current recommendations is limited for TAVI in 
patients aged <75 years, and for low-risk patients, and there remain concerns about 
the durability of TAVI valves.

Several studies have been published on intermediate-risk patients  
(STS-PROM 4–8%) since the 2012 ESC/EACTS Valvular Heart Disease guidelines 
[30–32]. These have shown that TAVI is noninferior to AVR in intermediate-risk 
patients with respect to death and disabling stroke and even superior when trans-
femoral access is possible [30].

Patients treated with TAVI had higher rates of pacemaker implantation and 
moderate-to-severe paravalvular leak and lower rates of major bleeding, acute kidney 
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injury, and new-onset atrial fibrillation compared with AVR. The 5-year outcomes 
of the PARTNER 2 study also show higher rates of complications in the TAVI group 
compared with surgery for at least mild paravalvular leak (33.3% versus 6.3%), 
rehospitalization (33.3% versus 25.2%), and aortic valve reintervention (3.2% versus 
0.8%) [33].

The authors, similar to the results of earlier studies, patients treated with 
TAVI compared with AVR, conclude that TAVI may be the preferred option 
over AVR in low-risk patients with severe aortic stenosis who are candidates for 
bioprosthetic AVR.

Regarding the choice of intervention in symptomatic SAS, the current guidelines 
emphasize the role of the Heart Valve Team with structured collaboration between 
cardiology and cardiac surgery and a careful individual assessment of the suit-
ability and risks of TAVI versus AVR (Class I). In general, AVR should be favored 
for patients with an STS-PROM score or EuroSCORE II <4% (logistic EuroSCORE I 
<10%) Class I).

Surgical AVR should also be favored in patients with associated cardiac conditions 
requiring concomitant surgery, e.g., complex severe coronary artery disease, severe 
primary mitral valve or tricuspid valve disease, ascending aortic aneurysm, and 
septal hypertrophy requiring myectomy.

Anatomical and technical considerations favoring surgery are unsuitable aortic 
root anatomy (low coronary height above the annulus and extreme annular diameter), 
valve morphology (bicuspid aortic valve and degree and pattern of calcification), and 
the presence of aortic or left ventricular thrombus.

TAVI is recommended for patients judged unsuitable for AVR by the Heart Valve 
Team (Class I), in particular, patients at higher surgical risk (STS-PROM score or 
EuroSCORE II ≥4% [logistic EuroSCORE I ≥10%]) or especially elderly patients with 
suitable access for transfemoral TAVI. Finally, balloon valvuloplasty may be consid-
ered as a bridge to surgery or TAVI in unstable patients (or in patients with symptom-
atic SAS needing urgent major noncardiac surgery) or diagnostically in patients with 
comorbidities to help to define the contribution of AS to symptoms or organ dysfunc-
tion (Class IIb) [34–36].

In a study including 3687 patients with SAS, Hermiller [29] showed that the 
30-day and 1-year mortality after TAVI increases in the following conditions: 
Charlson comorbidity index score >5, STS-PROM score >7%, home oxygen use, 
serum albumin level less than 3.3 g/dl, age over 85, and falls in the last 6 months 
before TAVI. High-risk patients had a 1-year mortality rate of 36.6% compared to 
12.3% in the low-risk group [31, 32].

Newer surgical approaches are minimally invasive surgical aortic valve replace-
ment (MiAVR) and rapid-deployment AVR. MiAVR includes AVR through smaller 
incisions other than median sternotomy but still requiring cardiopulmonary bypass 
[37]. Preoperative CT imaging is required to ensure suitable anatomy.

Rapid-deployment or sutureless aortic valve prostheses are an evolution of 
standard bioprosthetic valves. During AVR, the diseased aortic valve is approached 
and excised; the valve prosthesis is implanted under direct vision without the need for 
circumferential sutures.

There are two rapid-deployment valves in clinical use. The Perceval (LivaNova, 
London, UK) is true sutureless, self-expanding a bovine pericardial valve; balloon 
may be used for full expansion within the annulus. The INTUITY valve is a bovine 
pericardial valve mounted within a balloon expandable; the valve is positioned with 
three guide sutures that are secured after deployment.
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A recent meta-analysis has found that rapid-deployment valves allow shorter 
aortic cross-clamp and cardiopulmonary bypass times compared with standard 
bioprosthetic valves, but, similar to TAVI, there are higher rates of pacemaker implan-
tation and paravalvular leak; there is no difference in early operative mortality [36]. 
Currently, rapid-deployment valves may be helpful for specific indication.

2.8 Resilient valves

The Inspiris Resilia bioprosthetic valve (Edwards Lifesciences) is the first in a new 
class of “resilient” valves designed for patients aged 60 years.

The leaflet tissue valve has been treated with a novel anticalcification treatment 
with the aim of achieving longer durability, avoiding the need for warfarin, and 
allowing another option for women of child-bearing age. The valve frame has also 
been engineered to facilitate valve-in-valve TAVI if required. There are no long-term 
clinical freedoms from structural valve degeneration [38].

2.9 Mechanical valves—lower intensity coagulation

The On-X valve (CryoLife, Kennesaw, GA, USA) is a bileaflet mechanical aortic 
prosthesis designed for lower intensity anticoagulation in younger patients. The On-X 
valve has been licensed for use in the USA with lower intensity warfarin plus aspirin.

The PROACT Xa study (Clinical Trials.gov identifier NCT04142658) is due to start 
recruitment soon. This study is a prospective randomized controlled trial comparing 
apixaban 2.5 or 5 mg daily (according to age, weight, and renal function0 with stan-
dard warfarin therapy (INR 2.0–3.0) in patients with an On-X AVR; favorable results 
may improve the acceptability and increase the usage of the On-X AVR in the future.

2.10 Choice of surgical valve prosthesis

The choice of valve prosthesis for an individual patient depends on several factors, 
including, most importantly, patient preference, age and life expectancy, metabolic 
factors predisposing to calcification and early structural valve deterioration (e.g., 
chronic kidney disease), any increased bleeding risk or contraindication to anticoagu-
lation, expectation of pregnancy, previous infection, and risk of reoperation.

Biological or bioprosthetic valves for aortic valve replacement are made from glu-
taraldehyde-fixed porcine aortic leaflet or bovine pericardial tissue with a proprietary 
anticalcification treatment mounted in an alloy frame. Modern bileaflet mechanical 
valves are made from pyrolytic carbon and offer the advantage of excellent durability 
and lower intensity anticoagulation and the disadvantages of long-term anticoagula-
tion to prevent thromboembolism and the associated risk of bleeding.

A mechanical prosthesis is recommended for patients <60 years and a bioprosthe-
sis for patients >65 years or those in whom life expectancy is shorter than expected 
bioprosthetic valve durability. Freedom from reoperation due to structural valve 
deterioration for a modern bovine pericardial aortic bioprosthesis has been reported 
as 70.8% and 38.1% at 15 and 20 years for patients aged <60 years at implantation, 
compared with 98.1% at 15 years for patients aged >70 years [39]. There are no long-
term outcome data for rapid-deployment or resilient valves.

Anticoagulation is required in all currently available mechanical aortic valve pros-
theses. The intensity of anticoagulation depends on prosthesis valve characteristics, 
e.g., bileaflet or tilting-disc, and patient factors such as a history of tromboembolism, 
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atrial fibrillation, and LV systolic dysfunction (LVEF <35%): the target INR is 
2.5 (range 2.0–3.0) for modern bileaflet mechanical aortic valve prostheses (e.g., 
Medtronic, St. Jude, Liva Nova) and 1.5 (warfarin plus aspirin 81 mg) for the On-X 
aortic valve in the absence of additional patient risk factors.

Calcific AS has many characteristics in common with atherosclerosis including 
hypercholesterolemia and intensive lipid lowering does not slow down the pro-
gression of AS, but cannot exclude a small reduction in major clinical end points. 
Significant CAD is present in 40–75% of patients undergoing TAVI. The management 
of subset of patients is particularly challenging because the AVA gradient discrepancy 
raises uncertainty about the actual stenosis severity and thus about the indication for 
AVR if the patient has symptoms of an LV dysfunction.

2.11 Medical treatment

In some elderly patients with symptomatic SAS, even minimally invasive treat-
ment therapy can be harmful, and the only possible therapy remains palliative 
medical treatment. Their high mortality risk related to the intervention due to 
comorbiditis and less than 1 year life expectancy is no longer suitable for TAVI. In 
such patients, almost all cardiovascular drugs should be used as in other patients 
without SAS, but with caution due to the possibility of drug-induced hypotension 
and syncope [40–42].

2.12 General measures

The medical management of patients with symptomatic SAS begins with some life-
style changes, limited physical activity; sodium intake should be restricted to 2 g/day. 
Knowing that the patients are afterload fixed and preload dependent, hypotension and 
dehydration should be avoided. All patients should be evaluated for CAD. According 
to recent finding, only in patients with a previous history of infectious, endocarditis 
prophylaxis is indicated.

The renin-angitensin system (RAS) is upregulated in AS and has been shown 
to be involved in aortic valve calcification in experimental and clinical evidence. 
Angiotensin converting enzyme inhibitors (ACEI) and ARB prevent the hemo-
dynamic impairment of AS. ARBs appear to be effective in reducing LV mass and 
slowing the progression of calcification of the aortic valve. Dahl et al. [43] studied 
114 patients with symptomatic SAS and LVEF >40%, randomized after AVR to 
Candesartan up to 32 mg/day or conventional therapy for 1 year. Mortality and hospi-
talization did not differ between groups, but there was a significant improvement of 
echocardiographic parameters in the active treatment group.

Calcium channel blockers should be used with caution (nifedipine should be 
avoided) because of the risk of hypotension, induced coronary hypoperfusion [44], and 
aggravation of heart failure. Patients with SAS on calcium channel blockers for arterial 
hypertension, compared to those not on this drug, had a sevenfold increased hazard 
ratio for all-cause mortality and significantly lower event-free interval (20.5% versus 
5.6%, P < 0.001), independent of age, diabetes, LV ejection fraction, and AVA [44].

Diuretics must be used with caution because patients with SAS are preload 
dependent, and they can develop a low cardiac output and arterial hypotension with 
peripheral hypoperfusion. Eplerone was studied in 33 patients with asymptomatic 
moderate-to-severe AS and LVEF higher than 50% versus 32 controls, followed up for 
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15–25 months. There were no significant differences between groups regarding the LV 
mass index and LV end-systolic volume index [44].

Beta blockers in patients with SAS because of the risk of negative inotropic effect 
in the presence of LV outflow tract obstruction are difficult to manage [45–48]. They 
are indicated in symptomatic SAS with heart failure in low doses, for rate control in 
patients with atrial fibrillation or in hypertension. However, some studies reported 
more promising data. Metoprolol 100 ± 53 mg/day versus placebo for 22 weeks 
reduces myocardial oxygen consumption, aortic peak and mean gradient, as well as 
heart rate and increases systolic ejection time. Thus, the study suggests a favorable 
hemodynamic profile of beta blocker use in moderate-to-severe AS. Rossi et al. [46] 
evaluated the treatment with beta blockers in a retrospective analysis of 113 patients 
with symptomatic SAS who did not undergo surgery and demonstrated a 62% reduc-
tion in all-cause mortality. The association of moderate-to-severe aortic regurgitation 
is contraindication for the treatsment with beta blockers, which can aggravate aortic 
regurgitation by prolonging ventricular diastole.

Digoxin is indicated for rate control in concomitant atrial fibrillation. There are no 
randomized trial data about survival rates in patients with symptomatic SAS treated 
with digoxin.

Nitrate derivatives are not recommended in patients with SAS as long-term 
therapy but can be used in decompensated states with proper hemodynamic moni-
toring. Nitroprusside significantly increases the cardiac index and right ventricular 
stroke volume and decreases the mean arterial pressure, systemic vascular resistance, 
and pulmonary vascular resistance at 6 and 24 h compared with baseline, without 
causing any clinically significant hypotension.

Despite some promising results in observational studies on aortic calcification 
rate, statins are not useful to improve the evolution of AS, except for the coexistence 
of other indications [49–52]. Experimental studies showed that phosphodiesterase 
type 5 (PDE5) inhibition improves left ventricular function and pulmonary venous 
hypertension, but there are no data regarding their effects in patients with SAS.

Positive inotropic agents should be used with caution in the setting of acute heart 
failure because they may induce tachycardia, with subsequently reduced cardiac 
output by decreased diastolic ventricular filling, and also myocardial ischemia.

Antihypertensive treatment previously in symptomatic SAS was considered a 
relative contraindication. However, recent studies have shown that antihypertensive 
medical treatment may be beneficial and safe reducing the progression of LV remod-
eling and even the progression of AS. Concomitant arterial hypertension must be 
treated with the usual drug classes, but with careful titration of doses and rigorous 
blood pressure monitoring. Calcium channel blockers, especially nifedipine, must be 
used with caution [53].

Atrial fibrillation develops in 25% of the patients, which worsens heart failure. 
Therefore, every effort must be made to restore sinus rhythm by antiarhythmics 
or electrical cardioversion, and successful log-term cardioversion is uncommon in 
SAS patients. Rate control may be obtained with beta blockers ore digitalis. Chronic 
anticoagulation is decided according to the CHA2DS2-VASc and HAS BLED scores.

Acute and chronic decompensated heart failure in SAS positive inotropic agents, 
vasodilatators like nitroprusside, emergency balloon aortic dilatation, and emergency 
TAVI can be tried in such clinical cases. However, the improvement of the hymodin-
amic state is very difficult to achieve [54]. Balloon aortic dilatation can be useful, 
but acute complications, such as myocardial infarction, stroke, and acute aortic 
regurgitation, can occur in 10–20% cases, and progressive restenosis can appear in 
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6–12 months. Therefore, balloon aortic dilatation is indicated, especially as bridging 
to TAVI or SAVR.

Significant CAD is present in 40–75% of patients with symptomatic SAS. The indi-
cation of TAVI or SAVR requires concomitant coronary artery bypass graft (CABG), 
but often the interventional risks are too high [37].

In patients who are not eligible for coronary revascularization, the medical 
treatment should be used with caution due to the risk of coronary hypoperfusion. 
From this point of view, it is better to limit the chronic administration of nitrats and 
calcium channel blockers and to use low doses of beta blockers. Antiaggregant and 
anticoagulation therapy should be used according to the guidelines while taking into 
account the comorbidities of the patient.

Chronic heart failure patients with SAS may be treated with low doses of diuret-
ics, ACEI or Ang receptor blockers (ARB), with caution dose increases. Beta blockers 
must be used very carefully or even avoided.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Aortic stenosis (AS) once was conceptualized as a mechanical problem with a 
fixed left ventricular (LV) afterload because of an obstructive valve. With time, there 
has been growing recognition that AS functions more like a series circuit, with impor-
tant contributions from the ventricle through to the vasculature. Emerging evidence 
suggests that higher blood pressure and increased arterial stiffness, synonymous with 
vascular aging, increases global LV afterload in patients with AS. This in turn, has 
adverse consequences on quality-of-life measures and survival. Although traditional 
methods have emphasized measurement of the transvalvular pressure gradient, 
focusing on valvular hemodynamics alone may be inadequate. By definition, total 
vascular load of the human circulation includes both steady and pulsatile compo-
nents. Steady load is best represented by the systemic vascular resistance whereas 
pulsatile load occurs because of wave reflections and vascular stiffness, and is often 
referred to as the valvulo-arterial impedance. In the following Review, we evaluate 
existing and upcoming methods to assess vascular load in patients with AS in order to 
better understand the effects of vascular aging on this insidious disease process.

Keywords: applanation tonometry, cardiac magnetic resonance imaging,  
systemic vascular impedance, transthoracic echocardiography,  
valvulo-arterial impedance, valvulo-arterial load

1. Introduction

Aortic valve stenosis (AS) is a progressive disease in which the end-stage is  
characterized by an increase in global left ventricular (LV) load, resulting in inad-
equate cardiac output, decreased exercise capacity, congestive cardiac failure and 
death [1]. Without correction, the rate of death is more than 50% at 2-years for 
patients with severe AS and symptomatic disease [2]. Patients with AS are frequently 
elderly, with concomitant hypertension and increased arterial stiffness. Higher global 
LV load – as reflected in blood pressure, resistive (i.e. systemic vascular resistance) 
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and pulsatile (i.e. vascular impedance) load – is known to be associated with poorer 
quality-of-life measures and survival outcomes. As such, AS is no longer regarded 
as an isolated valvular disease, but rather a pathological process involving the left 
ventricle, aortic valve and large conducting arteries (Figure 1) [3].

The past decade has seen a rapid uptake of device technologies to treat patients 
with AS. Despite the obvious effects of vascular aging, uncoupling intrinsic properties 
of the left ventricle and arterial tree from the degree of valvular stenosis remains chal-
lenging. This is particularly true of patients with severe AS with low-flow/low-gradi-
ent (LF-LG) (aortic valve area [AVA] ≤1 cm2; ejection fraction [EF] ≤30–45%; and 
mean transvalvular gradient ≤30–40 mmHg) or paradoxical LF-LG severe AS (LVEF 
≥50%; indexed stroke volume [SVi] ≤35 mL/m2; and mean gradient ≤40 mmHg). 
This is important, however, as acute interventions on either compartment may cause 
reciprocal changes in the other. Patients with severe LF-LG or paradoxical LF-LG AS, 
for example, are at considerably higher risk of ongoing exertional intolerance, even 
after relief of valvular obstruction, due to presumed mismatch between ventricular 
filling, valvular stenosis, and vascular stiffness.

Pulsatile pressure-flow relationships to describe vascular impedance (the 
relationship of pressure to flow) of the human circulation were first reported over 
half-a-century ago in (then) pioneering invasive studies [4, 5]. The clinical use of this 
technique for determination of vascular impedance has remained limited however, as 
high-fidelity catheters are considered cumbersome, expensive and may fail to appre-
ciate the eccentricities of pressure and flow dynamics in the ascending aorta. Over the 
intervening years, measurements of steady-state load (such as systolic arterial pres-
sure, systemic arterial compliance, pulse pressure and systemic vascular resistance 
[SVR]) have erroneously been taken to represent the vascular impedance. The advent 
of transcatheter aortic valve implantation (TAVI) has re-ignited this conversation.

As discussed further below, simultaneous high-fidelity pressure and flow catheters 
have recently been used to describe the acute changes that occur following TAVI [6]. The 
valvulo-arterial impedance (ZVA) index obtained by Doppler echocardiography (TTE) 
is one of the most widely adopted non-invasive methods to assess vascular impedance in 
patients with AS [7]. Valvulo-arterial impedance is assessed using brachial systolic pres-
sure, mean aortic pressure gradient and indexed stroke volume within the LV outflow 

Figure 1. 
Factors that contribute to the global left ventricular load in elderly patients with aortic valve stenosis. 
Abbreviations: LV, left ventricular.
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tract. It has been found to be useful in patients with AS because it incorporates stenosis 
severity, volume flow rate, body size, SVR and vascular impedance. More recent studies 
have utilized non-invasive pressure (from carotid or radial applanation tonometry 
[AT]) and flow velocity (from the LV outflow tract on cardiac magnetic resonance 
[CMR]) to estimate vascular impedance in the time or frequency domain [8, 9].

Determination of both the steady-state and pulsatile components of the vascular 
tree are expected to play an increasingly important role in the clinical evaluation of 
patients with severe LF-LG or paradoxical LF-LG AS states moving forward, as well 
as in the prognostication of adverse clinical outcomes following TAVI. The following 
Review provides an overview of key concepts, as well as invasive and non-invasive 
methods to measure global LV load in individuals with AS.

2. Defining hydraulic load of the human circulation

Hydraulic load of the systemic circulation includes both steady-state and pulsatile 
components. Steady-state load is best represented by the SVR, although systolic arte-
rial pressure, systemic arterial compliance, and pulse pressure are frequently used. 
Systemic vascular resistance is calculated as:

 SVR = BAm (mmHg) - RAPm (mmHg) ÷ CO (L/min) x 80, 

where BAm represents mean left brachial arterial pressure, RAP represents mean 
right atrial pressure and CO represents cardiac output by the standard direct Fick 
method.

Pulsatile load occurs because of wave reflections and vascular stiffness and is best 
described using the term vascular impedance (Z), or the relationship of pressure to 
flow. When the general term ‘impedance’ is applied to a vascular bed, it is usually 
referring to “input impedance” (Zin), this being the relationship between pulsatile 
pressure and pulsatile flow recorded in an artery feeding a particular vascular bed. Zin 
can be estimated with the following complex equation:

 ( )β φ= −cos ,in
P

Z
Q

 

where |Zin| = |P|÷|Q| is the modulus and θ = (β – ϕ) is the phase of the impedance 
[10, 11]. Both the steady-state and pulsatile load contribute to the total hydraulic load 
of the systemic circulation [12].

3. Effects of vascular aging in patients with aortic stenosis

With aging, the central elastic aorta progressively dilates, elongates and becomes 
tortuous with stiffened, thickened walls [13]. Characteristic age-related changes in 
aortic flow velocity, pressure waveform and vascular impedance now well described 
[11, 14]. Stiffer, older vessels lead to a faster velocity of pressure pulse and earlier 
timing of reflected pulse wave from the periphery, augmenting central aortic systolic 
pressure and yielding a greater afterload on the heart [10, 11]. Systemic vascular 
resistance is higher, while the systemic impedance phase typically shows similar 
values for the first harmonic at all ages, then increases for all age groups, crossing zero 
to positive values later in elderly patients and also those with AS (around 3–4 Hz). 
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Harmonic refers to the analysis of signals with respect to frequency (Hz) rather than 
time. Put simply, a frequency-domain graph shows how much of the signal lies within 
each given frequency band over a range of frequencies. The effect of age-related 
alterations to vascular impedance is to cause further mismatch between energy 
expenditure of LV ejection, and an increase in pulsatile energy lost in the circulation. 
The result is a direct increase in LV afterload and left ventricular mass. Additionally, 
mean aortic systolic pressure is increased, thereby increasing LV oxygen requirements 
and LV afterload, while mean aortic diastolic pressure is decreased, reducing coronary 
blood flow [15].

4.  Effects of transcatheter aortic valve implantation on vascular 
impedance

Limited studies have explored the effect of aortic valve replacement on vascular 
impedance in elderly patients with AS. Residual LV afterload is more often than not 
assumed by assessing transvalvular pressure gradient, effective orifice area or the 
degree of valve patient-prosthesis mis-match [16]. However, focusing on valvular 
hemodynamics alone is clearly inadequate. In one study, Lindman et al., examined the 
effects of blood pressure, and indices of steady-state and pulsatile-load on outcomes 
following TAVI [17]. 2141 patients recruited to the PARTNER I trial (Placement of 
Aortic Transcatheter Valve) were included. Higher total and pulsatile arterial load 
were associated with increased mortality for all (p < 0.001), but resistive load was 
not. Patients with low 30-day blood pressure and high pulsatile load had a 3-fold 
higher mortality than those with high 30-day blood pressure and low pulsatile load 
[17]. Lindman et al. concluded that even after relief of valve obstruction in patients 
with AS, there was an independent association between post-TAVI blood pressure, 
elevated vascular load and mortality [17].

5. Invasive methods to determine vascular impedance

As mentioned earlier, vascular impedance (Z-INV) of the human circulation was 
first determined in pioneering catheter studies during the 1960’s and 1970’s [13, 
18–21]. From this early work, a typical Z-INV pattern in the ascending aorta was dem-
onstrated to have a relatively high modulus at zero frequency – which is the periph-
eral/systemic resistance or steady-state load – then experience a fall of modulus with 
increasing frequency to a minimal value around 3–4 Hz, before rising to a maximal 
value around twice the minimal frequency and continuing to fluctuate around its 
characteristic impedance at higher frequencies [5, 22]. The phase (or difference in 
angle) value was found to be negative at low frequencies – indicating arterial flow 
leading pressure – then crossed zero around the same frequency where modulus was 
at a minimum and became positive at higher frequencies [5, 22]. These impedance 
patterns are mainly influenced by ascending aorta distensibility and arterial pulse 
wave velocity [4], both of which are significantly altered in the presence of vascular 
aging and cardiovascular disease.

Studies of Z-INV have not been actively pursued beyond the 1970s until recently, 
partly because of the requirement of invasive technique and costly sensors to register 
arterial pressure and/or flow waveform accurately. In a study by Yotti et al., measure-
ment of Z-INV was performed before and after TAVI in 23 patients using a high-fidelity 
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0.014-inch pressure wire introduced through a 6 Fr multi-purpose guiding catheter 
and placed in the ascending aorta approximately 5 cm above the annulus [6]. The 
Z-INV impedance spectrum was calculated as: Z-INV = P ÷ (SV ÷ TVi), where P (mmHg) 
represents peak ascending aortic pressure, and volumetric flow rate (mL/s) was 
calculated from linear flow velocity measurements (cm/s) by means of a calibration 
constant (cm2) obtained as SV (stroke volume) divided by TVi (time velocity inte-
gral). Input impedance spectrum was derived using Fourier decomposition of pres-
sure and velocity signals up to 10 Hz, whilst Z-INV was calculated as the average of Z 
moduli above 4 Hz, excluding outlier values of >3 times the median. Yotti et al. found 
that calcific degenerative AS was conditioned by the upstream valvular obstruction 
that dampened forward and backward compression waves in the arterial tree and that 
stiffer vascular behavior post TAVI occurred [6]. The short and long-term effects of 
TAVI on Z-INV have not been studied beyond the immediate post-operative period 
(Figure 2).

6. Echocardiographic methods to determine vascular impedance

Pulse pressure (PP), systemic arterial compliance (SAC), the systemic vascular 
resistance index (SVRi), and valvulo-arterial impedance (ZVA) are the most widely 
applied echocardiographic methods to determine vascular impedance in patients with 
AS. Steady-state load is best represented by the SVRi, which is calculated as:

 (DBP + 1/3 PP) × 80 ÷ CI, 

where DBP represents diastolic blood pressure (mmHg), PP represents the 
pulse pressure (mmHg) and CI represents cardiac index (L/min/m2). Pulsatile 
load is often measured as either PP, SAC or ZVA. Systemic arterial compliance is 
calculated as:

 SAC = SVi ÷ PP, 

Figure 2. 
Methods to determine vascular impedance in patients with aortic valve stenosis. Abbreviations: DBP, diastolic 
blood pressure; PP, pulse pressure; SAC, systemic arterial compliance; SBP, systolic blood pressure; SVRI, systemic 
vascular resistance index; VAL, valvulo-arterial load; ZINV, valvulo-arterial impedance invasive; ZVA, valvulo-
arterial impedance; ZVA–INV, valvulo-arterial impedance instantaneous.
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where SVi represents stroke volume index (mL/m2/beat) and PP represents pulse 
pressure (mmHg) [3, 23]. Stroke volume index is determined by the Doppler method 
and calculated as (π[LVOT radius]2 × LVOT velocity time integral)/body surface area, 
where LVOT indicates LV outflow tract. Valvulo-arterial impedance is acquired 
using brachial systolic pressure, mean aortic pressure gradient and SVi within the LV 
outflow tract on Doppler echocardiography. It is expressed as:

 ZVA = (bSBP + MeanG-NET) ÷ SVi, 

where bSBP (mmHg) represents brachial systolic arterial pressure, MeanG-NET 
(mmHg) represents mean aortic pressure gradient and SVi (mL/m2) represents 
indexed stroke volume [7].

Since ZVA was first described in patients with AS, elevated values have been associ-
ated with poorer outcomes, a greater degree of myocardial dysfunction and reduced 
overall survival [24, 25]. Poorer outcomes are thought to be related to comorbidities 
which elevate vascular impedance – namely advanced age, hypertension, and obesity 
[26]. For patients with asymptomatic severe AS, who have a 3% mortality rate a 
5-years if left untreated, a ZVA index >5 mmHg/mL/m2 is associated with a 2.5-fold 
increase in overall mortality, regardless of treatment type [24]. Paradoxical low-flow, 
low-gradient AS is known to account for one-third of patients with severe AS and pre-
served EF. Patients with paradoxical LF-LG AS and a ZVA index >5.5 mmHg/mL/m2 
also have increased mortality [24]. Interestingly, in patients with LF-LG AS, elevated 
ZVA has not yet been found to be associated with operative or long-term mortality 
[27]. The prognostic impact of ZVA is not well studied in patients with symptomatic 
moderate AS.

Despite the accessibility of ZVA and its widespread use, the technique has limita-
tions including: (i) the potential for underestimation of flow velocity due to misalign-
ment of the Doppler signal with flow direction; (ii) the risk of underestimation of 
LV outflow tract diameter due to inadequate quality and/or positioning of the imag-
ing plane; (iii) measurement variability related to manual tracing of flow velocity 
contours, and; (iv) the calculation of mean pressure from brachial cuff pressure 
rather than direct measurement of central aortic pressure [12]. Furthermore, ZVA is 
measured as the ratio of pressure to indexed volume (rather than pressure to flow) 
and may therefore be more accurately described as a resistance index rather than a 
true measure of vascular impedance (Figure 2).

7. Cardiac magnetic resonance methods to determine vascular impedance

With the introduction of CMR into routine clinical practise, several parameters 
of aortic stiffness in patients with AS have now been described - aortic compliance, 
distensibility, capacitance, elasticity, stiffness index and valvulo-arterial impedance. 
Two methods to assess vascular impedance in patients with AS have been described – 
valvulo-arterial impedance instantaneous (ZVA-INS) and valvulo-arterial load (VAL). 
Soulat et al. [8] first described ZVA-INS in 2017 using CMR and non-simultaneous 
carotid tonometry. Valvulo-arterial impedance instantaneous is estimated by acquir-
ing CMR velocities above the aortic valve and within the LV outflow tract, and by 
carotid tonometry after CMR exam. It is calculated in the time domain by combining 
the incident LV pulse pressure to 95% of peak flow:
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 ZVA-INS = (ΔP-Q95 + MaxG-NET) ÷ ΔQ-95, 

where ΔP-Q95 is the LV pressure (taken to be the same as carotid tonometric 
pressure) change from its end-diastolic foot to time of 95% of peak flow (Q−95) and 
MaxG-NET is the maximum gradient calculated in the aortic valve considering pres-
sure recovery [8]. Hungerford et al., subsequently described the VAL index in 2020. 
Whereas Soulat et al. [8] calculate ZVA-INS as the ratio between total arterial pressure 
(the summation of carotid tonometric pressure as a surrogate for central aortic 
pressure and maximum pressure gradient of the aortic valve) and CMR ascending 
aortic flow, VAL is estimated as the global LV afterload. That is, VAL is derived 
from the simultaneous relationship between aortic pressure and flow velocity. Data 
obtained forms a graph of modulus and phase, plotted against frequency and is 
expressed as:

 ( )θ ϕ−= i n nPnVAL e
Qn

, 

where VAL represents global LV load, Pn represents derived central aortic 
pressure, Qn represents aortic flow velocity product at the MPA level, and 
ei(θn − ϕn) represents both the harmonic component of pressure and phase of 
impedance [9].

VAL differs from ZVA-INS as it permits (i) simultaneous acquisition of aortic 
pressure and flow; (ii) measures the combined LV afterload; (iii) samples the 
multiple flow profiles seen in patients with AS [28], and; (iv) estimates systemic 
impedance in the frequency domain [29]. As left ventricular hypertrophy, aortic 
valve stenosis and vascular stiffness represent elevated impedances in series, 
simple summation of these resistances (as in the case of ZVA-INS) may lead to an 
overestimation of global LV load [9, 30]. Studies of CMR vascular impedance 
estimation in patients undergoing transcatheter aortic valve implantation (TAVI) 
are currently underway (Figure 3).

Figure 3. 
Valvulo-arterial load in patients with aortic stenosis by simultaneous cardiac magnetic resonance/applanation 
tonometry. Abbreviations: VAL, valvulo-arterial load index.
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8. Other methods

Although vascular impedance measures the pulsatile properties of the human 
circulation, aortic pulse wave velocity (PWV) is considered the ‘gold-standard’ 
measurement of arterial stiffness and an important tool to evaluate both arterial 
system damage, vascular adaptation, and therapeutic efficiency. Pulse wave veloc-
ity can be measured using non-invasive, reproducible, and relatively inexpensive 
techniques. The effect of elevated PWV has been studied in AS patients undergo-
ing both surgical and transcatheter replacement, and found to be associated with 
poorer quality-of-life measures [31] and mortality [32] irrespective of stenosis 
severity. Waveform analysis post TAVI typically shows an acute increase in the 
forward compression wave, backward compression wave and forward expansion 
energies [33]. The duration that these changes persist post correction of AS remain 
unclear (Figure 2).

9. Future directions

Beyond techniques to determine vascular impedance in patients with AS, the 
question remains – what can be done to ameliorate the insidious effects of arte-
rial stiffness in patients with AS before and after intervention? Indeed, arterial 
stiffness involves both arteriosclerosis and atherosclerosis and is influenced 
by structural and biochemical changes within vessel walls, involving changes 
in elastin/collagen ratio, elastin cross-linking, vascular calcification, vascular 
smooth muscle cell stiffness, endothelial dysfunction, and inflammation [34, 35]. 
Lifestyle modification may have a considerable impact. A diet rich in fruits and 
vegetables, polyunsaturated fatty acids, coca flavonoids, tea catechins and dairy 
products with a limited intake of salt and red meat have all been demonstrated 
to reduce arterial stiffness [36]. Anti-hypertensive treatment, anti-diabetic 
drugs and lipid lowering agents have also been shown to reverse vascular aging in 
middle aged individuals, and to a lesser degree, in older patients [37]. The effect 
of diet, lifestyle, and pharmaceutical interventions in elderly patients with AS 
remains to be determined.

10. Conclusions

The natural history of AS is dictated by a progressive decoupling of the aortic 
valve from the left ventricle and vascular system over time. Vascular function is 
conditioned by the upstream valvular obstruction, which in turn dampens forward 
and backward compression waves in the arterial tree. Abrupt correction of valvular 
stenosis may have unforeseen effects on the left ventricle and vasculature not ade-
quately accounted for using traditional TTE imaging techniques. Simultaneous CMR 
and AT techniques are uniquely placed as they better account for steady-state and 
pulsatile components of flow. Incorporation of techniques to assess vascular imped-
ance in patients with AS is expected to play a greater role in patient selection of severe 
AS sub-types and prognosis with time.
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Abbreviations

AA ascending aorta
AS aortic valve stenosis
AT applanation tonometry
CMR cardiac magnetic resonance
FFT fast Fourier transformation
LV left ventricular
MPA main pulmonary artery
PA pulmonary artery
Pn derived central aortic pressure
PH pulmonary hypertension
PWV pulse wave velocity
Qn aortic flow velocity product
RHC right heart catheterisation
RV right ventricular
TAVI transcatheter aortic valve implantation
VAL valvulo-arterial load
VTF velocity transfer function
ZC characteristic impedance
Zin input impedance
ZVA-INS valvulo-arterial impedance-instantaneous.
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Abstract

This chapter aims to address two peculiar aspects of pathophysiology and clinical 
management of aortic valve stenosis, such as coexistence with cardiac amyloidosis and 
association with lipoprotein (a). Calcific aortic valve stenosis is the most common heart 
valve condition requiring surgical or transcatheter aortic valve replacement among 
adults in Western societies. Lipoprotein (a) has been shown to play an important role in 
the pathophysiological pathways leading to degenerative aortic stenosis, similar to that 
in the pathogenesis of atherosclerosis. Studies are needed to verify whether therapies 
that drastically reduce Lipoprotein (a) serum levels offer the possibility of a first medical 
treatment to arrest the progression of aortic stenosis. A large percentage of patients with 
aortic stenosis may have concomitant cardiac amyloidosis, commonly due to wild-type 
transthyretin. The challenge in this context is to differentiate aortic stenosis alone from 
aortic stenosis with cardiac amyloidosis, as cardiac amyloidosis shares several clinical, 
electrocardiographic, and echocardiographic features with the aortic stenosis pheno-
type. Recognition of transthyretin-related amyloidosis prior to any type of intervention 
is crucial for adequate risk stratification and to guide downstream management.

Keywords: aortic valve calcification, aortic valve stenosis, cardiac amyloidosis, 
lipoprotein (a), diagnostic imaging, drug therapy

1. Introduction

1.1 Introduction and pathophysiology

Aortic valve stenosis (AVS) represents the most common heart valve condition 
requiring treatment among adults in developed countries [1, 2]. The precursor and main 
determinant of AVS is the aortic valve calcification (AVC), characterized by thickening 
and calcium deposition of the aortic cusps, prevalence of which in the elderly population 
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is approximately 50%, of which at least 25% develops AVS during follow-up [3–5]. 
While the rate of execution, success, and complications of the aortic valve replacement 
(AVR) (surgical-SAVR or transcatheter-TAVR) are improving, pushing more and more 
toward the treatment even of patients with severe asymptomatic AVS as emphasized 
by the recent AVATAR trial [6], to date no drug therapy has been shown to be effective 
in altering the natural history of AVS. This would seem attributable to the fact that 
AVS pathogenesis is complex and does not reflect exactly that of atherosclerosis. The 
difference in pathobiology of valvular calcification versus vascular plaque is further 
emphasized by the fact that calcifications of the aortic valve appear relatively early in the 
disease process compared with the calcifications of atherosclerotic plaques [7].

One of the key contributors to these pathophysiological differences may be the 
lipoprotein (a) [Lp (a)], a low-density lipoprotein (LDL)-like particle whose plasma 
levels are primarily (90%) genetically determined by the LPA gene [8].

The main difference with LDL is related to an additional protein termed as apoli-
poprotein (a) [apo (a)] covalently bound to apolipoprotein B-100 by a single disulfide 
bond [9]. The extreme structural similarity between these two lipoproteins implies 
that the laboratory measurement of low-density lipoprotein cholesterol (LDL-C) also 
includes the content of Lp (a) cholesterol, even when LDL-C is measured directly and 
not obtained via the Friedewald formula [10]. Therefore, in clinical practice, to obtain 
the “real” LDL-C, the following formula should be applied: “real” LDL-C = measured 
LDL- C—Lp (a) mass in mg/dl x 0.3 [11].

This gimmick can prove extremely useful in the case of “non-responders” patients 
to statin therapy. Indeed, extremely high Lp (a) values, which are not lowered by 
statins, can falsely raise LDL-C. Therefore, the use of this formula could guide the 
choice of the most appropriate lipid-lowering therapy [11].

Very early after Lp (a) discovery in 1963 by the genetist Kaare Berg in Norway, [8] 
its important role in the development and progression of atherosclerosis was demon-
strated. Indeed, Lp (a) levels >30 mg / dL and > 50 mg/dL, which are found in about 
30 and 20% of individuals worldwide, respectively, confer an impressive 2–2.5-fold 
increased risk of myocardial infarction and cardiovascular disease [12]. Furthermore, a 
recent study [13] showed that Lp (a) is associated with accelerated progression of coro-
nary low-attenuation plaque, a marker of necrotic core, which provides powerful pre-
diction of future myocardial infarction outperforming clinical risk scores, severity of 
luminal stenosis, and computed tomography (CT) calcium scoring [14]. The European 
Society of Cardiology (ESC) guidelines consider hyperlipoproteinemia (a) the most 
widespread genetic dyslipidemia in the world and recommend that all individuals 
should have Lp (a) measured at least once in life, to identify subjects at significantly 
increased cardiovascular risk [15]. Again, the 2021 ESC guidelines on cardiovascular 
prevention stress the fact that Lp (a) dosage may play a role in the reclassification of 
global cardiovascular risk, particularly in subjects at moderate cardiovascular risk.

The possible association between Lp (a) and aortic valve sclerosis and calcification 
was first described only in 1995 by Gotoh et al., about 30 years after the discovery 
of the existence of LP (a)[16]. The landmark genome study that found that a genetic 
variation in the LPA locus (rs10455872), resulting in elevated Lp (a) levels, was 
associated with AVC across multiple ethnic groups and with incident clinical AVS 
and AVR surgery published only in 2013 [17]. After this cornerstone study, a rich and 
fervent literature has developed in support of the possible etiopathogenetic role of Lp 
(a) in AVS and AVR. Data from the ASTRONOMER trial demonstrated that elevated 
Lp (a) levels are associated with faster AVS hemodynamic progression and need for 
AVR in patients with mild-to-moderate AVS [18]. Two large patients’ longitudinal 
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analyses conducted in the European Prospective Investigation into Cancer (EPIC)-
Norfolk study [19] and in the Copenhagen City Heart Study and Copenhagen General 
Population Study [20] demonstrated that Lp (a) is not only a strong risk factor for 
AVS but is also associated with higher risk of hospitalization and mortality due to 
AVS. All these findings have been extensively replicated even in patients with hetero-
zygous familial hypercholesterolemia [21] and in patients with established coronary 
artery disease (CAD) [22]. Finally, in 2019, Zheng et al. elegantly showed that AVS 
patients with elevated Lp (a) levels are characterized by increased valvular calcifica-
tion activity, as measured with 18F-sodium fluoride (18FNaF) positron emission 
tomography (PET), increased AVC on CT, more rapid progression of AVS on serial 
Doppler echocardiography, and increased incidence of AVR and death [23].

The mechanism by which Lp (a) determines AVC and AVS is complex, and the 
result is of wide debate [24]. Currently, the main hypothesis foresees that Lp (a) acts 
simultaneously on three pathophysiological pathways:

1. Lp (a) promotes inflammatory response within the valvular endothelium.
Inflammation process is the principal mediator of the AVC stenosis initiation phase: 
within affected regions, macrophages, T-lymphocytes, and mast cells produce wide-
spread microlesions and subsequent microcalcifications [25, 26].

2. Lp (a) facilitates the phenotypic switch of interstitial valve cells into osteoblast-like 
cells capable of depositing calcium hydroxyapatite.

Lp (a) is known to bind with proteoglycans and fibronectin on the endothelial sur-
face and infiltrate the inner layers of the aortic valves to act locally on valvular inter-
stitial cells (VICs) phenotype [27]. Indeed, Lp (a) is the major lipoprotein carrier of 
oxidized phospholipid, which is a substrate for the enzyme Lp-phospholipase 2 to 
produce lysophosphatidylcholine (LPC), which promotes valve mineralization [23]. 
Once LPC is converted into lysophosphatidic acid by the enzyme Autotaxin present 
on Lp (a) surface, it acts directly on VICs favoring their differentiation into osteo-
blasts-like cells by producing the major osteoblastic transcription factors RUNX2, 
BMP2, and the key inflammatory mediator IL6 [28]. To further increase calcium de-
position, Lp (a) increases alkaline phosphatase activity through BMP2, which plays 
a crucial role in facilitating mineralization through hydrolysis of pyrophosphate and 
providing inorganic phosphate to fuel mineralization [29]. This osteogenic differen-
tiation of VICs actually is believed to represent the pivotal mechanism by which Lp 
(a) is involved in valvular calcification and AVS development.

3. Lp (a) promotes thrombosis.
Apo (a), the main structural protein of Lp (a), is extremely similar to plasminogen 
[30], thus it may promote thrombotic apposition in the valve site by competing 
with plasminogen and thereby inhibiting the role of plasmin in dissolving fibrin 
clots [31]. Indeed, Lp (a) affects platelet activation and aggregation, increases plas-
minogen activator inhibitor-1 synthesis, and inhibits synthesis of the tissue factor 
pathway inhibitor [32].

1.2 Comparison between Lp (a) and other risk factors for aortic valve calcification

Since many epidemiologic studies have suggested an association between AVC 
and traditional cardiovascular risk factors for atherosclerosis, including male sex, 
smoking, hypertension [33], hyperlipidemia, diabetes mellitus [34], and metabolic 
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syndrome [35], one might think that the “pathogenetic weight” of Lp (a) is lower 
once adjusted for these other risk factors for aortic valve calcification.

Liu et al., analyzing 652 patients, demonstrated that even after a multivariate logistic 
regression analysis adjusting for traditional risk factors, such as age, sex, body mass 
index (BMI), hypertension, diabetes, smoking, and LDL-C, higher Lp (a) levels were an 
independent predictor of severe AVS, as evaluated by echocardiography (OR = 1.78,95% 
CI: 1.18–2.66, P = 0.006 [36]. These critical findings were soon replicated among 2412 
participants from the population-based Rotterdam Study and 859 apparently healthy 
individuals from the Amsterdam University Medical Center cohort. The study of Kaiser 
et al. showed that individuals with elevated Lp (a) levels have a significantly increased 
prevalence of AVC, independently from age, sex, BMI, smoking, use of antihyperten-
sive medication, and non-high-density lipoprotein cholesterol serum levels. Moreover, 
they found that additional adjustment for a sensitive parameter such as the coronary 
artery calcium, which reflects the global atherosclerotic burden, did not alter in any way 
the strong relationship between Lp (a) and AVC [37].

1.3 Imaging features about lipoprotein(a) involvement in aortic stenosis

Transthoracic echocardiography (TTE), which is the modality of choice to provide 
a comprehensive hemodynamic assessment of AS severity, yields only a qualitative 
assessment of AVC. CT is, indeed, a highly sensitive technique for the assessment of 
established macroscopic deposits of AVC. However, CT does not quantify early valve 
calcification (often referred to as “microcalcification”).

PET/CT imaging can provide, instead, both anatomic and molecular data and is 
accurate and reproducible to detect and quantify inflammation (18F-fluorodeoxyglucose 
uptake) and develop microcalcification activity (18F-NaFuptake) into aortic valve 
hydroxyapatite. 18F-NaF uptake beyond macrocalcifications has been shown to predict 
new areas of calcium deposition and subsequent increase in AVC [19]. Thus, 18F-NaF 
uptake not only correlates with AS severity, but it appears to be a measure of the patho-
logical process of ongoing calcifying activity [20].

Besides, various studies revealing increased valvular calcification activity using 
18F-NaF PET confirmed faster rates of disease progression using both CT calcium scor-
ing and echocardiography. In patients with AS, in the end, elevated Lp (a) levels were 
associated with increased AVC activity measured by 18F-NaF uptake on PET/CT, more 
rapid AS progression, and increased risks of aortic valve replacement and death [21].

1.4  Pharmacological approach to lowering Lp (a) and course of aortic valve 
stenosis

AVS is a progressive disease, so follow-up of patients plays a fundamental role as 
recommended by European and American guidelines [2, 38]. The rate of progression 
in patients with moderate AS is highly variable from patient to patient and mainly 
depends on the presence of risk factors such as advanced age, elevated leaflet calcifica-
tion, and presence of aortic bicuspid valve. On average, there is an annual increase of 
peak aortic jet velocity (Vmax) of 0.3 m/s, of the mean pressure gradient of 7 mmHg 
and a decrease of functional area (AVAfx) of 0.1cm2 [2]. When patients develop severe 
symptomatic AS, the risk of major adverse cardiovascular events, especially sudden 
cardiac death, becomes very high. The only available therapy in these cases is SAVR 
or TAVR, with a strong positive effect on survival, symptoms, and left ventricular 
(LV) systolic function. Patients with non-critical asymptomatic severe AVS (with 
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preserved ejection fraction (EF) (Vmax <5 m/s) instead have similar survival rates of 
age-matched controls, with a low risk of sudden death (<1% per year) [2].

In the field of cardiovascular diseases, increasing importance is being given to 
prevention of pathologies, especially for highly prevalent diseases such as AVS (2–7% 
of the population older than 65 years of age). Despite this, unfortunately nowadays 
there is no medical therapy that has proven effective in preventing the onset of AVS 
nor in slowing its progression. The pursuit of this goal has always been linked to the 
world of cholesterol-lowering therapies. The first promising results were obtained 
with statins. The first double-blind, placebo-controlled study was the SALTIRE trial 
in 2005 [39]. The study enrolled 155 patients, randomized to Atorvastatin 80 mg 
once daily versus placebo. To be enrolled, patients had to present AVC on TTE and a 
transvalvular gradient of at least 2.5 m/s; patients with LDL levels below 140 mg/dl 
or with statin intolerance were excluded. Primary endpoints were changes in Vmax 
assessed with Doppler echocardiography and calcium score (assessed with CT) after 
25 months. The results of this first trial were disappointing: despite a significant 
reduction in LDL-C, there was no statistically significant difference not only in the 
primary endpoints, but also in clinical endpoints such as AVR and cardiovascular 
death. These results were certainly influenced by the numerous limitations of the 
study: a follow-up of only 2 years certainly too short to observe the effects on a slowly 
progressive disease; the choice of Vmax>2.5 as the cutoff may have excluded patients 
with initial disease in whom an early intervention could have led to greater benefits. 
The next trial was designed to overcome these limitations: the SEAS trial was pub-
lished in 2008 [40]. Inclusion criteria were a diagnosis of asymptomatic AVS with 
Vmax between 2.5 and 4 but with a significantly higher sample size (1873). Patients 
with traditional indication for lipid-lowering therapy, such as atherosclerotic disease, 
hyperlipidemia, high cardiovascular risk profile and diabetes mellitus, were excluded, 
so placebo treatment was permitted. Patients were randomized to Simvastatin 40 mg 
plus Ezetimibe 10 mg versus placebo. A great novelty of this trial was the choice to 
use clinical and no longer parametric outcomes as primary endpoints (a composite 
of major cardiovascular events, including death from cardiovascular causes, AVR, 
nonfatal myocardial infarction, hospitalization for unstable angina pectoris, heart 
failure, coronary-artery bypass grafting (CABG), percutaneous coronary interven-
tion, and non-hemorrhagic stroke) with a doubled follow-up (52 versus 25 months). 
Despite the substantial changes made, the results were again disappointing: no 
statistically significant difference between the two groups in terms of AVS progres-
sion was observed. On the other hand, significant results were obtained confirming 
the fundamental role that lipid-lowering therapy has in the secondary prevention 
of atherosclerotic disease: in the statin arm was observed a reduction in the risk of 
ischemic cardiovascular events [−22% ([CI] -37 -3; con P = 0.02)], especially the 
need for CABG [−32% ([CI] -50 -7; con P = 0.02)].The last trial published on the 
role of statins in AVS was the ASTRONOMER trial [41]. A small sample of patients 
(269) were enrolled in the study. Inclusion criteria were like SEAS’ ones, but at the 
end of enrolment, the study population was on average 10 year younger and with less 
calcified valves compared with the other two studies. Patients were randomized to 
receive either placebo or Rosuvastatin 40 mg. the results confirm what emerged from 
the two previous studies: despite an excellent reduction in LDL-C, no effects were 
found on AS progression (as measured by aortic Vmax and AVAfx) nor on outcome 
events (cardiac death or AVR). Considering the results of these three well-designed 
and large trials, it can be stated with scientific certainty that there is no benefit in 
the use of statins on the progression of AVS in patients without other indications for 
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lipid-lowering therapy. In fact, most recent American practice guidelines on heart 
valve disease state: “statin therapy is not indicated for prevention of hemodynamic 
progression of aortic stenosis” because of no benefit class III level of evidence A [2].

Recent genetic studies have confirmed the role of some atherogenic apo-B con-
taining lipoproteins including Lp (a). Reducing these particles can be beneficial 
through the inhibition of leaflet mineralization, the inhibition of macrophage 
infiltration, the prevention of osteoblast-like phenotype transformation, and the 
reduction of leaflet cholesterol accumulation. We also know that patients with high 
levels of Lp (a) have a more rapid progression of the disease [23]. Statins increase Lp 
(a), and this may be one explanation for their failure. On the other hand, Proprotein 
convertase subtilisin/kexin type 9 inhibitors (PCSK-9i) are effective in reducing 
Lp (a) by an average of 20–30% with an incompletely known mechanism [42]. In a 
recent study with a large sample (49,617 patients), patients with PCSK9 R46L loss 
of function mutation presented lower levels of LDL, Lp (a) as well as a lower risk of 
AVS and myocardial infarction. PCSK9 R46L carriers had an age- and sex-adjusted 
odds ratio of 0.64 (95% confidence interval, 0.44–0.95) for AVS, 0.77 (0.65–0.92) for 
myocardial infarction [43]. These innovative but preliminary data have been con-
firmed in a recent meta-analysis of 10 studies. This document underlines that PCSK9 
is not only present in the aortic valves and is involved in the calcification process but 
also that there is a correlation between levels of PCSK9 and severity of calcification. 
Indeed, experimental in vitro studies have shown that neutralizing PCSK9 reduces 
the accumulation of calcium in valve cells by up to 50% [44]. Important new find-
ings also came from an intervention study. Trial FOURIER enrolled 27,564 patients 
with atherosclerotic disease randomizing them to Evolocumab versus placebo. In a 
recent subanalysis of this important trial, the authors evaluated the safety database 
for aortic events [44]. the data confirmed the association between plasma levels of 
Lp (a) and AVS after a full multivariable adjustment; on the other hand, there was no 
association between AVS and Lp (a)-corrected cholesterol levels. The most interest-
ing aspect concerns the response to Evolocumab: in fact, the patients in therapy had 
a lower incidence of AS with an HR of 0.66 (95% CI, 0.40–1.09), with no apparent 
association in the first year (HR, 1.09 [95% CI, 0.48–2.47]) but an HR of 0.48 (95% 
CI, 0.25–0.93) after the first year of treatment; with also a lower incidence of AVR. 
This may further confirm the association between Lp (a) and AS, but more impor-
tantly, it may suggest that reducing Lp (a) levels may slow the onset and progres-
sion of AVS. All this has yet to be scientifically proven; a trial with PCSK-9i is still 
underway to evaluate the effect on aortic leaflet calcification (NCT03051360) [45]. 
Another pattern under study concerns the inhibition of the renin-angiotensin-aldo-
sterone system. Drugs such as angiotensin-converting enzyme inhibitors and angio-
tensin receptor blockers, in addition to the positive antihypertensive effect, could 
slow down the progression of the disease by reducing pro-fibrotic processes affecting 
the myocardium and especially the aortic leaflets. An ongoing trial is evaluating this 
hypothesis (NCT04913870) [46].

Studies have also been conducted regarding soluble guanylate cyclase (sGC) and 
nitric oxide. There is evidence on the effectiveness in preventing cardiac dysfunction 
and remodeling in patients with pressure overload with PDE-5 inhibitors. Moreover, 
the stimulation of sGC was correlated to an increase in aortic leaflet calcification [47]. 
A small phase 2 intervention study was also conducted with Ataciguat, obtaining a 
significant reduction in aortic leaflet calcification assessed by CT [48]. The calcifica-
tion of the aortic leaflets is the cornerstone of the pathophysiology of AVS, leading 
to mechanical stress, inflammation, and further calcification. There is an association 
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between osteoporosis and increased calcification of the cardiocirculatory system. In 
view of this, there were hopes for osteoporosis drugs [49]. Despite these premises in 
the recent SALTIRE II trial, Denosumab and Alendronate failed to slow the progres-
sion of AVS, assessed by fluoride F-18 PET [50]. Vitamin K supplementation as an 
enhancer of the anti-calcific effects of matrix-Gla protein is currently being investi-
gated in the BASIK2 trial.

In Figure 1, we show Vmax through an AVS in the apical five-chamber view by 
continuous-wave Doppler.

2. Aortic valve stenosis and cardiac amyloidosis

2.1 Introduction and pathophysiology

Cardiac amyloidosis (CA) refers to the deposition of amyloid fibrils in the heart. 
The two prevailing amyloid proteins with cardiac tropism are immunoglobulin 
light chain (AL) and transthyretin (ATTR) [51, 52] (Table 1). Describing AS and 
CA association has grown interest lately, as a consequence of increased facility of 
CA-ATTR diagnosis and novel treatments. As they share some characteristics, their 
discrimination still remains very challenging. Several retrospective or prospective 
studies have described the presence of CA, especially the ATTR form, in AS patients, 
with a prevalence ranging from 4–29% [53, 54]. Conversely, AL amyloidosis has rarely 
been described in patients with AS [55–57]. Only one group reported a majority of 
AL-CA in their study population [58]. Of 55 consecutive patients with CA, AS was 
found in 9 and 80% had AL amyloidosis. According to the authors, it is possible that a 
selection bias has affected the results. Thus, when describing AS-CA association, it is 
reasonable to consider mainly wild type (wtATTR).

The amyloidogenic process causes the aggregation and the precipitation of amy-
loid proteins in the extracellular space of different organs. In the heart, this results in 

Figure 1. 
Recording of the peak velocity through a stenotic aortic valve in the apical five-chamber view by continuous-wave 
Doppler.
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increased thickness of ventricular wall and valves, impaired myocardial contraction, 
and restrictive filling due to interposition of the fibrils. Moreover, amyloid fibers have 
a direct toxic effect, mainly dependent on the type of CA: circulating light chains have 
demonstrated more significant direct cardiotoxicity when compared with ATTR [59, 
60]. On the other hand, the mechanical stress and atherosclerotic process affecting 
leaflets in AS are responsible for triggering an inflammatory response, which leads 
to fibrosis, thickening, sclerosis, and calcification [61]. Therefore, oxidative stress, 
inflammation, and extracellular remodeling play a central role in the disease process 
of both AS and CA [62]. To complete the circle, the increased afterload in AS may 
induce and accelerate amyloid fibrils deposition [54, 57].

2.2 Characteristics of the patients and red flags

Patients with concurrent AS and CA are not a minority in clinical practice [54]. 
AS is common in older adults, affecting more than 4% of people >75 years old [63]. 
Likewise, up to 25% of the octogenarians have proven CA, according to postmortem 
studies [64]. Thus, because of the aging of the population, the diagnosis of this dual 
pathology is destined to grow. Patients with concomitant AS and CA tend to be more 
frequently male [57, 60, 65, 66]. As much as older age [56, 67], a history of carpal 
tunnel syndrome, especially if bilateral, is an independent predictor of the presence 
of amyloid deposits of ATTR in AS [55].

Since CA is an easily missed pathological entity, the crucial aspect for diagnosing it 
is the “suspicious phase.” In clinical practice, the rule “you find what you are look-
ing for and you look for what you know” nearly always applies. For this reason, it is 
essential to know and recognize those clinical, laboratory, and imaging signs that are 
extremely useful to suspect the disease. These constellations of signs and symptoms 

Acronym Type of protein Age of onset M:F ratio Organ involved

ATTRwt Misfolded TTR 74 M> > F 
(90%)

Heart, bilateral carpal 
tunnel syndrome, spinal 

stenosis, spontaneous 
biceps tendon rupture, 

peripheral and/or 
autonomic neuropathy

ATTRv TTR gene mutation 
(single amino acid 

mutation)

Variable, 
mutationdependent

M > F Variable: cardiac and/or 
neurological phenotype

AL Misfolded 
immunoglobulin free 

light chain

63 M > F 
(55%)

All organ except CNS: 
heart, kidney, liver, 

gastro-intestinal tract, 
lung, peripheral nervous 

system, autonomic 
nervous system, soft 

tissue (i.e., macroglossia, 
periorbital purpura, 

carpal tunnel syndrome)

AL: immunoglobulin light chain amyloidosis; ATTR: transthyretin amyloidosis; CNS: central nervous system; v: variant 
amyloidogenic; and wt: wild type.

Table 1. 
Types of cardiac amyloidosis.
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are termed “red flags” and can be cardiac or extracardiac and specific or nonspecific 
to a type of amyloidosis [68, 69].

Among the extracardiac red flags, the main ones include proteinuria (even mild), 
macroglossia, skin bruises, carpal tunnel syndrome (typically bilateral), ruptured 
biceps tendon, lumbar spinal stenosis, and polyneuropathy (especially in AL amy-
loidosis) [70, 71]. A critical clinical condition to look out for is dysautonomia, i.e., a 
condition in which the autonomic nervous system does not work properly, affecting 
the functioning of multiple organs such as the heart, bladder, intestines, sweat glands, 
pupils, and blood vessels [72]. A typical manifestation of the CA associated dysautono-
mia is the finding of hypotension or normotensive in previously hypertensive patients 
[73]. Three simple diagnostic techniques to objectify dysautonomia are as follows:

• A pathological Valsalva response: absence of heart rate increase in phase II of 
Valsalva maneuver and delayed blood pressure recovery in phase IV [74].

• A heart rate variability during deep breathing blunted or even abolished. During 
the deep-breathing test, the patient is asked to breathe deeply at six breaths per 
minute for 1 min; in healthy individuals, heart rate rises during inspiration and 
falls during expiration with an heart rate variability >14 b.p.m. [75].

• A nocturnal “non-dipping” or even “reverse-dipping” blood pressure pattern 
recorded through 24-hour ambulatory blood pressure monitoring [76].

Furthermore, CA is one cause of heart failure (HF) [77]. However, most of the stud-
ies reported more frequently a New York Heart Association (NYHA) functional class III 
and IV in patients with AS and CA compared with AS alone [55–58, 66, 67, 78–84]. In 
addition, persistently high values of N-terminal pro-brain natriuretic peptide and high-
sensitivity cardiac troponin (hs-cTn) are described in patients with dual pathology 
when compared with AS without CA [55, 56, 67, 78, 79]. Because of very wide ranges 
reported, no cutoff has been proposed, although cTn may have a potential predictive 
role in this setting [67].

The Electrocardiogram shows two features particularly suggestive: pseudo-
infarction pattern (mainly in anterior leads) and low-voltage QRS complex. The 
discordance between QRS voltage and LV hypertrophy on imaging may help differ-
entiate AS-CA patients from AS alone [60]. Atrial and ventricular arrhythmias and 
conduction abnormalities are often found in CA [60]. In particular, wide QRS and 
right bundle branch block are both independent predictor of concomitant AS-CA at 
multivariate analysis [56, 67].

TTE is mandatory in the diagnostic process of both AS and CA. AS-CA patients 
tend to have lower LV EF, lower stroke volume index (SVi), and lower transaortic gra-
dient [78–81]. All these parameters, besides high-grade diastolic dysfunction, greatly 
increased septal thickness and left atrial (LA) enlargement, showed predictive power 
on univariate analysis [67, 78]. However, only the systolic mitral annular velocity (S′) 
and the SVi were independent predictor of ATTR-CA in AS patients, with an area 
under the curve of respectively 0.95 and 0.77 [56, 78]. In particular, a cutoff value 
of S′ < 6 cm/s had 100% sensitivity (with a 57% specificity) in predicting a positive 
bone scintigraphy (17). Patients with CA and coexisting AS are more likely to present 
with paradoxical LFLG pattern that may be explained by LV restrictive physiology, 
LA remodeling and dysfunction, and right ventricular failure. This condition mainly 
affects individuals with the wtATTR [53].
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A key aspect, in this scenario, is the evaluation of specific symptoms. The execu-
tion of a stress echocardiogram is useful when symptoms are not uniquely attributable 
to the valve defect, but dobutamine-induced stress, however, has proven incapable of 
increasing the outflow of LV in CA patients and may lead to inconclusive results.

At speckle tracking echocardiography (SPE), AS with CA has shown lower values of 
global longitudinal strain when compared with AS alone [55, 56, 78, 79, 82]. The typi-
cal SPE pattern of “apical sparing” is specific in CA [85]. It reflects the more preserved 
myocardial deformation of LV apical regions compared with mid and basal ones [60]. 
One study reported no significant difference in relative apical longitudinal strain in 
151 patients with calcific severe AS with and without CA-ATTR [78]. Moreover, apical 
sparing could not predict ATTR-CA in AS because the wall stress and afterload imposed 
on the LV by a severely AVC may have masked the pattern. On the other hand, the apical 
sparing may also be observed in patients with lone AS [53]. To help clinicians in the 
detection of AS-CA patients, a scoring system has been recently created and validated 
in a cohort of 407 patients with AS undergoing TAVR [55]. The remodeling, age, injury, 
systemic, and electrical (RAISE) score includes five variables: LV hypertrophy and/or 
diastolic dysfunction, age, hs-cTn, carpal tunnel syndrome, and right bundle branch 
block or low QRS voltage. Scores ≥2 and ≥ 3 points had high sensitivity (93.6 and 72.3%), 
with adequate specificity (52.1 and 83.6%) for the presence of AS-CA. See Figure 2.

2.3 Cardiac amyloidosis diagnosis

Traditionally, any form of CA can be diagnosed when amyloid fibrils are found 
within cardiac tissue; therefore, the endomyocardial biopsy demonstrating amyloid 

Figure 2. 
Echocardiographic characteristics of a patient with amyloidosis. A: Long parasternal view, M-mode on the left 
ventricle, which has a thickness (> _12 mm). B: Four-chamber apical view, granular sparkling of myocardium. 
C: Parasternal short axis view, pericardial effusion (arrow). D: Longitudinal echocardiography strain depicted 
in bull’s-eye map showing preserved apical strain (apical sparing) with reduction of mid and basal strain that 
results in hallmark “cherry on the top” pattern.
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deposits with typical green refraction after Congo red staining represents the diag-
nostic gold standard [86]. Alternatively, the invasive diagnosis can also be confirmed 
if amyloid deposits within an extracardiac biopsy (e.g., of periumbilical fat) are 
accompanied either by characteristic features of CA by echocardiography or on 
cardiac magnetic resonance (CMR) [87].

Instead, noninvasive diagnostic criteria have also been proposed, the latter accepted 
only for ATTR forms of CA. According to the ESC 2021 myocardial working group posi-
tion paper on CA, all those patients with LV wall thickness > 11 mm and at least one red 
flags among those mentioned above should undergo diagnostic screening [87].

As the large majority of cases of CA are AL and ATTR, the diagnostic screen-
ing algorithm proposed includes the execution of an imaging and a laboratory 
examination: the scintigraphy with bone-seeking tracers coupled to the assessment 
for monoclonal proteins by serum-free light chain (FLC) assay, serum (SPIE), and 
urine (UPIE) protein electrophoresis with immunofixation [88]. The combination of 
SPIE, UPIE, and quantification of serum FLC has a sensitivity of 99% for identify-
ing abnormal pro-amyloidotic precursor in AL amyloidosis typically associated with 
clonal dyscrasias [89] while grade 2 or 3 myocardial uptake of radiotracer on scintig-
raphy allows the diagnosis of ATTR amyloidosis, both muted and wild-type [90].

Therefore, the results of these tests could lead to four typical scenarios [87]:

1. Positive scintigraphy and negative monoclonal proteins: in this case, the  
CA-ATTR is diagnosed, and it is therefore recommended to perform genetic 
testing to differentiate between hereditary amyloid transthyretin (vATTR) and 
wtATTR forms [91].

2. Negative scintigraphy and positive monoclonal proteins: in this case, AL amy-
loidosis has to be ruled out. Therefore, it is indicated to perform a biopsy of the 
periumbilical fat and perform the CMR to confirm or exclude cardiac involve-
ment.

3. Negative scintigraphy and negative monoclonal proteins: in this case, there is a 
very low probability of CA and ATTR and AL amyloidosis are unlikely. Despite 
this, it is essential to underline that a negative scintigraphy does not completely 
rule out a diagnosis of CA when the clinical suspect is high [92].

4. Positive scintigraphy and positive monoclonal proteins: in this case, the overlap 
between a clonal dysplasia and ATTR CA is possible.

In Figure 3, we show an example of cardiac uptake grading in bisphosphonate 
scintigraphy.

Furthermore, recently, a new score that uses only data from echocardiography and/
or CMR has been proposed to obtain a noninvasive diagnosis, although it has not yet 
been external validated [93]. Indeed, the ESC position paper considers that a score > 7 
points in the presence of LV wall thickness > 11 mm in combination with amyloid 
deposits in an extracardiac biopsy could also be considered diagnostic of CA [87].

This suggests that, despite most of the CMR findings in CA being nonspecific, 
some of these may be really helpful in diagnosis. Precisely, the association of diffuse 
subendocardial or transmural late gadolinium enhancement and an abnormal kinetics 
(myocardial nulling preceding or coinciding with blood pool), eventually coupled 
with an extracellular volume > 0.39%, is strongly supportive for the diagnosis of CA 
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[94]. In support of this, a recent study published in Nature Scientific Reports suggests 
that CMR-based T1-mapping offers superior diagnostic value compared with longitu-
dinal strain-based assessment of relative apical sparing in CA [95].

2.4 Medical therapy

Together with a more frequent detection of CA-ATTR and thanks to a better 
 comprehension of pathophysiology, pharmacological research has produced and 
tested new effective drugs with specific target.

In CA, medical therapy has two main goals: treatment of HF and the “anti-amyloid” 
strategy. HF treatment is not different from other etiologies and should follow the recent 
guidelines for treatment of acute and chronic HF, with some precautions [77]. Loop 
diuretics are the mainstay for congestion relief. Maintenance of euvolemia is manda-
tory and, at the same time, challenging, because of the restrictive nature of CA and the 
reduced LV capacitance [77]. Renin-angiotensin-aldosterone system antagonists and 
beta-blockers may be not tolerated owing to a propensity to postural hypotension [52], 
while calcium-channel blockers should be avoided due to their tendency to form com-
plexes with amyloid proteins [60]. Medical therapy also includes managing arrhythmic 
complications [60]. Atrial fibrillation is the most common arrhythmia in CA [54]. Once 
it is detected, anticoagulation is mandatory irrespective of CHADs-VASc score [60]. Rate 
control may be hard due to a narrow window of optimal heart rate; both tachycardia 
and bradycardia are poorly tolerated. Amiodarone is the preferred anti-arrhythmic drug 
[87], while data about catheter ablation are limited, possibly having a role in the early 
stages of the disease. Lastly, in case of conduction abnormalities requiring pacemaker 
implantation, the recommendations should follow current available guidelines [96]. 
The “anti-amyloid” strategy is etiology-dependent. The mainstay of the treatment of AL 
amyloidosis is the cytoreductive, plasma-cells-directed chemotherapy and/or immune-
therapy [97]. The standard of care regimen is based on the use of a combination of 
agents, such as cyclophosphamide, bortezomib, and dexamethasone [98]. Recently, a 
monoclonal antibody, called daratumumab, directly targeting plasma cells has shown 
effective results [99], becoming part of the standard regimen. The aim of the treat-
ment is to achieve hematological and cardiac response with a rapid and deep reduction 

Figure 3. 
Cardiac uptake grading in bisphosphonate scintigraphy shows similar myocardial and bone uptake. Courtesy of 
Dr. R. Giubbini.
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of circulating free light chain. The available therapy does not directly affect amyloid 
deposition; thus, timing of diagnosis is of paramount importance. Novel agents are 
being tested in order to obtain amyloid reabsorption [97]. There are three therapeutic 
strategies for the treatment of ATTR amyloidosis: 1) TTR stabilization; 2) TTR mRNA 
silencing; and 3) amyloid fibrils disruption and/or extraction (Table 2) [60]. One TTR 
stabilizer, tafamidis, has been recently approved for use in clinical practice, thanks to 
the results of the ATTR-ACT trial [52, 100]. Tafamidis reduced all-cause mortality and 
cardiovascular hospitalization in 441 patients with CA-ATTR due to wtATTR or vATTR 
over a period of 30 months [100]. The effect was seen in patients in NYHA functional 
class I or II, while NYHA III patients had higher rates of hospitalization. Interestingly, 
functional improvement occurred within 6 months. Despite the improvement of 
mortality and morbidity, the cost of this drug still remains high. Apparently, the use 
of this drug does not affect outcomes after AVR [57]. The role of novel TTR tetramer 
stabilizer, as a concomitant or alternative treatment, has to be clarified yet. The ongoing 
ATTRact-AS (NCT03029026) trial will shed light on this challenging association.

2.5 Treatment options of aortic stenosis in patients with cardiac amyloidosis

CA is found to be a strong predictor of adverse outcome after SAVR, suggesting 
that its presence is a disease modifier in AS [82]. On the other hand, retrospective 
studies have shown that AS does not have an impact in terms of survival in patients 

Drug Type/effect Administ 
ration

Side effects Cost Use

Tafamidis TTR stabilizer/binds 
to thyroxinebinding 
site on TTR

Oral No known side 
effects

+++ Approve d for 
ATTRwt and 
ATTRv

Diflunisal TTR stabilizer/binds 
the thyroxinebinding 
site on TTR

Oral Renal 
dysfunction; 
bleeding; 
hypertension; 
fluid retention

+ Off-label for 
ATTRwt (use with 
PPI)

Inotersen TTR silencer/
antisense 
oligonucleotide

subcutane 
ous

Thrombocy 
topenia; 
glomerulon 
ephritis; vitamin 
A deficiency

++++ ATTRv with 
polyneur opathy

Patisiran TTR silencer/small 
interfering RNA

intraveno 
us

Infusion 
reactions; 
vitamin A 
deficiency

++++ ATTRv with 
polyneur opathy

Doxicicline/ 
taurodeoxy 
colic acid

TTR disruption/
extrac tion

Oral NA + No demonstrable 
effects on 
ATTR-CA

Human 
antibodies 
(i.e., 
PRX004)

TTR disruption/
extrac tion

Intraveno 
us

NA NA NA

CA: cardiac amyloidosis; NA: not available; PPI: proton-pump inhibitor; and TTR: transthyretin.

Table 2. 
ATTR anti-amyloid drugs.
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with CA, despite some individuals undergoing SAVR, concluding that mortality in 
these patients affected by both diseases was driven by amyloidosis [101].

Even when there is a clear component of symptomatic AS, the amyloid-induced 
myocardial dysfunction persists once the valve is replaced, resulting in reticence in 
invasive intervention.

These results are conflicting with an analysis of a cohort of individuals with 
CA-ATTR and AS in which patients undergoing TAVR showed a significantly longer 
survival. A subsequent review of this study showed the presence of population selec-
tion bias, but it is anyway suggestive that a less invasive approach with TAVR could be 
better tolerated by CA patients [102].

Small studies suggest a better outcome of TAVR versus SAVR in the presence of CA 
[79], but various procedural complications of TAVR are more frequent in these indi-
viduals due to the increased fragility of amyloid infiltrated tissues. The fundamental 
characteristics that favor the less invasive approach of TAVR compared with SAVR are 
an intermediate or high surgical risk, the presence of an LVEF of less than 50%, an 
SVi <30 ml/m2, and an LV global longitudinal strain ≥ −10% [103].

The main factors of poor prognosis and usefulness of AVR in patients with AS and 
CA are represented by reduced LVEF, a severe reduction of LV global longitudinal 
strain, a grade III diastolic dysfunction, a moderate-to-severe reduction of the SVi, 
and a low gradient AS [79, 82]. These parameters should be considered in the assess-
ment of risks and benefits during the multidisciplinary evaluation of the heart team, 
in addition to the classic criteria relating to the patient’s functional condition, comor-
bidities, fragility, and life expectancy.

Based on the small population studies in literature, their inconclusive results, and the 
lack of any head-to-head comparisons, a clear recommendation on the best therapeutic 
strategy (SAVR vs. TAVR vs. medical therapy) cannot be given. In case the invasive 
approach is considered futile by the heart team, HF medical therapy is optimized [15].

3. Conclusions

High circulation Lp (a) concentration is strongly associated with degenerative AS. 
The importance of a therapy that can prevent AVS progression is evident, but, to date, 
no therapy that specifically lowers Lp (a) levels has been approved for clinical use. 
Furthermore, up to one-third of patients with paradoxical AS may have concomitant 
CA, commonly due to wtATTR. The challenge in this context is to differentiate AS 
alone from AS with CA. Recognition of ATTR prior to any type of intervention is 
crucial for adequate risk stratification and to guide downstream management.
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Appendices and nomenclature

18FNaF 18F-sodium fluoride
AL amyloid light chain
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AF atrial fibrillation
AS aortic stenosis
AVAfx aortic functional area valve
AVC aortic valve calcification
AVR aortic valve replacement
AVS aortic valve stenosis
BMI body mass index
CA cardiac amyloidosis
CAD coronary artery disease
CT cardiac tomography
CMR cardiac magnetic resonance
EF ejection fraction
ESC European Society of Cardiology
FLC free light chain
GLS global longitudinal strain
HF heart failure
hs-cTn high-sensitivity cardiac troponin
LA left atrial
LDL low-density lipoprotein
LFLG low flow low gradient
Lp (a) lipoprotein (a)
LPC lysophosphatidylcholine
LV left ventricular
PCKS9i proprotein convertase subtilisin/kexin type 9 inhibitors
PET positron emission tomography
SAVR surgical aortic valve replacement
SGc soluble guanylate cyclase
SPE speckle tracking echocardiography
SPIE serum protein electrophoresis with immunofixation
SVi stroke volume index
TAVR percutaneous aortic valve replacement
TTE transthoracic echocardiography
UPIE urine protein electrophoresis with immunofixation
VICs valvular intestinal cells
vATTR hereditary amyloid transthyretin
Vmax peak aortic jet velocity
wtATTR wild-type transthyretin amyloidosis
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Abstract

Aortic stenosis (AS) is the most common valve lesion among the continuously 
aging population with serious effect on the left ventricular ejection fraction (LVEF). 
If left untreated, it is associated with serious complications such as heart failure (HF), 
pulmonary hypertension, thromboembolic events, and even sudden death. Early diag-
nosis and treatment is of outmost importance to avoid the above complications but also 
to maintain the patient’s normal heart function. Echocardiography is the key examina-
tion that assesses the severity of the stenosis, valve calcification, left ventricular (LV) 
function, and wall thickness. Also new imaging methods such as cardiac computed 
tomography (CT) and cardiac magnetic resonance imaging (MRI) help in assessing 
the severity of aortic valve stenosis when echocardiography has limitations. Based on 
the categorization of the severity of the stenosis, its treatment is determined. Although 
things are clear in cases of asymptomatic disease and severe stenosis, this is not the case 
in moderate disease. Experts and clinical trials do not define clearly which cases can 
be treated conservatively and which need surgical or transcatheter intervention. The 
purpose of this article is to gather all the latest data on the treatment of moderate aortic 
stenosis, especially in patients with heart failure and low ejection fraction.

Keywords: moderate aortic stenosis, heart failure, reduced ejection fraction,  
early replacement, conservative treatment

1. Introduction

Aortic stenosis (AS) is the most common valvular disease in developed countries, 
and its prevalence on the population is constantly increasing [1, 2]. Calcific “degener-
ative” AS of trileaflet valve is the most common etiology of AS. It is characterized by 
progressive thickening, fibrosis, chronic inflammation, lipoprotein deposition, and 
calcification of the outflow, resulting in inadequate cardiac output, decreased exercise 
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capacity, progressive heart failure, myocardial remodeling response, left ventricular 
(LV) fibrosis, arrhythmias, and death [3]. Other important causes are congenital 
valve abnormalities which are usually accompanied by marked calcium deposition 
as well as rheumatic fever. As previously mentioned, aortic stenosis is a degenera-
tive disease that is largely associated with vascular calcification, so conditions such 
as chronic kidney disease or clinical entities with abnormal calcium metabolism or 
increased vascular calcification, such as Paget disease, are associated with its develop-
ment, especially in younger patients. The guidelines for the treatment of patients with 
moderate aortic stenosis in order to avoid its complications are not fully defined. Data 
from studies and experts are hesitant whether a quick replacement of the pathological 
valve or conservative treatment and monitoring is the best option [4]. According to 
the guidelines from the American and European Heart Association, moderate aortic 
stenosis is defined by echocardiography with the presence of aortic valve area (AVA) 
>1.0 and ≤ 1.5 cm2 and an average gradient of >20 to <39 mmHg [5, 6]. Although, 
patients with moderate AS may not experience symptoms such as dyspnea or reduced 
exercise tolerance, there is evidence that the prognosis is not as benign as previously 
reported [7]. The physicians should be aware that in several cases, moderate AS can 
lead to significant obstruction of left ventricular outflow track in many different 
ways, slowly evolving into heart failure with reduced ejection fraction (HFrEF).

2. Current ESC Guidelines on moderate aortic stenosis

Current guidelines recommend aortic valve intervention when the level of stenosis 
is severe and the patients have symptoms that are attributed to the severity of the 
disease. Such is also the recommendation for asymptomatic patients suffering from 
severe aortic stenosis and reduced LV ejection fraction (LVEF) that is associated 
specifically with the level of stenosis. Advances in the field of invasive heart valve 
replacement, through transcatheter bioprosthesis implantation, have enabled patients 
with severe aortic stenosis, who are at high risk for surgery, to be able to repair the 
defective valve. Therefore, taking into account the rapid development in the field 
of invasive cardiology, it is very likely that in the future patients with a lesser degree 
of valve, stenosis will be advised to proceed into early valve replacement. Already 
according to the latest guidelines, patients with moderate aortic stenosis and the 
coexistence of other pathology that requires cardiac surgery, such as coronary artery 
bypass graft (CABG), should simultaneously replace the defective aortic valve [6].

3. Progression of aortic stenosis

It is important to distinguish the difference between the anatomical and clini-
cal progression of the aortic stenosis. While severe aortic valve stenosis has been 
extensively studied and treatment is specific, in the case of moderate disease, the 
field remains gray and unclear. Αnatomical progression is considered a constant fact, 
and although age is considered the main factor in the progression of the disease, 
significant differences are found between the population, which indicates that there 
are other aggravating factors. Past studies have demonstrated that moderate aortic 
stenosis is associated with a substantial increase in mortality from both noncardiac 
and cardiac causes. A huge registry from Australia that followed up patients with 
aortic stenosis showed that patients with moderate aortic stenosis had poor survival 
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rates, specifically a 5-year mortality rate up to 56%, almost the same with patients 
with severe aortic stenosis [8]. The fact that clinicians classify patients based on 
numerical criteria, which is practical and efficient, sometimes leads them not to see 
each patient individually and in relation to their comorbidities and their individual 
medical memory. Hence, a patient can have a prognosis similar to severe aortic steno-
sis, but the measurements on echocardiography indicate moderate stenosis. Most of 
our patients do not suffer only from aortic stenosis, but also from other comorbidities 
that can impact negatively the LVEF, such as in individuals with previous myocardial 
infarction. So the main problem that a physician should take into consideration is if 
in cases of moderate aortic stenosis, the patient’s left ventricular with reduced ejec-
tion fraction has the ability to manage the afterload effectively. These issues concern 
the medical community, especially whether coexisting heart disease and beyond can 
affect the essential function of the valve, the left ventricle and consequently systemic 
circulation. Dweck et al. showed that aortic valve narrowing imposes increased 
afterload and wall stress on the left ventricle. As a result, a hypertrophic response 
of the heart is stimulated, which initially restores wall stress and maintains cardiac 
performance through the progress of heart remodeling. However, this process ulti-
mately becomes decompensated and consequently the LV cannot handle the afterload 
with the appearance then of all known complications of this procedure [9]. These 
patients with moderate aortic stenosis, in association with left ventricle hypertrophy 
and finally decompensation, are those with the poorest prognosis and higher mortal-
ity rates [10].

4. Aortic stenosis and left ventricle dysfunction

What is going on, however, in cases with moderate aortic stenosis with reduced 
LV ejection fraction? In daily practice, patients with moderate aortic stenosis have no 
indication of valve replacement unless cardiac surgery is needed for other reasons  
(i.e. coronary artery bypass grafting, ascending aorta). There is a gap in guidelines for 
this particular category of patients, the majority of which are symptomatic. Recently, 
they have been published many randomized clinical trials that support that patients 
with moderate aortic stenosis and reduced ejection fraction is not benign as believed. 
Van Gils et al. with a retrospective study from four large academic instutitions between 
2010 and 2015 analyzed echocardiogrpahic and clinical data from patients with moder-
ate AS and systolic dysfunction. Moderate AS was defined as aortic valve area between 
1.0 and 1.5 cm2 and LV systolic dysfunction defined as LV ejection fraction <50%. The 
primary end point was a composite of all-cause death, aortic valve replacement (AVR), 
and heart failure (HF) hospitalization. The conclusion of the study was that patients 
with concomitant moderate AS and LV systolic dysfunction are at high risk for major 
adverse cardiac and cerebral events [11]. Another retrospective study from the Duke 
echocardiographic database demonstrated that patients who had moderate aortic steno-
sis and left ventricle dysfunction and underwent aortic valve replacement had mortal-
ity benefit compared with patients received medical therapy only [12]. Also a recent 
study from Ito et al. showed that in patients with moderate AS, low LVEF and volume 
index were at increased risk of mortality [13]. Another question that we always have 
to answer are the symptoms of the patients. Are the symptoms correlated with aortic 
stenosis or are from different causes? From registries even in patients with severe aortic 
stenosis, the symptoms are not specific. So it is not always easy to define the severity 
of a stenosis based on the symptoms patients describe. We highlight the presence of 
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symptoms because the guidelines recommend aortic valve replacement when the aortic 
stenosis is severe and symptomatic. But how sure are we that a patient with moderate 
aortic stenosis and systolic dysfunction of the left ventricle has no symptoms from the 
narrowed valve on itself? Also Castano et al. showed with a prospective study of elderly 
patients who underwent transcatheter aortic valve replacement (TAVR) that 16% 
percent of them had transthyretin cardiac amyloidosis (ATTR-CA). This is important 
because these patients had a thicker interventricular septum (1.3 vs. 1.1 cm, P = 0.007), 
higher left ventricular (LV) mass index (130 vs. 98 g/m2, P = 0.002), and lower stroke 
volume. So when these patients have even moderate aortic stenosis, the symptoms 
may be exacerbated and we should think earlier intervention [14]. Another factor 
that contributes in increased afterload and decreased LV function is reduced systemic 
arterial compliance (SAC). In patients with aortic stenosis, reduced systemic arterial 
compliance coexists with a serious impact on LV function as a randomized controlled 
trial of 208 consecutive patients with moderate and severe aortic stenosis showed. This 
observation should be taken into consideration when examining such patients, because 
it may impact significantly on both diagnostic evaluation and ensuing clinical conduct 
[15]. As an example, a patient with uncontrolled arterial blood pressure and moderate 
aortic stenosis in many cases is equivalent to severe aortic stenosis due to the increased 
afterload. Approximately 10% of patients with aortic stenosis have reduced left ven-
tricle ejection fraction (HFrEF). A retrospective study from Jean G. et al. included 262 
patients with moderate aortic stenosis and HFrEF (LVEF<50%) and 262 patients with 
HFrEF and no AS. The populations of the two groups were well balanced. In patients 
with HFrEF, moderate AS is independently correlated with a threefold increase in mor-
tality. AVR, and mainly transcatheter AVR during follow-up, was related with better 
survival in patients with HFrEF and moderate AS. These findings support the fact that 
early transcatheter AVR may improve outcomes of patients with HFrEF and moderate 
AS [16].

5. Assessment of the left ventricle

Left ventricle dysfunction is a strong prognostic marker for adverse events, and 
in patients without symptoms with both impaired LVEF and severe aortic stenosis, 
aortic valve replacement has a Class I indication. However, LVEF remains normal 
until the disease is well advanced. Systolic long-axis function may be affected even 
in the presence of a normal ejection fraction, in patients with aortic stenosis. Kjetil 
Steine et al. with a small RCT of 53 patients with asymptomatic moderate aortic 
stenosis have impaired LV systolic function as measured by reduced peak systolic 
tissue velocity and strain. Augmented LV filling pressure measured by E/E’ sep and 
impaired LV relaxation measured by reduced E’ sep also indicate diastolic dysfunction 
in these patients [17]. Hence, aortic valve stenosis is often combined with impaired 
systolic function, a parameter that should not be neglected in clinical examination of 
a patient. Left ventricle global longitudinal strain (GLS) is an important echocardio-
graphic factor for aortic valve stenosis estimation. A meta-analysis from Julien Magne 
et al. among 1067 patients with significant AS and LVEF >50% were analyzed. The 
median GLS was 16,2% and the best cutoff value identified was GLS of 14,7%. The 
risk of death in patients with GLS < 14,7% was multiplied by >2,5. This meta-analysis 
demonstrates that LVGLS is associated with reduced survival even in asymptomatic 
patients with significant AS and normal LVEF, impaired. These data emphasize that 
for management and risk stratification of this specific population, the potential 
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usefulness of LVGLS is considered [18]. Another retrospective study including 287 
patients with moderate aortic stenosis (mean aortic valve area was 1,25cm2), pre-
served ejection fraction, and median GLS – 15,2% demonstrated that impaired GLS 
in patients with moderate aortic stenosis is associated with higher mortality rates 
even among those who undergo aortic valve replacement [19]. So including longitu-
dinal global strain in evaluation of patients with aortic stenosis seems to be of major 
importance. Early pressure unloading of the left ventricle with an early intervention 
would result in better outcomes and regression of diffuse fibrosis. All these data come 
from retrospective studies, so randomized clinical trials may delineate the efficiency 
and necessity of early interventions in moderate aortic valve stenosis. Another tool 
that nowadays is being used more and more in the evaluation of the severity of aortic 
stenosis is cardiac computed tomography (CT). Especially via cardiac CT, we can cal-
culate the calcium score of the valve. Sex-specific CT-aortic valve calcification (AVC) 
thresholds (women 1377 Agatston unit and men 2062 Agatston unit) accurately iden-
tify severe AS and provide powerful prognostic information. These findings support 
their integration into routine clinical practice [20]. A prospective study from Boulif et 
al. with 266 consecutive patients with moderate to severe AS who underwent multi-
detector row computed tomography (MDCT) to measure aortic valve calcium load 
and a comprehensive echocardiographic examination to assess AS severity resulted 
that MDCT-derived AVC load correlated well with valve weight and hemodynamic 
indices of AS severity [21]. In the current guidelines, cardiac CT which calculates 
aortic valve calcium is recommended, and in the next few years more modalities from 
computed tomography will be used for aortic stenosis severity evaluation. Cardiac 
Magnetic resonance imaging (MRI) is used broadly in everyday clinical practice. It is 
necessary to locate myocyte hypertrophy and mainly myocardial fibrosis expressed 
on many different ways (diffuse interstitial fibrosis, as well as partly disease-specific 
patterns of fibrosis, described as compact or ‘focal’, perimyseal, perivascular, plexi-
form, or patchy). Everett et al. with a small study of 67 patients with aortic stenosis 
(43% mild, 34% moderate, and 23% severe aortic stenosis) showed that myocyte 
hypertrophy and myocardial fibrosis progressed rapidly but are reversible after aortic 
valve replacement. On the other hand, mid late gadolinium enhancement (LGE) 
accumulates rapidly but is irreversible after AVR. So, taking into account the adverse 
prognosis of midwall LGE, early AVR when for first time LGE identified should be 
considered [22]. The association of myocardial fibrosis and long-term survival was 
studied by Azevedo et al. with a small prospective study of 54 patients. These people 
with severe aortic valve disease and indication for aortic valve replacement were 
prospectively enrolled between May 2001 and May 2003 and were examined with 
contrast-enhanced magnetic resonance imaging (ce–MRI). The larger the amount of 
fibrosis, the worse the long-term survival rates after aortic valve replacement [23]. 
The findings of these studies may be indicative that the quantification of the amount 
of fibrosis is a useful tool in the assessment of such patients and the choice of the time 
of intervention.

6. Mixed aortic valve disease

Mixed aortic valve disease (MAVD) is the coexistence of aortic stenosis (AS) and 
aortic regurgitation (AR). Although many studies have established well the isolated 
aortic stenosis or aortic regurgitation, there are not sufficient data about the progno-
sis and impact of mixed aortic valve disease. The remodeling of the myocardium in 
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mixed aortic valve disease is not well studied but is hypothesized that MAVD leads to 
increased left ventricle diameters of intermediate severity compared to that seen in 
isolated aortic regurgitation or aortic stenosis as well as increased relative wall thick-
ness, resulting in larger indexed left ventricular mass than each lesion separately [24].

There are very few data for the management of MAVD. A retrospective study by 
Egbe et al. gathered 213 patients with moderate to severe aortic disease and found that 
in the group of patients with mixed disease, they had more side effects compared to 
those with isolated severe AS. In addition, it was indicated that peak aortic velocity 
and severe MAVD (either severe AS or severe AR component) at presentation are 
predictors of adverse events [25]. They did not establish the optimal time for surgical 
intervention; however, this data suggests that patients with moderate MAVD should 
be monitored as patients with isolated severe aortic stenosis. Moreover, an observa-
tional cohort study of 862 patients with preserved left ventricular ejection fraction 
and at least moderate aortic regurgitation and moderate aortic stenosis showed that 
MAVD has a significant effect on those individuals who are at high risk of all-cause 
mortality, a risk that was sustained even after AVR [26, 27].

7. When should we intervene?

There is a growing number of data that support that an early intervention in 
moderate aortic valve stenosis might be beneficial. A retrospective study from Moon 
et al. and the echocardiography database of Seoul National University Hospital 
(SNUH) compared those who underwent early surgical AVR (within 2 years of 
index echocardiography) at the stage of moderate AS versus those who were fol-
lowed medically without AVR at the outpatient clinic. Among 255 patients with 
moderate AS, 37 received early AVR and 218 patients were treated conservatively 
and had specific follow-up (medical therapy observation group). Using multivari-
ate Cox-proportional hazard regression adjusting for age, sex, comorbidities, and 
laboratory data, early AVR at the stage of moderate AS significantly reduced the 
risk mortality risk. However, a prospective randomized trial is needed in order to 
confirm those findings [28]. Data from the prospective TOPAS study which included 
481 patients with low flow and low gradient aortic stenosis has indicated a beneficial 
impact through early intervention in both classic and paradoxical low flow low 
gradient aortic stenosis. This benefit seems to extend also to the subgroup popula-
tion with pseudo-severe AS (moderate AS). These findings suggest that TAVR using 
femoral access might be the best strategy in these patients [29]. Future results from 
the TAVR UNLOAD trial, an international, multicenter, randomized, open-label, 
clinical trial comparing the efficacy and safety of TAVR with the Edwards SAPIEN 
3 Transcatheter Heart Valve in addition to optimal heart failure therapy (OHFT) 
versus optimal heart failure treatment alone in patients with moderate AS (defined 
by a mean trans-aortic gradient ≥20 mmHg and < 40 mmHg, and an aortic valve 
area > 1.0 cm2 and ≤ 1.5 cm2 at rest or after dobutamine stress) are highly antici-
pated. A total of 600 patients will be randomized in a 1:1 trial design, and the aim 
of this trial is to test the hypothesis that TAVR in addition to optimal heart failure 
treatment improves clinical outcomes in patients with moderate aortic stenosis and 
heart failure with reduced ejection fraction [30]. Another retrospective study from 
Delesalle G et al. included 508 patients with moderate aortic stenosis (aortic valve 
area between 1 and 1.5 cm2; mean SD aortic valve area, 1.2 cm2) and preserved left 
ventricle ejection fraction compared to control. The results showed that patients 
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with moderate aortic stenosis have an increased mortality risk compared to general 
population, and that was mainly associated with their comorbidities. Consequently, 
those patients should be managed in an overall manner assessing all potential 
cardiovascular risk factors and their impact on the patient’s survival. Additionally 
patients with moderate AS with an aortic valve area close to 1 cm2 should be fol-
lowed up closely, because an aortic valve replacement performed at the stage of 
severe AS in patients with an indication for surgery is associated with improved 
survival (Delesalle et al) [4].

8. Discussion

In order to summarize the latest data about moderate aortic stenosis and impaired 
left ventricle ejection fraction, we should have in mind properly all these that were 
referred above. Firstly, moderate aortic stenosis is not so benign as previous believed. 
As we see, the quantification of the severity of aortic stenosis is not always so simple. 
In one-fourth of the patients with aortic stenosis, the measurements with echocar-
diography are discordant (i.e. low flow – low gradient), so we must use all the modali-
ties that are available today (transthoracic echocardiogram (TTE), transoesophageal 
echocardiogram (TOE), CT, and MRI) to determine the severity of stenosis. Also, we 
must always correlate the symptoms and be careful with the clinical history of our 
patients. Maybe the symptoms are extracardiac and other time the symptoms are not 
described by the patients until an exercise test is performed.

Then we should always have in mind the extra-aortic findings, the LVEF, and their 
consequences on patients symptoms and overall progression of disease. An impaired 
LVEF whether or not the patients has symptoms prompts an investigation into the 
etiology of the LV dysfunction. When there is no other reason for the impaired LVEF 
that can be fixed other than moderate AS, we should have a low threshold for recom-
mending transcatheter or surgical aortic valve replacement. If LVEF is normal and 
the patient has symptoms, then try to treat comorbidities at first or perform cardiac 
MRI or LVGLS for early detection of replacement fibrosis, which as said before 
is a bad prognostic factor and in occasions can lead patients to early aortic valve 
intervention.

The strict adherence to guidelines and numbers often leads to a counterproductive 
effect as shown by Chan et al. in the PRIMID-AS trial. With this prospective, obser-
vational, multicenter study of asymptomatic moderate-to-severe AS in the United 
Kingdom, the investigators wanted to evaluate its influence on management decisions 
in asymptomatic patients with moderate-to-severe AS. Of the 174 patients, 45% 
classified as severe AS were reclassified as moderate AS. Both the severe and reclassi-
fied groups had a higher risk compared with moderate AS with the reclassified group 
demonstrating an intermediate risk [31]. This study demonstrates that moderate AS 
is still in gray area where multi-modality imaging and exercising testing are essential 
to personalize each patient and make decision about risk stratification and early 
intervention.

As we can see, moderate aortic stenosis has a high morbidity and mortality rate 
and there is evidence that these patients could have benefit from early intervention. 
The current data that we are collecting are from small retrospective studies mainly 
that limit our evidence. New randomized clinical trials are required in order to 
emphasize that moderate aortic stenosis under certain circumstances is not so benign 
and early intervention should be in every physician’s mind (Figure 1).
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Abbreviations

ATTR-CA Transthyretin cardiac amyloidosis
AR Aortic regurgitation
AS Aortic stenosis
AVA Aortic valve area
AVC Aortic valve calcification
AVR Aortic valve replacement
CABG Coronary artery bypass graft
CMR Cardiovascular magnetic resonance
CT Computed tomography
GLS Global longitudinal strain
HF Heart failure
HFrEF Heart failure with reduced ejection fraction
EF Ejection fraction
LGE Late gadolinium enhancement
LV Left ventricular
LVEF Left ventricular ejection fraction
LVGLS Left ventricular global longitudinal strain
MAVD Mixed aortic valve disease
MDCT Multidetector row computed tomography
MRI Magnetic resonance imaging
OHFT Optimal heart failure therapy
RCT(s) Randomized controlled trial(s)
SNUH Seoul National University Hospital
TAVR Transcatheter aortic valve replacement
TOE Transoesophageal echocardiogram
TTE Transthoracic echocardiogram

Figure 1. 
Summarized algorithm for the management of patients with moderate aortic stenosis based on the provided data.
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Chapter 6

Perspective Chapter: Role of Frozen 
Allografts in Aortic Valve Surgery
Roman Pfitzner

Abstract

Although, the mechanical and bioprosthetic valves, of good parameters, availability 
and easy of implantation, are universally applied as substitutes for failed aortic valve, the 
usefulness of aortic valve allografts (AVA); natural, viable, unstented human valves, is 
still considered. The essential technology for their preparation is cryopreservation, which 
allows for long-term storage. Hemodynamic functions of AVA are like of native valve, they 
do not produce hemolysis nor thromboembolism. Being markedly resistant for infection, 
AVA are recommended as the optimal grafts for severe endocarditis. Indeed, there exist 
some disadvantages, such as low availability, need for a specialized laboratories; implanta-
tion may be a challenge. Therefore, AVA are not recommended for routine use. Their 
important limitation is durability, affected with degenerative processes, characteristic of 
biological implants. Nevertheless, AVA presented satisfactory clinical results after 10, 20, 
and more years. This chapter have been discussed in detail the principal issues, connected 
with AVA, including preparation technologies, indications for use, surgical techniques, 
and first of all, clinical results.

Keywords: aortic valve allografts (AVA), preparation technologies, cryopreservation, 
surgical techniques, durability, mechanisms of degeneration, clinical results

1. Introduction

1.1 General remarks

Aortic valve diseases are currently the most common heart valvular pathology 
and indication for even 300 thousand surgeries annually [1–3]. In our Institution, it 
connects 75% of valve operations. The introduction of extracorporeal circulation in 
1953 by Gibbon [4] allowed for intensification of research on heart valve substitutes, 
focused on availability, facility of implantation, durability (freedom from structural 
degeneration), mechanical parameters (transvalvular gradient, turbulency), event-
free survival (thromboembolism, hemolysis), immunogenity, resistance for infection, 
need for anticoagulation, quality of life, costs [1, 5].

1.2 Explanations

Transplantation is defined as the transposition of vascularised organs, while 
implantation as the use of tissues or cells. Basics for transplantation, and transfusion 
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of blood or bone marrow, is immunocompatibility, especially of ABO blood groups, 
which for implantation is not required [6–9]. Autotransplantation of autograft is 
carried out within the same individual; while allotransplantation of allograft/homo-
graft, between donor and accipient of the same species; syngenic transplantation of 
isograft concerns genetically identic individuals; for transgenic procedures are used 
organs from genetically modified animals; xenotransplantation of xenograft is the 
use of biomaterials procured from individuals of other species. Mechanical devices, 
synthetic and metallic materials, etc., are a special group. Transplants may be biovital 
(organs, auto- allografts) or biostatic (xenografts).

1.3 Rules

Principles of procurement and transplantation of organs, tissues and cells define 
legal acts: national, international (directives of EU), and additional regulations. 
Special preceptions and high-quality requirements connect laboratories and tissue 
banks [2, 5, 10, 11]. Clinical guidelines, actualized after the current state of knowl-
edge, prepare adequate medical associations and institutions [1, 12].

2. History and remarks

The Odyssey of research and contribution to obtain optimal native aortic valve 
substitute started in the early 1950s. The experiments of Lam [13], were followed with 
the first human implantation of AVA in 1956 by Murray, however into descending 
aorta [14]. Duran and others worked-out a method of preparation and insertion of 
stentless aortic valve allografts (AVA) in subcoronary position [15, 16]. In 1962, Ross 
[17] and Barratt-Boyes [18] independently performed such operations in patients. 
In Poland AVA was implanted as the first attempt in 1974 by Yacoub [19], and this 
procedure developed Dziatkowiak, since 1977. Ross in 1969 introduced pulmonary 
autografts for the replacement of the aortic valve, with good results in non-elderly 
patients [20–22]. Pulmonary allografts were implanted in the aortic position, but 
unsatisfying [15, 23]. For several decades AVA were the most preferable substitutes 
for aortic valve [9, 10].

Xenografts were introduced in 1965 by Binet [24]. They are constructed using 
the animal native aortic valve, or tailored, now with pericardium; and mounted as 
stented or stentless. The use of advanced technologies for tissue preparation and con-
servation, decellularisation, anticalcification, resulted with better clinical course and 
prolonged durability, however degeneration is highlighted [2, 3, 15, 25–30]. A fancy 
construction of open-work thermoplastic stent allows for crimp after cooling, and 
insertion as sutureless, or with catheter techniques: transarterially or transapically 
(TAVR). These methods are profitable for older and high-risk patients [1, 2, 31–33]. 
The first mechanical valve inserted in 1952 Hufnagel into descending aorta [34], but 
orthotopically in 1960, Harken [35], and Starr [36]. The initial high-gradient, lateral 
flow, heterogenic and thrombogenic constructions were replaced with central flow 
tilting-disc, and at least with durable, bileaflet valves of near 90° opening angle, low 
gradient, reduced turbulences, low noisy, and of very good course. The structures 
being in touch with blood are performed with biologically neutral pyrolytic carbon, 
however life-long anticoagulation with vitamin K antagonists still remains obligatory 
[5, 37]. In addition, artificial valves and most xenografts, present discrete motion 
of whole their body during the cardiac cycle, it may facilitate the formation of 



91

Perspective Chapter: Role of Frozen Allografts in Aortic Valve Surgery
DOI: http://dx.doi.org/10.5772/intechopen.102609

perivalvular clefts in endocarditis. On the contrary, only leaflets of AVA are moving, 
while the remaining parts are firmly connected with the patient’s tissues and pushed 
to the aorta by the lateral blood pressure.

3. Preparation of allografts

A wide literature has been published, including experience of our laboratory  
[5, 10, 11, 38–47].

3.1 Procurement

The grafts: aortic and pulmonary valves, and pericardium, are obtained  
during forensic autopsies, or transplantation procedures (from multiorgan donors, 
if the heart is not suitable, and from accipients’ hearts). Accepted are donors aged 
<50 years, after sudden death (stroke, accident, suicide, crime). Excluded are 
unknown cadavers, persons affected with neoplasia, diabetes, chronic, systemic, 
degenerative diseases, treated with transfusions or transplantations, infected, intoxi-
cated, irradiated and of high risk (drug additives, tattooed, homosexuals, prosti-
tutes). The prolonged warm ischemia markedly increases tissue injury [28], therefore 
we accept delay no longer than 10 hours, also the transport time in cool saline should 
be limited.

3.2 Laboratory and bank

For grafts’ preparation serve zones of high standards of aseptics and sterility, 
having boxes-laminars with the flow of filtered air. Staff should be dressed in sterile 
whole body coverals, gloves, masks and face shields. A separate cryogenic hall, is 
equipped with refrigerators, freezers and tanks with installations for liquid nitrogen, 
where the grafts are stored (Figure 1).

3.3 Preparation

All specimens are strictly controlled, especially the valve competency, and mea-
sured. The prepared aortic graft contains an aortic valve, ascending aorta, anterior 
mitral leaflet and some left ventricular muscle. Donor’s samples are taken for histo-
logic, bacteriologic, mycologic, tuberculotic and virologic control. The microbiologic 
tests are repeated on the next steps of preparation. Serologic examinations include 
estimation of blood groups, as well as luetic, HIV, hepatitis, cytomegalia tests. Grafts 
presented any kind of pathology or positive serologic tests are rejected.

3.4 Decontamination

All specimens, obtained during transplantation procedures are steril, while 
the cadaveric, although taken aseptically, may be infected. Therefore, all grafts 
underwent decontamination in antibiotic cocktails with the addition of Parker’s 
solution and calf serum, at +4°C. Such technology, implemented in the 1950s 
for arterial grafts, and since 1968 by Barratt-Boyes, Yacoub, and others for AVA, 
occurred optimal [11, 27, 38, 39, 43–45]. As a rule, must be simultaneously used 
both wide spectrum antibacterial and antimycotic antibiotics, for decrease 
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the bioburden [38, 39]. Their composition will be changed from time to time, 
according to the actual most widespread bacterial species.

3.5 Storing

Initially, AVA were stored as „fresh” in a buffered nutrient medium with 
antibiotics, at +4°C for about one month; they should be used within this time. 
Cryopreserved AVA, dived in RPMI 1640 medium with the addition of 10% dimeth-
ylsulfoxide (DMSO) as a cryoprotectant, are closed in sterile plastic bags, fractionally 
freezed to −80°C, and then preserved in vapors of liquid nitrogen even for years, at 
the temperature under −170°C.

3.6 Cryopreservation

Initially used for cornea preservation, was applied for AVA in the early 1970s by 
Angell and others [34, 44, 46]. There are emphasized: long-term valve banking with 
full-size range availability, great potential of patient/donor matching, possibility of 
use of all prepared tissues, improved sterility, rare iatrogenic infections [41]. The slow 
cooling of 1°C/min. is strongly recommended, because rapid processing is harmful for 
viable cells [39]. Freezing is supported with cryoprotectants, such as ethylenglycol, 
glycerol, polyvinylpyrolidine, and mostly DMSO. Their role consists in the reduction 
of cooling injury, such as ice formation, membrane fusions, damage of endothelial 
cytosolic and mitochondrial functions [39, 46]. Endothelium, playing role in the 
control of hemostasis, coagulation, immunologic and inflammatory responses, vas-
cular tone, may influence the graft function [40, 47]. Meanwhile, own study on AVA 

Figure 1. 
AVA laboratory and bank. A. Graft prepared for decontamination or storing as „ fresh’. B equipment of the 
laboratory. C. Preparation of grafts. D. Graft prepared for deep freezing. E. Freezer. F. Storage of grafts in a tank 
with vapors of liquid nitrogen.
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(fresh, 1–14 days after procurement, and deep-frozen, stored for 1–15 years), showed 
massive endothelial decellularisation, which may occur early posthumously [42]. It 
was mentioned in other papers, however some presented over 70% cell activity  
[40, 47–49]. Deendothelialisation corresponds with results of ELISA immunoen-
zymatic tests, presenting favorable low proteins concentration; no cell activity nor 
inflammation [42]. The wasted cells are further replaced with neoendothelium. 
Cellular biology of frozen AVA was described at large [39, 46, 48, 49]. The viability 
of AVA is recognized as a factor, highly influencing the long-term durability, and 
evidenced as superior over non-viable tissues [44, 47]. Its estimation consists of the 
detection of living fibroblasts, culture of them and assessment of glucose utilization  
[44, 47, 48]. Cryopreservation maintains AVA viability, comparable to fresh grafts 
[38, 39, 44, 46], and is considered as superior over chemical methods, irradiation and 
decellularisation [39, 44]. Recryopreservation of AVA is not recommended [50].

3.7 Decellularisation

Decellularisation is used between technologies for xenografts’ making. The idea 
is to remove cells, with detergents or enzymes, to eliminate immunologic reactions. 
Since 2001, Elkins used this method for AVA [28]. The experimental and clinical 
experience seems to be promising [28, 29, 40, 51]. Reduction of implant cellularity 
may enable recellularisation of the matrix with its own cells [28, 39].

3.8 Structural aspects of the stored AVA

Grafts prepared in our laboratory were macroscopically and physically normal. 
Digital and scanning microscopy showed in general normal leaflets and collagen. 
However, appeared small (<40 μm) local alterations, as grains, solitary or in chains; 
gaps among collagen layers, separations and cracks, considered as results of the 
freezing process [39, 40, 42]. The X-ray spectroscopy did not detect mineralization, 
except solitary focus. These data support the adequacy of donors’ selection and graft 
preparation [42]. It has been suggested, that fresh wet storage of AVA may accelerate 
calcification [52]. Decellularized heart valves, frozen without protection, presented 
porosity of histoarchitecture, altering biomechanics; sucrose reduced or diminished 
its formation [53].

3.9 Thawing

Cryopreserved AVA are rewarming with saline baths of growing temperature; 
moreover, by stepwise dilution is rinsed the cryopreservant, to stop its potential toxic-
ity. The whole procedure needs at least 30 minutes. In this time may be completed the 
removal of the native valve and additional procedures. Rapid thawing is preferred, as 
it restricts ice recrystallization. At the first step AVA is rewarmed to −100°C, and next 
to +40°C. A slower heating rate would tend to minimize osmotic imbalances, provid-
ing for the rehydrating solvent to enter the cells. The rewarming rate, may influence 
the formation of fissures and cracks [39]. The basal lamina, exposed because of 
deendothelialisation, suffers destruction: greater occurred during processing in the 
water bath at 37°C, than in room temperature of 23°C [48]. The last procedure may 
not be accepted during surgery, because needs about 3 hours.
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4. Immunologic issues

Still remain different opinions about the influence of immunologic reactions 
on AVA deterioration and durability [6, 39, 54–56]. Even after implantation of the 
mechanical valve, the myocardial antibodies are released to circulation during surgi-
cal manoeuvers. The reaction on residual AVA myocardium leads to local fibrosis. In 
contrary to endothelial cells, fibroblasts induced only limited proliferation of blood 
mononuclear and CD4 + T cells [57]. Clarke and others considered that immunologic 
responses, stimulated by HLA antibodies, cause AVA failure, particularly in young 
persons [39, 56, 58]. Meanwhile, they have been demonstrated in general locally, as 
playing not important role in graft degeneration [6, 21, 39, 54]. Cryopreservation, 
decellularisation, and antibiotic treatment, allow for a significant reduction in 
immunogenity [28, 30, 39, 54, 56]. The endothelial loss eliminates an abundant source 
of antigens, while neoendothelium, as own patient’s tissue, is neutral. Usually, AVA 
are implanted without ABO-HLA matching [8, 30, 39]. Kadner emphasized that it is 
not necessary, since the absence of valvular endothelial antigens, and suggested, that 
incompatibility is not responsible for AVA degeneration [8]. This opinion supported 
Yacoub and Bodnar [6, 54, 59]. On the contrary, Yankah and others, considered blood 
groups discrepancy as an important risk factor of graft deterioration, and suggested 
match tests for prevention [49, 55, 58, 60]. In our Institution, AVA are selected by 
their size (it allows to augment the amount of AVA for implantation); ABO compat-
ibility is present in 30%.

5. Indications for AVA implantation

AVA are used for the treatment of aortic valve and root pathology, as endocarditis, 
acquired and congenital malformations, aortic aneurysms (also dissected), and for 
women in childbearing age, patients of contraindications for anticoagulation, or on 
special request. Limitations, result from availability, need for specialized laboratory, 
difficult implantation and some medical causes [7, 10, 21, 61–63]. AVA are rarely 
applied; in USA their implantation rate dropped to 0.2%, only [1]. The European 
guidelines do not mention the terms allograft or homograft, while only bioprosthetic 
valve [12]. Nevertheless, the recommendations for xenografts’ use could be recog-
nized as referred also for AVA. The guidelines of American societies devote attention 
on AVA, focused on endocarditis, annular destruction, elevated risk of reinfection, 
reoperative aortic root surgery in patients for whom other techniques will be unfavor-
able. They do not recommend AVA for routine use, and suggest rather xenografts [1]. 
AVA durability depends to the patients’ age at implantation, thus may be recommend 
for patients >60 years, and should not be denied in octogenarians [64–66], but, in 
contrary, AVA should not be used in persons with intensive turnover or dysregula-
tions of mineral metabolism, as youngsters or chronically hemodialysed [3, 67]. 
Endocarditis is a tremendous, often life-treating disease, associated with severe tissue 
damage. Introduced in 1965 by Wallace [68]; its surgical treatment is performed often 
in emergency mode. Radical removal of the native or prosthetic valve and necrotic tis-
sues, supported with intensive antibiotic therapy and local disinfection, is inarguable 
[62, 69–71], but it does not exist consensus for the choice of valve substitute. Mostly 
are used, widely accessible and easy to implant, mechanical or bioprosthetic valves 
[69, 72, 73], while a large literature expresses excellent opinions on AVA, presented 
better resistance for infection and transparency for antibiotics [6, 62, 69–71, 74–76]. 



95

Perspective Chapter: Role of Frozen Allografts in Aortic Valve Surgery
DOI: http://dx.doi.org/10.5772/intechopen.102609

Eventual AVA infection, often curable, develops gradually. AVA may be the only solu-
tion, for recurrent prosthetic infections with the perivalvular leak, annular damage, 
abscess, and/or intracardiac fistula.

6. Techniques for AVA implantation

They have been described and commented in many publications [5–7, 16–19, 63, 
77–82]. For access is used median longitudinal sternotomy and anterior aortotomy, 
leading towards the noncoronary sinus. Extracorporeal circulation, moderate 
hypothermia and cardioplegia are applied. AVA is a free-hand, flexible graft, which 
imposes particular conditions towards the surgeon. The main methods for AVA 
implantation are presented as follows, and in Figures 2 and 3: A. In the Barratt-
Boyes technique [18], all sinuses of Valsalva are excised. The graft is rotated 120° 
counterclockwise, so that the AVA right sinus lies below the patient’s left coronary 
sinus, to bring the weaker muscular portion of AVA adjacent to the fibrous trigone 
and anterior mitral leaflet, while there is not evident its necessity [80]. The annular 
suture line may be performed with single or continuous sutures. The upper continu-
ous suture mounts the AVA aortic tissue to the patient’s aorta. B. The Ross method 
[17] differs from trimming only the coronary sinuses. This may increase the stability 
of implanted AVA and maintain symmetry more easily, allows for some aortic correc-
tions, reinforcement of aortic suture line, and extent the aortic incision nearly to the 
annulus. AVA is placed without rotation, and usually with interrupted sutures. Since 
2007, I only used the running suture. C. Inclusive short cylinder embraces implanta-
tion of the intact aortic bulb with replacement of coronary ostia. It makes easier 
preservation of geometry and sinotubular junction; is advantageous for endocarditis. 
We suggest the graft fixation with some mattress sutures, knotted outside the aorta 
[19]. D. Aortic root technique includes total replacement of the aortic valve and 
ascending aorta with anastomoses of coronary ostia after the “button” method. We 
introduced the use of nonexpandable plastic tapes, inserted into the proximal suture 
line; it allows diminish the enlarged annulus, avoid bleeding and prevent lateannular 
ectasia in Marfan’s syndrome [19, 63]. E. AVA premounted on a stent did not provide 
satisfactory results [41]. During operations for degenerated AVA, are used different 
methods and prostheses. It has been proposed valve-in-valve surgery with excision of 
AVA leaflets only. As compared with total graft excision, this technique is easier and 
allows for shortening the duration of extracorporeal bypass and aorta cross-clamping 
even twice; as well as reducing morbidity and mortality [82]. TAVR is in parallel 
recommended in selected cases [83, 84].

Some general principles should be respected: a. gentle manipulate, avoid contact 
of instruments with the leaflets; b. radically remove pathologic tissues, materials, 
calcifications, debris; c. adequately size; it is recommended AVA diameter 2–3 mm 
less than the native ostium to prevent graft’s deformation or distension; d. trim the 
graft appropriately to the choosen implantation method, remove the exceeding 
tissues, paying attention to the thin spots. An approximately 3 mm wide tissue cuff 
surrounding the aortic annulus as well as 4–5 mm tissue margin of the aorta for 
subcoronary techniques should be left for sewing; e. preserve ostium/graft geom-
etry. If AVA is used in patients with the native bicuspid aortic valves, new anatomy 
should be carefully created, paying attention to coronary ostia. Such surgery is often 
renounced, but in our Institution connects 25–30% of patients; f. place the commis-
sures optimally to retain semilunar function and valve competency; symmetry and 
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equidistant; g. avoid deformations and torsion; h. preserve sino-tubular junction; i. 
there may be used single or continuous sutures for mounting the AVA, usually 4/0  
(if necessary 3/0 or 2/0); and 5/0 for coronary anastomoses; upper suture line is car-
ried out with continuous suture; j. insert the needle oblique into the grafts’ subval-
vular tissue to encompress more material; k. avoid taking the leaflets into the suture 
line; l. place the sutures more superficially near the membranaceous septum, to 
escape injury of the conductive tissue; m. if occur a great distance between the graft 
and coronary ostia during root replacement, an additional vascular prosthesis should 
be implanted to anastomose them; n. directly control the graft and its competence 
during surgery, and with transesophageal echocardiography after setting the heart in 
motion.

Figure 2. 
Implantation of AVA. A. Subcoronary implantation after Ross: Placing of single sutures at annular level, “on 
distance”, AVA 0n the right. B. Presentation of completed single sutures line on annular level; graft is turned 
into the left ventricle. C. Competent AVA after completion of annular sutures line. D. Replacement of ascending 
aorta aneurysm with allogenic full root graft. Arrow indicates reinforcing non-expandable plastic tape, inserted 
into the sutures line. E. Aortography: On the left large ascending aorta aneurysm; on the right n0rmal view after 
implantation of an AVA full root; good visible right coronary artery. F. Comparison of cross-sected specimens: 
On the left normal graft after laboratory preparation; on the right explanted failed short cylinder. Arrow 
indicates massive calcifications in the region of the distal suture line. Free rims of leaflets are free from visible 
mineralization.
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Figure 3. 
Implantation of AVA in a patient with the native bicuspid aortic valve. A. Trimming of the graft: Excision of the 
right-coronary sinus of Valsalva. B. Presentation of AVA, prepared after Ross; arrow indicates not excised aortic 
tissue of the non-coronary sinus. C. Implantation of AVA with running suture, initial phase; arrow indicates site 
of new-created commissure. D. Later phase of implantation, the suture is placed near the new site of commissure 
(arrow). E. Next phase of implantation on the annular level, arrow indicates the suture line. F. Closure of the 
aorta: Exposed aortic tissue of graft’s non-coronary sinus (central). G. Closure of the aorta, AVA aortic tissue is 
used for reinforcement of patient’s aorta. H. Aorta closed using Blalock suture; thin patient’s aorta is additionally 
reinforced with two plastic tapes (arrow). Into the aorta is inserted needle for deairing. (ava-tissue of AVA; 
p-patient’s tissue - aorta).
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7. Postoperative management

Early postoperative therapy is based on general principles of hospital manage-
ment, including postoperative intensive care. It is similar to the treatment of patients 
after other aortic valve surgeries, and is focused on parameters connected with 
cardiac and AVA functions, as well as management of accompanying diseases. We 
focus on rehabilitation, initiated in the clinic and continued in resort hospital, and for 
out-patients. It should be introduced secondary prevention with reduction of fac-
tors, potentially under the influence of the AVA durability, as hypertension, diabetes, 
endocarditis, recurrent common infections, etc. Patients should be systematically 
controlled clinically, and with transthoracic echocardiography (if necessary, also 
transesophageal). Classical anticoagulation is not required. [6–9, 21].

8. Results

8.1 Degeneration and mineralization

The fate of bioprosthetic valves is defined by their degeneration. Its development is 
usually time-extended, attends to the graft (material, methods of preparation, viability, 
correctness of implantation, tissue fatigue), patient (age, actual and at operation, history 
of rheumatic disease, infections, presence of immunologic complexes, genetics, diabetes, 
arterial hypertension, atherosclerosis, metabolic and hormonal function, renal insuffi-
ciency, aortic root distension, diseases of connective tissue, the influence of drugs and their 
effectiveness), environmental factors, etc. [3, 6, 46, 47, 55, 67, 78, 85, 86]. An advanced 
phase of biologic valves degeneration is mineralization, interrelated with calcium phos-
phates It starts in the cytosol and extracellular matrix, where occur centers of mineraliza-
tion, as “hole zones” in the structure of collagen, areas of damage of collagen and elastin 
fibers, apoptotic cells, fibrinogen debris; where may be bound ions and substances. Cell 
membranes and organelles are rich sources of calcium and phosphates. Iron from damaged 
erythrocytes induces oxidative stress. For mineralization are responsible alterations in col-
lagen synthesis, serum proteolytic enzymes, kinases, calcium binding proteins, increased 
mineral turnover, hyperparathyreoidismus, etc. Fibroblasts may change their phenotype 
to osteoblasts. Penetration of immunoactive cells, focal hemorrhages, associated with loss 
of endothelial integrity worse the anatomy and function of leaflets. Secret mineralization 
may be identified in explanted tissue samples using diffractometry, spectrophotometry, 
electron microprobe. Echocardiography detects the advanced lesions.

The visible mineralization contains calcium phosphates and calcium-cholesterol 
concretions, as grains, multiform accumulations, frequently massive, highly affecting 
the valve function [3, 42, 51, 52, 67, 85–88]. In contrary to the native valves, mineral-
ization of AVA embraces mostly areas of sutures, aortic wall, while the distal rims of 
leaflets may remain free from visible lesions [6]; Figure 2. The use of running sutures 
on the annular level, allows for a significant reduction of local calcification.

8.2 Clinical results

8.2.1 Functional status

For an accurate valuation of clinical results have been proposed the following 
criteria: absence of symptoms and signs of cardiac failure or need for antifailure 
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treatment, no aortic diastolic murmur, normal blood pressure, reduction of 
cardiothoracic ratio, a decrease of electrocardiographic signs of left ventricular 
hypertrophy [9]. The literature defines the age of AVA recipients at 7–84, in 
average 50 years [65, 76, 77, 81–84], and prevalence of male patients at >70% 
[68, 69, 82, 83, 89–91]. In general, postoperatively is observed significant clinical 
improvement, manifested with the change of NYHA class from III/IV to I/II in 
90–98% of cases [7, 41, 77, 79, 81, 92, 93]. Early echocardiographic examinations 
presented 0/I aortic incompetency in 90–97% of patients, and also low gradient, 
comparable to physiological [7, 77, 91–94]. Trivial AVA incompetency seems to 
be more common after subcoronary than cylinder technique. The parameters of 
left ventricular anatomy and performance occur significantly improved, but not 
markedly different from observed after implantation of other prostheses [91]. 
Generally, is declared improvement of quality of life [93, 95].

Professional or educational activity increased to 67%, as compared with 38% after 
mechanical valve implantation [93]. Sexual activity improved in 8.6% only, unchanged 
was in one half of polled, or decreased in the remaining, mostly according to fear. 
Anxiety reactions complained about 30% of examined patients, and were related with 
the probability of AVA degeneration or reoperation inspite of over 95% acceptance of 
this graft. Therefore, patients with the mechanical valve, referred fear towards possibility 
of thromboembolism or bleeding. Fear was noted also when occurred arrhythmia [95] 
Inspite of no anticoagulation, thromboembolism was not observed or extremely rare, 
because of antithrombotic AVA surface [9, 76, 91, 92, 95, 96]. The development of severe 
AVA degeneration, parallelly deteriorates the clinical and echocardiographic parameters.

8.2.2 In-hospital mortality

Early mortality after elective fresh [9, 10, 44, 81, 90] and cryopreserved AVA 
implantation [7, 41, 44, 61, 65, 67, 68, 77, 79, 95] was similar, and varied between 
1.5-9.5%, mostly about 5%. After aortic root replacement was referred to 3–11.6%, 
mostly 7%, for elective surgery, but was elevated up to 24%, while urgent mode for 
aortic dissection or prosthesis replacement [10, 75, 78, 82, 91, 92]. Redo surgery was 
connected with mortality of about 7–9% [84, 94, 97, 98]. Risk of AVA implantation 
for endocarditis of aortic valve and ascending aorta varied between 5 and 24%, in 
the majority about 8–10%, but reached 24% after replacement of infected pros-
thesis [10, 68–70, 72, 75, 83, 94, 98–101]. Mortality after elective AVA or xenograft 
implantation was reported as similar: 5.0% and 4.9% [96], but varied between 8 and 
29% after xenograft and 3–23 after mechanical prosthesis implantation for treat-
ment of endocarditis [69]. After TAVR repair of AVA, was 9% [84]. AVA application 
is reckoned as connected with greater mortality than the use of other prostheses 
[1]. The main predictors of early mortality are: emergency, older age (general risk 
factor), prolonged extracorporeal circulation, low left ventricular function, infec-
tion, cerebrovascular diseases, hypertension, pre-operative pacing, terminal renal 
insufficiency, valve size [61, 69, 70, 76, 93, 96, 98].

8.2.3 Late mortality

Freedom from late mortality after fresh and cryopreserved AVA implantation was 
comparable after 1, 5, 10, 15, 20 and 25 years, being 81–94%; 65–93.3%; 63–93%, 
61–97.7%; 41–69% and 52%, respectively [7, 9, 10, 41, 44, 59, 62, 65, 70, 71, 81, 83, 94, 
99]. It was markedly better after implantation of free-hand AVA than of mounted on a 
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stent, 80% versus 69% after 10 years, [41]. The 3 years survival was referred as better 
after AVA than prosthetic valve implantation, 94% versus 63–82% [9], while in other 
papers, 44% after 10 years, independently to the valve type [76]. The probability of 
mortality has been estimated at 1,68 after AVA versus 5.7 patient/year after xenograft 
implantation [41]. In patients operated for endocarditis, the 1-, 5, 10- and 15-year 
survival was of 67–92%; 48–85%; 44–77%; and 53.8%; and did not depend to the 
type of valve [69, 70, 72, 75, 76, 100]. Meantime, the 20-year survival after surgery 
for endocarditis on native valve occurred much better than on prosthesis, 44% versus 
16% only [76]. In patients with noncomplicated ascending aorta aneurysm, the 5-, 
10-, 15-, and 20-year survival was announced of 82.5%; 78.3-87.3%; 70.8%; and 
63.6-68.3%; while in De Bakey type II dissection 90%, 75% and 50%, as well as in 
type I 75%, 75% and 35%, after 5, 10, and 15 years [91, 92, 94]. The survival depen-
dent on the patients’ age at the operation was estimated at 24, 22, and 14 years for 
the groups aged 20–39; 40–59; and 60–81 years, respectively [61]. According to the 
operative technique, the average survival was 21, 18, and 16 years after subcoronary, 
cylinder, or root AVA implantation [61]. As the predictors for late mortality are listed: 
age > 65 years, creatine level > 150 mmol/l, NYHA class III/IV, left ventricular ejection 
fraction <40%, coronary disease, severe aortic insufficiency DeBakey type I aorta 
dissection, and endocarditis [61, 76, 81, 91, 95].

8.2.4 Durability

Similarly, to the other biologic valves, 10–15 years after AVA implantation may 
occur important morphologic changes, worsening the clinical and echocardiographic 
parameters [10, 61]. The predominant causes of AVA failure are structural valve 
degeneration in about 80%, and endocarditis in 15% [10, 61, 62, 90]. The AVA 
incompetency occurs most frequently, in over 60%, but calcified stenosis in about 
17% [25, 89]. Freedom from redo surgery at 1, 5, 10, 15, 20 and 25 years has been 
estimated at 100%; 81–100%; 72–97%; 47–89.4; 15.5–77%; and 35–49.5%, respec-
tively [1, 7, 9, 10, 39, 44, 60, 62, 89, 92, 99]. If compare cryopreserved AVA with fresh 
AVA and xenografts, the 10 years results were estimated as similar or better (80–92% 
versus 80–83%) [39, 44, 91]. Late reendocarditis is relatively rare: 0–7% after 5 years. 
Freedom from it, after 10, 15, 20 and 25 years was 82–97%; 91.9; 77–91.5%; and 
70–94%, respectively [5, 7, 11, 44, 60–62, 69, 71, 72, 76, 99, 100]. Estimated risk of 
this pathology was 0.15%/patient/year [43]. The durability of AVA depends also to 
the patients’ age at the operation; it was two times shorter in the aged 25, as compared 
with 65 years old: 12 versus 23 years. [39, 43]. Freedom from AVA failure after 10 and 
20 years in age groups of: <2o; 20–40; 40–60; and 60–80 years, was of 47 and 20; 85 
and 69%; 94 and 82%, respectively. These data confirm the general observation that 
young patients are not good recipients of AVA [61, 64, 99]. Durability according to 
Ross, cylinder and full root techniques after 10, 20 and 25 years did not differ mark-
edly and amounted: 85, 85 and 80%, versus 60, 55 and 55%, and 55, 45 and 55% [61]. 
There have been reported patients with AVA functioning 30 years [44, 99], while in 
our Institution achieved 34 years.

8.2.5 Own selected cohort

A group of 70 patients, in whom in the years 2007–2012 I implanted cryopreserved 
AVA after modified indications and technique, was analyzed after 1–14, in average 
11 years. Extraordinary was 57% participation of women, and more advanced age, in 
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average 73 years (35–89), while 7 patients were > 80 years. Aggressive endocarditis 
developed in 7 patients, with 3 aorto-right ventricular fistulas.

In NYHA class III were 49, and in IV 21 patients; 7 underwent surgery in acceler-
ated mode. Bicuspid native aortic valve presented 19 patients (27%), but also 37 
needed additional procedures: mitral valve decalcification (18), mitral plasty (2), 
CABG (7), occlusion of intracardiac fistula (3), pacemaker implantation (3), plasty 
of aortic annulus (2), exstirpation of left atrial myxoma (1), and carotic endarterec-
tomy (1). All patients had advanced left ventricular hypertrophy. They were affected 
with additional diseases, as arterial hypertension in 70%, coronary disease, diabetes, 
arrhythmias, asthma, etc. In 69 patients I implanted AVA subcoronary, after own 
modification of the Ross method. I incised the aorta near to the annulus to facilitating 
implantation; instead of multiple stitches I used one continuous Prolene 4/0 suture 
on annular level, thus only 3 running sutures, knoted outside of the aorta, were 
enough for completion of surgery. The diameter of AVA varied between 19 and 27, in 
average 22.5 mm. In a patient with Marfan’s syndrome, I replaced AVA full root after 
27 years, using frozen graft, with very good result after 14 years. Early mortality of 
12.8%, affected patients aged 48–81, on average 73 years, and was caused by sepsis (1), 
circulatory insufficiency (4), non-aortic bleeding (3), multiorgan failure (1).

In all patients AVA function, estimated echocardiographically was normal, and 
none death was valve related. All survivors presented permanent or temporary 
clinical improvement and quality of life. Echo controls showed the good function of 
grafts: none or trivial AVA incompetency, but II/III° in several cases. Evident graft 
calcification was unique, massive occurred in 2 of 4 patients who were reoperated 
after in average 8 years, with on death. One patient aged 37, passed redo surgery for 
subcoronary AVA after 7, and re redo after 8 years (xenograft); both AVA showed 
massive calcification, rapidly accelerated during the final year. Late mortality, con-
cerned 22 patients, aged 48–94, in average 77.5 years, after 1–13, in average 6,5 years, 
was caused with circulatory insufficiency (5), coronary disease (4), neoplasia (4), age 
and related troubles (9). Summarizing, frozen AVA presented satisfactory results even 
in older patients with concommittant morbidity, and in extreme tissue damage due to 
endocarditis; as well as the low rate of redo surgery. The modification of implantation 
technique allowed for the reduction of mineralization, therefore markedly improved 
AVA durability, as compared with other patients’ series.

9. Closing remarks

The actual state of research for ideal valve substitutes shows, that there do not 
exist such valves. The contemporary mechanical prostheses present excellent durabil-
ity, but still need life-long anticoagulation, while the xenografts offer wide possibili-
ties of use, but limited durability. Both are widely available, universally applied and 
easy for surgical implantation. Therefore, AVA occurred as grafts being more approxi-
mate to the ideal. They are natural, viable, unstented human valves, prepared without 
the use of strong chemicals. Deep freezing is the optimal technology for preservation. 
The hemodynamic functions are like native valve. AVA produce no hemolysis nor 
thromboembolism, and anticoagulation is not necessary; therefore, may be used 
in patients with contraindications for such therapy. Thanks to marked resistance 
for infection, are recommended as the best substitutes for endocarditis with severe 
tissue damage. The clinical results are satisfactory; quality of life is declared as 
firmly improved, parallelly to high graft acceptance. Indeed, there exist important 
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disadvantages and limits, and AVA are rarely implanted. The availability is markedly 
limited, both from forensic autopsies and transplant procedures. The durability of 
AVA is comparable with xenografts, and may be fully accepted, especially for older 
persons. On contrary, the results in young patients or chronically hemodialyzed, 
suggest poor indications in these groups. For the application of AVA is necessary to 
full access to well-equipped laboratory and tissue bank. The initial expenses for their 
organization are subsequently followed with these of staff and utilization, therefore 
the costs of AVA preparation may be even two times greater than the price of xeno-
graft or mechanical valve. AVA being not recommended for routine use, should be 
reserved for experienced centers and surgeons. Implantation and replacement of AVA 
may occur as a challenge. For AVA application is therefore necessary to meet following 
requirements: will, may and can. They are connected also with the surgeon’s abili-
ties, including patience, precision, as well as geometric imagination. The mechanical 
valves and xenografts are still developed and improved. On the contrary, the tech-
nologies for AVA preparation appear to attain the limits of their development. Thus, 
in correlation to the above, the future of AVA employment may be called in question, 
inspite of their excellence.
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Abstract

Aortic valvular stenosis remains the most common weakening valvular heart 
lesion. Many high-risk patients cannot tolerate surgery. Transcatheter aortic valve 
implantation (TAVI) is an emergent alternative technique. General and local anesthe-
sia plus sedation are both valid alternative techniques that can be titrated according to 
patient characteristics. Hemodynamic management is the main concern of intraoper-
ative anesthesiological management. Preprocedural, multidisciplinary assessment of 
the patient is essential prior to TAVI and should include a full anesthetic evaluation. 
TAVI offers a number of advantages to patients and medical teams, but there are still 
accompanying important complications and anesthesiological risks.

Keywords: aortic valve stenosis, TAVI, anesthesia plan, general anesthesia,  
conscious sedation

1. Introduction

Aortic valve stenosis is described as the most common heart valve disease. 
Reportedly 2–4% of patients over 65 years of age develop aortic valve stenosis [1]. The 
increase in survival along with the comorbidities of these patients led to the devel-
opment of intravascular aortic valve replacement (TAVI), a procedure suitable for 
intermediate- or high-risk patients with severe aortic valve stenosis. It is described that 
more than 1/3 of patients with severe aortic valve stenosis are patients at high surgical 
risk [2]. It is important to note that since the introduction of the technique in 2002, 
more and more patients are undergoing TAVI [3]. The criteria under which patients 
are selected play an important role as does the preoperative assessment. Various access 
routes are described, with trans-femoral access being the preferred route in the vast 
majority of TAVI patients. The anesthesia plan and the type of anesthesia depend on 
the access route, the patient’s medical history, the training and experience of the center 
where the procedure is performed, the surgical team’s preference and the possible 
hemodynamic, respiratory and procedural complications that the anesthesiologist may 
encounter. General anesthesia (GA) was initially preferred especially in patients with 
coexisting diseases such as heart failure, obesity, and pulmonary disease. During GA, 
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transesophageal echocardiography (TEE) may be used as an intra-procedural monitor-
ing tool to provide feedback during the procedure, to assess prosthetic valve function, 
and to detect complications rapidly. Other anesthesia techniques include local anesthe-
sia (LA) with or without conscious sedation (CS), a technique that is increasingly used 
as it allows for hemodynamic stability and immediate detection of complications that 
may arise from the procedure. Furthermore, cases of epidural anesthesia have also been 
described for intravascular aortic valve replacement [4, 5]. Reported complications of 
the procedure include stroke, kidney damage, conduction abnormalities, pacemaker 
implantation, vascular access damage, hemorrhage, and even death. A coordinated 
multidisciplinary approach, including a cardiologist, cardiothoracic surgeon, perfu-
sionist, and cautious anesthetic management, is essential for the success of TAVI [6, 7].

2. The history of transcatheter aortic valve implantation (TAVI)

The idea of intravascular aortic valve replacement emerged by clinicians Anderson 
and Cribier in the early 1990s. However, the lack of funding and the skepticism of 
heart surgeons at the time, who argued that a calcified valve should be removed, 
delayed the development of this new therapy.

Heining Anderson, in 1989, envisioned placing a valve on a balloon and position-
ing it through a stent. The idea arose from watching a speech by Julio Palmaz about 
coronary stents. Anderson began by constructing and placing a porcine aortic valve 
on a balloon catheter. In 1989, the first implantation attempt on a porcine model 
failed, creating more obstacles in his pursuit of funding and support.

Alain Cribier, on the other hand, had become a pioneer in balloon valve surgery, 
but noted high rates of restenosis. According to Cribier, a calcified valve could be used 
to anchor a new valve [8]. The cardiologists of the time had the same opinion, that is, 
that a calcified valve can be used as a lumen without any problems.

At the end of the twentieth century and the beginning of the twenty-first, the 
valve was designed by Cribier with the contribution of heart surgeons and a com-
pany called Percutaneous Valve Technologies (PVT) [9, 10]. In due time, in vitro 
experiments proved that the valve remained stable. In 2000, the first experiments 
on healthy (non-atherotic) animals were performed but failed since there was no 
atheromatic valve and aortic annulus to provide anchoring.

Cribier used the technique in 2002 when he came across a 57-year-old man with 
heart failure and an ejection fraction of about 10%. This was also the first application 
of the TAVI technique. The development of the technique required the pairing of 
surgical teams, their training in addition to the recording and collection of as much 
data as possible. Despite the difficulties in the development of the TAVI procedure, its 
rapid progression and minimally invasive technique have replaced open heart surgery 
and have provided a solution for high-risk patients with severe stenosis. In addition, 
the results of the procedure, the continuous training of medical teams, the evolution 
of the valves, and the improvement of the anesthesiologic approach have increased the 
survival rate of the patients and have significantly reduced hospital stay [11]. In the 
future, TAVI is expected to substitute the surgical replacement of the aortic valve [12].

2.1 Patient’s selection

The TAVI procedure, despite its minimally invasive technique, is often associated 
with complications that may affect surgical and patient outcomes. The appropriate 
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selection of patients involves clinical and anatomical assessment, surgical risk assess-
ment, and evaluation of the feasibility and safety of the procedure for each patient 
individually. The selection is made by a team of experienced interventional cardiolo-
gists, cardiac surgeons, and anesthesiologists. The patients selected are mainly elderly 
with an estimated life expectancy of >1 year, deemed inoperable (high risk) and pre-
senting with complications from aortic stenosis, such as left ventricular dysfunction, 
or with comorbidities that affect their quality of life. Surgical risk is determined by 
the logistic EuroSCORE or the Society of Thoracic Surgeons (STS) score. Euroscore 
II has now been introduced, which also incorporates patients’ muscle weakness [13]. 
There are studies that claim that Euroscore II has a better prognostic value than the 
other two, but even so we cannot predict mortality at 30 days or even 1 year [14].

In patients referred for TAVI necessary measurements include identification and 
quantification of aortic stenosis, number of valve cusps, extent and distribution of cal-
cification, sinus dimensions, effective annular diameter, height of the coronary ostium 
above the valve annulus, basal septal hypertrophy, and presence and severity of mitral 
valve disease. Transesophageal and transthoracic echocardiography assessments show 
that prospective patients have a low ejection fraction and reduced diastolic flow. In 
such cases of low-flow and low-gradient aortic valve stenosis, it is difficult to delineate 
the degree of stenosis, and if the patient is expected to benefit from an intervention, 
therefore the implementation of dobutamine stress test is indicated.

TAVI is being increasingly utilized, and we are given the opportunity to successfully 
treat high-risk patients with severe aortic valve stenosis. Despite the rapid progression 
of this procedure and its impact on aortic stenosis prognosis, a percentage of individu-
als show low long-term improvement from the procedure or even mortality within a 
year. Thus, further research is needed with focus on the selection and outcome of TAVI 
patients. For example, in the case of patients undergoing TAVI and suffering from 
chronic severe lung disease (CLD), studies have shown that they show earlier mortality 
than TAVI cases without CLD. It is necessary to quantify the severity of CLD and to 
analyze the relationship between the disease and the poor outcome of the procedure 
[15, 16]. Similarly, renal function is affected during the procedure. A recent report 
notes that patients with severe kidney disease undergoing TAVI have an increased risk 
of mortality within a year [17].

2.2 Preoperative anesthesiologic assessment and preparation

Preoperative assessment is the foundation in the management of patients undergo-
ing intravascular aortic valve replacement and contributes greatly to reduce morbid-
ity and improve their outcome. The main purpose of the preoperative assessment is 
to obtain information about the patient’s medical history in addition to performing 
a clinical assessment. This way intraoperative risk can be more accurately estimated 
and minimized. As mentioned, aortic valve stenosis is the most common valvular 
disease. More specifically, 2–4% of the population over the age of 65 has aortic valve 
stenosis. In the case of severe aortic valve stenosis, intravascular valve replacement is 
the best treatment option since these patients have a high surgical risk [18]. The pre-
dominant symptoms of severe aortic valve stenosis observed during the preoperative 
assessment are angina, heart failure, stroke, fatigue, and shortness of breath. During 
the clinical examination, a distinct auditory finding is the mid-systolic ejection mur-
mur, heard best over the “aortic area” or right second intercostal space, with radiation 
into the right neck. Echocardiography is the main method to assess aortic stenosis 
(AS) severity and is crucial for patient management and risk stratification. It relies on 
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three parameters: the peak velocity (Vmax), the mean pressure gradient (MPG), and 
the aortic valve area (AVA). The peak velocity and mean pressure gradient increase as 
the stenosis becomes severe, while the aortic valve area decreases. With these param-
eters, severe aortic stenosis is defined by a Vmax >4 m/sec, an MPG >40 mmHg, and 
an AVA <1 cm2.

Guidelines regarding medical management suggest that serial Doppler echo-
cardiography should be performed every 6–12 months in those with severe aortic 
stenosis, every 1–2 years in those with moderate stenosis, and every 3–5 years in those 
with mild stenosis [19].

The anesthesiologist as well as the interventional cardiologist should be aware and 
should inform patients with severe aortic valve stenosis, who fulfill clinical suitability 
and are about to undergo intravascular valve replacement, that they are at increased 
risk of sudden death due to arrhythmias, heart failure, myocardial infarction, and/or 
coexisting congestive heart failure.

Intravascular replacement of the aortic valve is associated with lower risk of 
infection, reduced blood loss, less metabolic stress for the patient, and fewer hemody-
namic fluctuations. It is important, however, for the team of specialists to be prepared 
in the event of an aortic rupture to modify this minimally invasive procedure into an 
emergency open heart surgery.

Anesthesia options for this procedure include both general anesthesia and local 
anesthesia with or without conscious sedation. Standard monitoring includes an elec-
trocardiogram, pulse oximetry as well as capnography monitoring. It is necessary to 
secure a venous access for the administration of drugs as well as artery catheterization 
for invasive blood pressure measurement. Arterial blood gases and activated clotting 
time (ACT) can be monitored when necessary. Premedication in these patients can 
diminish stress and help reduce anxiety and tachycardia. In general, the management 
of patients scheduled for intravascular aortic valve replacement consists of a coor-
dinated multidisciplinary approach with primary focus being the minimization of 
complications.

2.3 Procedural considerations

TAVI techniques are based on the main principles of percutaneous interventions, 
which are commonly used for cardiac and vessel diseases. In most cases, reaching 
80–85%, the access site for the procedure is the femoral artery [20]. This approach 
is feasible with both types of anesthesia, general anesthesia and regional anesthesia 
with or without conscious sedation. Additionally, the operation can be performed 
with surgical cutdown or percutaneous techniques and devices. The transfemoral 
approach is the preferred one except for cases that a serious contraindication is pres-
ent, including small diameter or tortuosity of the femoral artery, presence of serious 
atheromatous disease in the iliac arteries, abdominal aorta or the aortic arch, former 
aortic dissection, or any other cause that increases the risk of rupture or thrombo-
embolic events. Alternatively, other vascular access sites can be utilized including the 
axillary artery, carotid artery, transaortic approach, or transapical approach [21]. All 
the alternative vascular access sites require general anesthesia.

The procedure is usually performed by 2–4 cardiac interventionists and cardiac 
surgeons. All attendants in the operative theater must wear protective gear that 
shields from radiation. The initial step of the operation is accessing both the femoral 
arteries. Most often the TAVI device is positioned through the right femoral artery, 
and the left femoral artery is used for the positioning of the pigtail catheter used 
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for the administration of the contrast. Subsequently, the electrode of a temporary 
transvenous pacemaker is placed in the right ventricle through the left femoral vein. 
The function of the pacemaker should be carefully checked before the intervention. 
After this setup, the main part of the procedure begins with the placement of a wire 
into the left ventricle with a manipulation called crossing of the aortic annulus. This 
is followed by a subsequent dilation of the vessel with sheaths of increasing diameter. 
Before the implementation of the TAVI device, unfractured heparin is administered 
at a dose of 100 IU/kg with a goal Activated Clotting Time (ACT) of more than 250 
or 300 s depending on the center [17]. When the necessary ACT is obtained, the 
TAVI device may be positioned on both sides of the aortic annulus. Depending on 
the type of bioprostheses used, balloon-expandable or self-expandable, the balloon 
expansion is performed before the valve implantation. Most types of valves require 
rapid ventricular pacing during the balloon expansion and the valve implantation, 
which causes blood pressure collapse. The position and the function of the implanted 
bioprosthesis are checked for regurgitation and paravalvular leakage with repetitive 
angiography. The procedure is completed with the removal of the TAVI device and the 
closure of the femoral artery access site. It is prudent to keep the temporary pace-
maker in standby mode with low pulses and low pacemaker sensitivity and output for 
a few hours after the intervention.

2.4 Anesthesia techniques

General anesthesia was initially preferred by anesthesiologists and the surgical 
team during TAVI. However, the creation of specialized teams, the reduced time, and 
the familiarization of the anesthesiologists with the procedure led to the application 
of local anesthesia with or without conscious sedation. In both techniques, there are 
advantages and disadvantages, and the anesthetic management during TAVI is still 
considered controversial. Depending on the type of anesthesia, the time of hospi-
talization is affected, postoperative pain, tissue damage as well as identification of 
procedural complications. Optimal method of anesthesia and good preoperative risk 
evaluation should be provided by the anesthesiologist to reduce the morbidity and 
mortality risk associated with TAVI.

All patients should receive antibiotic prophylaxis (piperacillin-tazobactam and/or 
vancomycin, dosage according to renal function) 1 hour before the procedure and are 
on dual antiplatelet treatment (acetylsalicylic acid 100 mg and clopidogrel 75 mg daily).

2.5 General anesthesia

Anesthesiologists that take part in TAVI procedures should be knowledgeable of 
cardiothoracic anesthesia in cases the procedure is converted to surgical aortic valve 
replacement (SAVR) due to complications. Therefore, the anesthesiologist needs an 
understanding of physiology, pharmacology, circulatory pathophysiology, esophageal 
echocardiography, and even cardiopulmonary bypass. Preparation, organization, and 
meticulous attention to detail actually help in dealing with intraoperative events. As 
soon as the patient is positioned on the operating table, it is important to secure two 
peripheral venous lines (preferably with 18- or 17-gauge cannula). Usually, the place-
ment of a double or triple lumen central venous catheter is required. An initial dose of 
midazolam may then be administered to produce sedation and preoperative impair-
ment of memory. In addition to standard monitoring, which includes ECG, oximetry, 
and capnography, catheterization of an artery is utilized, before or immediately 
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after induction to anesthesia, for continuous measurement of blood pressure. 
Intraoperative monitoring of arterial blood gas (ABG) and activated clotting time 
(ACT) are necessary during these operations as ACT is used to direct heparin antico-
agulation [22, 23].

Drugs used for induction of general anesthesia include intravenous anesthetics, 
opioids, and muscle relaxants while maintenance of anesthesia is achieved through 
the use of volatile anesthetics or by total intravenous anesthesia (TIVA). Intubation 
is a painful stimulus, which requires the administration of opioids such as Fentanyl 
at a dose of 1–2 mcg/kg. Propofol has a loading dose of 0.5–1.5 mg/kg and an infu-
sion rate of 10 mg–20 mg/kg/h. Remifentanil can also be used, in combination 
with other hypnotics or alone, for maintenance of anesthesia with an infusion rate 
of 0.25–1 mcg/kg/h. A targeted controlled infusion (TCI) pump can be utilized to 
achieve a controlled concentration of a drug in the blood. *Hypnomidate is a hypnotic 
agent frequently used in hemodynamically unstable patients with a bolus dose of 
0.1–0.3 mg/kg. Finally, Rocuronium is the most common neuromuscular blocker of 
choice at a bolus dose of 0.6–1.2 mg/kg.

Maintenance of anesthesia is usually achieved using a volatile anesthetic with a 
concentration flow that allows for a minimum alveolar concentration (MAC) of 0.5–1. 
The third and final way to maintain general anesthesia is a combination of volatile 
anesthetic and TIVA [24].

The choice of drugs for induction and maintenance aims to ensure the depth 
of anesthesia and hemodynamic stability. Studies have shown that the use of the 
aforementioned drugs during general anesthesia increases the use of inotropic and 
vasoconstrictor drugs intraoperatively [25].

One of the advantages of general anesthesia during TAVI is the use of transesopha-
geal echocardiography (TEE). It provides valuable information about the anatomy 
and function of the heart during the procedure. The pressure gradients can be deter-
mined as well as the diameter of the valve ring [26]. Morphology of the valves can be 
visualized in addition to the function or malfunction of the new valve.

At the end of the procedure, most patients are transferred to the cardiac ICU 
sedated and mechanically ventilated for 1 or even up to 12 hours. Particular consider-
ation is given to the hemodynamic stability of patients postoperatively, while hospital 
stay ranges an average of 5 days.

2.6 Local anesthesia with conscious sedation (LACS)

Conscious sedation in combination with local anesthesia in the access site is 
increasingly preferred in the vast majority of TAVI procedures. The anesthesiologic 
approach is no different from that of general anesthesia. Standard monitoring 
includes an electrocardiogram, pulse oximetry, capnography, invasive blood pressure 
monitoring, and a Venturi mask that delivers a controlled percentage of oxygen.

Lidocaine Hydrochloride 2% solution is injected into the access site, femoral 
access is usually preferred, by cardiologists or cardiac surgeons. Conscious sedation 
is achieved by intravenous administration of drugs, including but not limited to 
propofol infusion, midazolam, remifentanil, ketamine, and dexmedetomidine. The 
dosage and rate of administration of the drugs as well as their combined administra-
tion should be individualized and titrated to attain the desired result. To perform 
conscious sedation, the anesthesiologist should take into consideration the age of the 
patient, the classification of AS, comorbidities as well as any previous interventional 
procedures. The objective is to secure hemodynamic stability and to be aware of 
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complications such as bleeding and arrhythmias. In addition, it is important to have 
access to ventilation throughout the procedure and to be prepared for LACS failure, 
defined as the conversion to GA from LACS during TAVI.

Studies have shown that LACS compared with general anesthesia results in 
reduced total procedure time, length of hospital stay, and length of ICU stay [27, 28]. 
Hypotensive episodes associated with general anesthesia during TAVI procedures 
affect renal function more in comparison to LACS [29]. Another complication of 
TAVI is the occurrence of a stroke during the procedure. This can be immediately per-
ceived during LACS as there is constant communication and contact with the patient 
[30, 31]. Based on the available data, there is no difference in mortality depending on 
the type of anesthesia [32]. In Table 1 the main anesthetic and analgesic drugs used 
for such procedures are presented.

3. Complications

Even though TAVI is a reliable alternative for high-risk patients, the associated 
complications are not negligible. On the contrary, the mortality rate is 8.1% for this 
category of patients [33]. During the procedure and after the completion, there is a 
high incidence of vascular complications, which reaches 17.3% for major complica-
tions and is correlated to increased 30-day mortality [34]. Other life-threatening 

Drugs General anesthesia Sedation

MIDAZOLAM 0.01–0.1 mg/kg 0.1–0.4 mg/kg

DIAZEPAM 0.04–0.2 mg/kg

PROPOFOL 1–2.5 mg/kg
50–200 μg/kg/min

25–100 μg/kg/min

KETAMINE 1 mg–2 mg/kg 2.5–15 μg/kg/min

HYPNOMIDATE 0.2–0.5 mg/kg

DEXMEDETOMIDINE 1 μg/kg bolus dose (10 min) and 0.2–0.7 μg/kg/h infusion rate

ALFENTANYL Bolus dose: 8–100 μg/kg
0.5–3 μg/kg/min

REMIFENTANIL Bolus dose: 1.0 μg/kg
0.5–20 μg/kg/min

FENTANYL 2–50 μg/kg

ROCURONIUM Intubation dose: 0.6–1.2 mg/kg
The onset of action is dose-dependent 
45–120 seconds, with a duration of action 
30–90 minutes.

CIS-ATRACURIUM Intubation dose: 0.2 mg/kg (40 min–75 min)

SUCCINYLCHOLINE Intubation dose: 1.0 mg/kg (5 min–10 min)

• The dose and rate of administration of drugs as well as their combined administration should be individual-
ized and titrated to attain the desired result

Table 1. 
The main anesthetic and analgesic drugs with the associated dosages used in TAVI procedures are presented for 
both methods (general anesthesia and sedation).
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complications include cardiac tamponade, aortic dissection, aortic rupture, malposi-
tion or migration of bioprosthesis, or heart rhythm disturbances, such as atrial fibril-
lation or complete atrioventricular block [35]. These complications require urgent 
surgical intervention, and the implementation of cardiopulmonary bypass (CPB) may 
be necessary. Moreover, CPB machine and cardiac surgeon must be standby for the 
treatment of such complications.

Another serious complication after TAVI is the stroke with a rate of 3.3%, despite 
the fact that the subclinical incidence of cerebral infraction is very high. It is of great 
significance to highlight that the patient should be closely monitored during the pro-
cedure for signs of stroke, and the conscious sedation offers a clear advantage on this 
field. Renal failure is also common after TAVI with contributing factors including pre-
operative impaired renal function and the amount of contrast used [36]. Additionally, 
the presence of acute renal injury is a negative prognostic factor in patients undergo-
ing TAVI [5]. The placement of permanent pacemaker is very common after TAVI as 
its incidence reaches 20.5% [37].

4. Studies comparing general anesthesia versus sedation

More than 35 studies regarding the choice of anesthesia during TAVI were performed 
from 2002 to 2021. According to a relatively recent meta-analysis of Cheng on this field, 
sedation can reduce the length of hospitalization, procedural time, 30-day mortality, 
cardiovascular drugs administration, while there was no statistical difference detected 
between general anesthesia and sedation in permanent pacemaker placement, shock, myo-
cardial infraction, acute kidney injury, and the procedural effectivenes [37]. The SOLVE-
TAVI is a completed trial including 447 patients undergoing TAVI who were randomized 
according to the type of anesthesia. The results of the study suggest that the primary 
composite endpoint (consisted of mortality, stroke, myocardial infraction, infection 
requiring antibiotic treatment, and renal failure within 30 days) was similar between the 
two groups (conscious sedation 27.2% versus 26.4% for general anesthesia) [38]. Another 
review of 13 studies with 6718 patients indicated that the outcomes remain similar between 
the two groups after 1 year [39]. In the same line, studies showed that there is no difference 
regarding acute kidney injury and neurocognitive outcome [40, 41].

A randomized study performed between 2014 and 2018 in two centers consisted 
of 477 consecutive patients, which was published in 2020, and suggests that the 
conscious sedation group was associated with higher efficiency compared with 
general anesthesia group while the safety was similar for both groups [41]. More 
specifically, reduced length of stay (2 vs. 3 days, p < 0,001), inotropes (13% vs. 32%, 
p < 0,001), blood transfusions (10% vs. 22%, p < 0.0008), contrast volume (50 vs. 
90 ml, p < 0,001), fluoroscopy time (20 vs. 24 minute, p < 0,001) were found for the 
sedation group compared with general anesthesia group respectively. According to the 
authors of this study, these findings, which are considered as efficiency parameters, 
suggest that sedation is a more efficient method than general anesthesia. As regards 
the safety of each strategy, the primary endpoints for mortality, ischemia, cerebral 
events, renal dysfunction, procedural complications, permanent pacemaker place-
ment, and mid-term survival (1 year) were similar [41]. Another study in which 204 
patients were studied showed that the sedation group received less catecholamines, 
less intravenous fluid during the procedure, while the conversion rate was 4.6% [42]. 
There are many data and publications in this field, which indicate that both strategies 
are acceptable. The choice of the one or the other method is mainly related to the 
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anesthesiologist’ and the patient’s preference in practice, but more randomized trials 
may delineate the parameters that should be calculated for the correct choice while 
the increasing experience is expected to improve the clinical outcomes.

5. Conclusions

Severe aortic stenosis is an acquired valvular disease with a poor prognosis, 
especially when symptomatic. Diagnosed patients have a high mortality rate for open 
heart surgery and are therefore given certain criteria, referred for a less invasive 
transcatheter aortic valve implantation. The TAVI procedure is rapidly displacing 
surgical aortic valve replacement due to its favorable outcome, minimalization of 
complications, reduced hospital stays, and reduced use of resources. Anesthetically, 
high-risk patients who undergo TAVI appear to have similar outcomes regardless the 
type of anesthesia they receive. General anesthesia or local anesthesia with conscious 
sedation can be successfully utilized in patients undergoing TAVI. The first step 
to selecting the most appropriate anesthetic technique is a thorough preoperative 
assessment from all members of the procedure team. No matter what technique is 
used, the anesthesiologist should maintain optimal hemodynamic stability during the 
procedure and be cautious of possible complications.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Aortic valve disease remains the second most common valvular heart disease 
worldwide. Surgical aortic valve replacement (SAVR) with mechanical or biopros-
thetic valves and transcatheter aortic valve replacement (TAVR) with bioprosthetic 
valves are both approved therapies for patients with severe aortic stenosis (AS) across 
all surgical risk categories. On the other hand, SAVR remains the mainstay of treat-
ment for severe aortic regurgitation (AR) with TAVR reserved for selected patients 
at prohibitive surgical risk. Both surgical and transcatheter bioprosthetic valves are 
prone to bioprosthetic valve failure (BVF) due to various etiologies, and can lead 
to restenosis, regurgitation, or a combination of both. BVF can now be addressed 
by repeat valve replacement whether surgical or valve-in-valve TAVR (ViV). ViV 
is a desirable option for elderly patients at high surgical risk and requires meticu-
lous planning with pre-operative CT imaging to optimize outcomes and minimize 
complications.

Keywords: aortic stenosis, aortic regurgitation, bioprosthetic valve failure,  
structural valve deterioration, transcatheter aortic valve replacement, valve-in-valve

1. Introduction

Aortic valve disease is the second most common valvular heart disease world-
wide with calcific aortic disease being the second most common non-rheumatic 
valvular disorder, increasing in prevalence due to an aging population [1, 2]. 
Surgical aortic valve replacement (SAVR) with mechanical or bioprosthetic valves 
and transcatheter aortic valve replacement (TAVR) with bioprosthetic valves are 
both approved therapies for patients with severe aortic stenosis (AS) across all 
surgical risk categories while SAVR remains the mainstay of treatment for severe 
aortic regurgitation (AR) with TAVR reserved for selected patients at prohibitive 
surgical risk [3–6]. Over the last decade, there has been a steady rise in the number 
of TAVRs performed in the United States (US) and worldwide while SAVR volumes 
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have remained fairly constant [7, 8]. A higher proportion of patients undergoing 
SAVR are being implanted with bioprosthetic valves [9]. This has led to a significant 
proportion of aortic valve disease patients with an aortic bioprosthesis. Though 
bioprosthetic aortic valves are beneficial in terms of bleeding risk with no prereq-
uisite for long-term anticoagulation, they have limited durability and are certain to 
degenerate, resulting in bioprosthetic valve failure (BVF) [10]. BVF can be treated 
by repeat valve replacement whether surgical or valve-in-valve TAVR (ViV). In this 
chapter, we discuss various mechanisms and management of BVF with a focus on 
the evolving field of ViV.

2. Bioprosthetic valve failure

2.1 Mechanisms of bioprosthetic valve dysfunction

The Valve Academic Research Consortium 3 (VARC-3) identifies four major 
mechanisms of aortic bioprosthetic valve dysfunction as follows: (i) Structural valve 
deterioration (SVD), caused by intrinsic permanent damage to the prosthetic valve; 
(ii) Non-structural valve deterioration, caused by any abnormality not intrinsic to 
the prosthetic valve; (iii) Thrombosis; and (iv) Endocarditis (Table 1) [11]. SVD is 

Etiology Mechanism Examples

SVD Intrinsic permanent 
damage of the 
prosthetic valve

• Wear and tear

• Leaflet disruption

• Flail leaflet

• Leaflet fibrosis or calcification

• Strut fracture or deformation

Non-
structural 
valve 
deterioration

Any abnormality 
not intrinsic to the 
prosthetic valve 
causing valve 
dysfunction

• PVL

• PPM

• Pannus formation

• Prosthesis malposition

Thrombosis Thrombus formation 
on the prosthetic 
valve, leading 
to dysfunction 
with or without 
thromboembolism

• Subclinical (imaging findings of HALT or RLM without signifi-
cant hemodynamic compromise and no symptoms)

• Clinically significant thromboembolic sequalae or worsening 
symptoms or worsening hemodynamic changes and confirma-
tory imaging

Endocarditis Infection involving 
any structure of the 
prosthetic valve

• Peri-valvular Abscess

• Pus

• Vegetation

• Dehiscence

BVF: bioprosthetic valve failure; HALT: hypo-attenuated leaflet thickening; PPM: patient-prosthesis mismatch; PVL: 
paravalvular degeneration; RLM: reduced leaflet motion; and SVD: structural valve deterioration.

Table 1. 
Mechanisms of BVF [11].
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further classified into three stages: Stage 1: morphological valve deterioration without 
any hemodynamic compromise; Stage 2 and Stage 3: moderate and severe hemody-
namic valve deterioration, respectively (Table 2).

BVF is defined as any mode of bioprosthetic valve dysfunction, which is associated 
with clinical consequences (new onset or worsening symptoms, LV dilation/dysfunc-
tion/hypertrophy, or pulmonary hypertension), stage 3 irreversible SVD, or any 
aortic valve reintervention or valve-related death [12].

2.2 Risk factors for structural valve deterioration

Development of SVD is influenced by various patient and prosthesis-related risk 
factors (Table 3) [13, 14]. Young age is an independent risk factor for SVD possibly 
due to a higher physiological demand. Some of the other patient-related risk factors 
are similar to risk factors associated with atherosclerosis and calcific AS, including 
diabetes mellitus, hyperlipidemia, metabolic syndrome, hypertension, renal disease, 
and smoking. This suggests a potential lipid mediated inflammatory pathway in the 
pathogenesis of SVD [15].

Prosthesis-related risk factors include smaller prosthesis size and annular 
implantation of prosthesis. The effect of type of tissue (bovine versus porcine) 
on development of SVD remains unclear. Calcification of the bioprosthesis has 
been identified as the predominant mechanism behind SVD. Calcifications tend 
to occur along commissural and basal regions of valve leaflets and can manifest 
as stenosis (Figure 1A), valve insufficiency, or both. Other mechanisms postu-
lated for SVD include degradation of extracellular matrix, shear stress leading 
to mechanical degeneration and adaptive immune responses to a foreign body 
(prosthetic valve) [15].

Stage 1 Morphological valve 
deterioration

Evidence of SVD, non-structural valve dysfunction, thrombosis, or 
endocarditis without any significant hemodynamic changes

Stage 2 Moderate 
hemodynamic valve 
deterioration

i. Increase in MG ≥ 10mm Hg leading to
• MG ≥ 20mm Hg + decrease in EOA ≥ 0.3 cm2 or ≥ 25%

and/or
• decrease in DVI ≥ 0.1 or ≥ 20% compared with echocardiographic 

assessment performed 1–3 m post procedure
OR

ii. New occurrence or increase of ≥ 1 grade of intraprosthetic AR 
resulting in ≥ moderate AR

Stage 3 Severe hemodynamic 
valve deterioration

i. Increase in MG ≥ 20mm Hg leading to

• MG ≥ 30mm Hg + decrease in EOA ≥ 0.6 cm2 or ≥ 50%
and/or

• decrease in DVI ≥ 0.2 or ≥ 40% compared with echocardiographic 
assessment performed 1–3 m post procedure
OR

ii. New occurrence or increase of ≥ 2 grades of intraprosthetic AR 
resulting in severe AR

AR: aortic regurgitation; DVI: Doppler velocity index; EOA: effective orifice area; m: months; MG: mean gradient; and 
SVD: structural valve deterioration.

Table 2. 
Stages of SVD [11].
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2.3 Durability of bioprosthetic aortic valves

The aim of aortic valve replacement is to outlast the life expectancy of the 
patient. Surgical bioprosthetic valves have lower long-term durability compared with 
mechanical valves [10]. However, numerous observational studies have shown rates 
of freedom from SVD of more than 85% at 10 years post implantation of surgical bio-
prosthetic valves [16]. Freedom from SVD has been reported as high as 93% at 8 years 
with use of contemporary bovine pericardial prosthetic devices [17]. Nonetheless, 

Patient-related factors Prosthesis-related factors

Young age Smaller prosthesis

HLD Annular implantation

HTN Under expanded bioprosthesis

CKD Over expanded bioprosthesis

Metabolic syndrome

Smoking

Hyperparathyroidism

CKD: chronic kidney disease; HLD: hyperlipidemia; HTN: hypertension; and SVD: structural valve deterioration.

Table 3. 
Risk factors for development of SVD.

Figure 1. 
A case of ViV in a 72-year-old male with SVD of a 23 mm Carpentier-Edwards Perimount Magna Ease aortic 
prosthesis. Figure A: TTE demonstrating a MG of 48 mm Hg across the aortic valve consistent with severe 
prosthetic stenosis; Figures B1–B3: CT showing a true ID of 21 mm. The stent ID reported by the manufacturer 
is 22 mm; Figures C1 and C2: demonstrating the use of CT in assessing risk of coronary obstruction. Virtual 
THV of the planned size is simulated and distance from the coronary ostia is measured. In this case VTC was <4 
mm for both coronary ostia; Figure D: failed bioprosthetic valve under fluoroscopy; Figure E: A 26 mm Evolut R 
valve is implanted in a supra-annular position. A gradient of 17 mm Hg was noted across the aortic valve post 
deployment; and Figure F: BVF with a 24 mm TRUE balloon was performed with decrease in gradient to 11 mm 
Hg post BVF. BVF: bioprosthetic valve fracture; CT: computed tomography angiography; ID: internal diameter; 
MG: mean gradient; SVD: structural valve deterioration; THV: transcatheter heart valve; TTE: transthoracic 
echocardiogram; and ViV: valve in valve transcatheter aortic valve replacement.
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SVD may potentially be a problem in younger patients (<65 years) and those with 
longer life expectancy where reintervention at an older age more than two decades 
after implantation may be necessary.

On the other hand, data on long-term durability of TAVR valves are scarce given the 
contemporary nature of this field and evolving technology. Barbanti et al reported data 
on incidence of BVF among 288 patients with a mean age of 81 years who underwent 
TAVR with first-generation balloon expandable (BE) and self-expandable (SE) bio-
prosthesis [18]. Survival at 8 years was only 29.8% reflecting an elderly population with 
multiple comorbidities. Despite low survival, the cumulative incidence of severe SVD 
and BVF was only 2.39 and 4.51%, respectively. When compared with surgical biopros-
thetic valves, data on durability of transcatheter heart valves (THV) in TAVR trials have 
been encouraging. Follow-up data from NOTION trial, which randomized low-risk 
patients with symptomatic severe AS to TAVR with first-generation SE bioprosthesis 
versus SAVR, showed a lower incidence of severe SVD in TAVR group as compared with 
SAVR at 8 years (2.2 vs 6.8%, p = 0.068) [19]. There was no difference in cumulative 
incidence of BVF between groups (8.7% in TAVR vs 10.5% in SAVR, p = 0.61).

3. Management of bioprosthetic valve failure

Careful diagnosis of BVF should be made based on clinical presentation and 
assessment of data from transthoracic echocardiogram (TTE). Whenever necessary, 
ancillary imaging techniques such as transesophageal echocardiogram (TEE), 
computed tomography (CT) scan, and magnetic resonance imaging (MRI) can be 
performed to understand the mechanism of BVF. There are no randomized controlled 
trials currently comparing redo SAVR with ViV for BVF. A heart team discussion 
should be facilitated to individualize the management based on patient and prosthetic 
characteristics. Both American and European valvular heart disease guidelines give 
ViV a class IIa recommendation for inoperable and high-risk patients with BVF 
(stenosis or regurgitation) [3, 20]. Redo SAVR should be favored over ViV in younger 
patients where valve durability is important and in patients at high risk of coronary 
obstruction or aortic root injury. Patients with severe patient-prosthetic mismatch 
(PPM) usually do not benefit from ViV given smaller annular areas unless adjunctive 
procedures such as balloon valve fracture are performed.

4. Preprocedural considerations for ViV

4.1 Determining type and size of failed bioprosthetic valve

Information on manufacturer, model, and size of the failed bioprosthetic valve 
should be obtained from the operative report or implant card. This will also help 
in determining the type of failed valve. There are three different types of aortic 
bioprosthetic valves: stented, stentless, and sutureless. Xenograft leaflets used in 
stented and stentless valves are usually composed of either bovine pericardium 
or porcine valve tissue. Stent internal diameter (stent ID) is defined as diameter 
of the stent frame when covered with fabric or pericardium but without the leaf-
lets, whereas the true internal diameter (true ID) is the diameter of the inflow 
of the bioprosthetic valve. It should be noted that the true ID in stented biopros-
thetic valves is smaller than the stent ID. The stent ID is usually reported by the 
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manufacturer [21]. The true ID is about 2mm and 1mm less than the stent ID for 
porcine and bovine pericardial valves, respectively [21]. The true ID of the failed 
valve should be used to determine the size of valve being considered for ViV. Slight 
upsizing is considered to achieve adequate hemodynamic result. True ID can also be 
measured with CT imaging (Figure 1B).

4.2 Determining the risk of coronary occlusion

Risk of coronary obstruction following ViV is greater than threefold compared 
with native valve TAVR (NV-TAVR) and is associated with a very high mortality rate 
(30-day mortality of 53%) [22]. When a THV is implanted in a stented bioprosthetic 
valve, it holds the bioprosthetic leaflets open, forming a covered cylinder with the 
THV frame and the overlying bioprosthetic leaflets. This may lead to coronary 
obstruction if the aortic root is small or if the bioprosthetic valve was implanted in a 
canted fashion along the long axis of the aortic root, despite the latter being normal 
or large in size [23]. Furthermore, stentless valves are usually implanted in a supra-
annular position and thus may result in short distances between leaflets and coronary 
ostia once THV is implanted risking coronary obstruction [22].

CT imaging is crucial in assessing the risk of coronary obstruction  following 
ViV [24]. A shallow height of coronary ostium (≤ 10 mm) from the level of 
valve plane and narrow sinus of valsalva measurements (≤ 30 mm) are both 
high-risk features for coronary obstruction. Furthermore, the risk of coro-
nary  obstruction is high when the tip of stent posts extends above the level of 
coronary ostia as seen with stented bioprosthetic valves. In these scenarios, a 
virtual THV to  coronary ostium distance (VTC) can be measured with the help 
of CT images (Figure 1C) [25]. A virtual cylinder with dimensions (height and 
area) similar to the THV being considered is simulated at the anticipated posi-
tion of THV, and distance from the edge of cylinder to both coronary ostia is 
measured. A distance of ≤ 4 mm is considered high risk for procedure-related 
coronary obstruction [22]. In higher-risk cases, upfront coronary protection 
with a  guidewire and undeployed stent can be considered [26]. The stent can be 
deployed rapidly at the ostium of coronary artery in case coronary obstruction 
occurs post ViV in a maneuver referred to as chimney stenting technique [27]. 
Alternatively, a novel procedure referred to as bioprosthetic scallop intentional 
laceration to prevent coronary artery obstruction (BASILICA) might be consid-
ered [28]. Herein, laceration of failed bioprosthetic valve leaflet posing risk of 
coronary obstruction is performed using an electrified guidewire by puncturing 
and snaring the leaflet.

5. Procedural considerations for ViV

5.1 Determining optimum type of THV

Currently, SE CoreValve system (Medtronic, Minneapolis, MN) and BE Sapien-3 
and Sapien XT valves (Edwards Lifesciences, Irvine, CA) have the US Food and 
Drug Administration (FDA) approval in the United States for ViV in patients at high 
or extreme risk of complications from conventional surgical replacement [29, 30]. 
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Choice of THV for a failed bioprosthetic valve depends on the size of failed valve and 
anticipated need for coronary access in the future [31]. Failed valves with a smaller 
size (true ID ≤ 23 mm) may benefit from implantation of an SE bioprosthesis given 
supra-annular design with favorable hemodynamic results (Figure 1D–E) [32]. On 
contrary, these THV should be avoided if coronary access post ViV is anticipated 
given technical challenges with coronary engagement [33].

5.2 Determining optimum implantation depth of THV

For a failed stented bioprosthesis, the optimum depth for implantation of 
THV has been recommended to achieve adequate hemodynamic results. Thus, 
“Supra-Annular” positioning has been proposed as the implanted THV works above 
native valve annulus and is not constrained by the sewing ring of failed valve [34]. 
Implantation depth of 0–5 mm for Evolut Valve (Medtronic, Minneapolis, MN), 
0–2 mm for Sapien XT (Edwards Lifesciences, Irvine, CA), and a depth of ≤ 20% of 
total height of THV for Sapien 3 (Edwards Lifesciences, Irvine, CA) have correlated 
with lower post procedural gradients (Figure 2) [34, 35]. For failed stentless valves, 
implantation depth should be similar to TAVR in native valves [36].

Figure 2. 
Optimum depth of implantation below the ventricular border of surgical valve ring is 0–5mm for Evolut valve 
(2A) and <20% of height of Sapien 3 valve (2B – the height of 26mm Sapien 3 valve used is 20mm).

Procedural complications

Stroke

Myocardial Infarction

Coronary obstruction

Major bleeding

Vascular complications

Conduction abnormalities requiring permanent pacemaker implantation

Device embolization

Annular rupture

Table 4. 
Procedural complications that may occur during ViV.
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5.3 Procedure-related complications

Procedural complications such as major bleeding and major vascular complications 
tend to occur at lower rates following ViV when compared with NV-TAVR [37, 38]. Rates 
of permanent pacemaker implantation have been substantially lower following ViV 
since THV is placed within framework of failed bioprosthetic valve and thus has limited 
contact with myocardium and the conduction system. Other mechanical complica-
tions such as annular rupture and paravalvular leak are uncommon following ViV in 
stented bioprosthetic valves. Coronary obstruction is an infrequent but potentially fatal 
complication following ViV [39]. Its incidence is reported to be 0.7–3.5% post ViV in the 
literature and is more common after ViV when compared with NV-TAVR. The left main 
ostium is more frequently involved and incidence is about four times higher following 
ViV of stentless bioprosthetic valves when compared with stented valves (Table 4).

6. Post-procedural considerations After ViV

6.1 Elevated gradients post-procedure

Pre-procedural severe PPM, small size valve, and stented bioprosthesis have been 
identified as risk factors for elevated gradients post procedure [40]. Furthermore, analy-
sis from Valve-in-Valve international data (VIVID) registry showed that higher post-
procedural gradients (MG ≥20 mm of Hg) were seen more frequently after implantation 
of BE bioprosthesis [Sapien valve (Edwards Lifesciences, Irvine, CA)] compared with 
SE bioprosthesis [CoreValve (Medtronic, Minneapolis, MN)] (40 vs. 21.3%, p<0.0001) 
[41]. These elevated gradients may impact long-term durability of the valve and mortal-
ity. Strategies to minimize elevated gradients post procedurally include careful selection 
of THV (SE bioprosthesis preferred for small size valves), optimum positioning of the 
THV, and finally consideration of bioprosthetic valve fracture. This involves the use of 
noncompliant balloons to fracture the ring in stented bioprosthetic valves allowing a 
larger size THV to be implanted and thus optimizing hemodynamics (Figure 1F-G) [42].

6.2 Antithrombotic regimen

Antithrombotic regimen post ViV should be individualized after weighing 
thromboembolic and bleeding risks. For patients without recent percutaneous 
coronary intervention and no concurrent indication for anticoagulation, lifelong 
single antiplatelet with low-dose aspirin is deemed sufficient [3]. In patients with 
low bleeding risk, dual antiplatelet therapy with Aspirin and Clopidogrel may be 
considered for initial 3–6 months followed by lifelong Aspirin therapy. Use of oral 
anticoagulants should be driven by other indications for anticoagulation therapy 
such as atrial fibrillation [43].

6.3 Follow-up

Post ViV, transthoracic echocardiogram should be performed prior to hospital 
discharge, at 6 month and 1 year, and annually thereafter [3]. Thorough examination 
should include: (i) assessment of valve position, valve thickness, and leaflet mobil-
ity; (ii) hemodynamic review of mean gradient, peak velocity, effective orifice area, 
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regurgitation, and paravalvular leak (if any); and (iii) assessment of nearby cardiac 
function and nearby structures (mitral valve, aorta etc.) [44].

7. Outcomes

Overall, clinical outcomes following ViV are comparable or even better than 
redo-SAVR and TAVR in native valves [37, 45]. Furthermore, ViV is associated with a 
high procedural success rate owing to an improvement in designs of THV and increas-
ing operator experience. A meta-analysis comprising 5294 patients from a total of 22 
studies reported a procedural success rate of 97% [46]. Incidence of all-cause mortality 
at 30 days, 1 year, and 3 years was reported to be 5, 12, and 29%, respectively. One-year 
survival rate reported in the VIVID registry was 83.2% following ViV [47]. Baseline 
stenosis of surgical bioprosthetic valve and a small valve size (≤ 21 mm) were associ-
ated with an increased risk of mortality. No significant difference in 1-year mortality 
was observed between use of SE and BE THV [47]. Additionally, type of bioprosthetic 
valve (stented vs stentless) being replaced had no significant impact on 1-year mortal-
ity [38]. An interesting finding was reported in a propensity-matched analysis of the 
Transcatheter Valve Therapy registry where patients who underwent ViV were found 
to have lower 30-day mortality, 1-year mortality, and hospitalization for heart failure 
as compared with matched cohort of patients undergoing NV-TAVR [37].

In the absence of any prospective randomized trial, multiple observational studies 
have compared clinical outcomes of ViV and redo SAVR. Thandra et al conducted a 
meta-analysis reporting short-term and mid-term (1–5 years) outcomes from a total of 
nine studies [45]. ViV was associated with a 35% reduction in 30-day all-cause mortality. 
No statistically significant difference was reported in mid-term and 1-year mortality. 
With widespread use of newer generation THV and more patients being considered for 
ViV, data on long-term clinical outcomes and durability of THV will continue to emerge.

8. Conclusions

Treatment with ViV is safe and effective in carefully selected patients with BVF. 
Though overall complication rates are lower than NV-TAVR, adverse events such 
as coronary obstruction and elevated post-procedural gradients may occur. Thus, 
meticulous pre-procedural planning with CT imaging, selection of optimum type of 
THV, and adequate positioning of THV within failed bioprosthetic valve are all criti-
cal steps to ensure a successful procedure and prevent complications. As the number 
of patients with surgical and transcatheter bioprosthetic valves increase and inevita-
bly age, the need for ViV is also expected to increase, thus necessitating continuous 
technological advancements to allow ViV to evolve further. Future research should 
focus on prevention of coronary obstruction, optimization of THV hemodynamics 
and design to ensure long-term durability of valves used for ViV.
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NV-TAVR Native valve transcatheter aortic valve replacement
PPM  Patient-prosthesis mismatch
RLM  Reduced leaflet motion.
SAVR  Surgical aortic valve replacement
SE  Self expandable
SVD  Structural valve deterioration
TAVR  Transcatheter aortic valve replacement
THV  Transcatheter heart valve
TTE  Transthoracic echocardiogram
TEE  Transesophageal echocardiogram
VARC 3  Valve Academic Research Consortium 3
ViV  Valve-in-Valve transcatheter aortic valve replacement
VIVID  Valve-in-valve international data
VTC  Virtual THV to coronary ostium distance
US  United States
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Chapter 9

Perspective Chapter: Ross 
Procedure in Adults with 
Congenital Aortic Valve  
Stenosis - New  Perspectives
Lena E. Trager and Sameh M. Said

Abstract

Congenital aortic valve stenosis represents 3–5% of patients with congenital 
heart disease. Management options include both transcatheter and surgical. Open 
valvotomy/valvuloplasty and aortic valve replacement represent the main surgical 
choices, and while aortic valve repair is preferred, replacement may be the only 
option for non-repairable valves. Current available replacement options include 
pulmonary autograft, homografts, and biological or mechanical prostheses. The Ross 
procedure first introduced in 1967 by Donald Ross utilizes the patient’s pulmonary 
valve (autograft) as an aortic valve substitute. Despite being technically challenging it 
carries the advantages of maintaining the growth potentials and freedom from antico-
agulation which are important in young patients. The procedure gained wide interest 
initially, however it fell out of favor due to concerns related to its complexity and 
risks of creating “two-valve” disease. Recently, long-term data confirmed the Ross 
procedure excellent outcomes and better survival in comparison to other aortic valve 
replacement options. As a result, currently it is considered the procedure of choice for 
young adults with congenital aortic valve stenosis at many institutions. This chapter 
discusses the technical aspects of the Ross procedure, and its modifications, and avail-
able options for the failing Ross, in addition to outcomes and future directions.

Keywords: congenital aortic valve stenosis, aortic valve replacement,  
pulmonary autograft, Ross, reinforced Ross

1. Introduction

Congenital aortic valve (AV) stenosis is a progressive pathology that can affect 
up to 5% of patients with congenital heart disease [1, 2]. It can occur in isolation, in 
association with genetic syndromes, or as a part of a constellation of findings in other 
defects in up to 20% of patients [3]. The AV in these cases is usually a bicommissural 
or bicuspid [4, 5], however unicommisurral, unicuspid and aortic annular hypoplasia 
can also occur. In adolescents and young adults, congenital aortic stenosis may be 
asymptomatic or present only on exertion in active patients.
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The most common presenting symptoms occur secondary to left ventricular 
outflow obstruction and may include syncope, angina, dyspnea, and heart failure. 
Endocarditis, and sudden cardiac death can occur as well. In patients with mild 
(peak gradient less than 40 mmHg) aortic stenosis, 20% go on to develop moderate 
stenosis in 10 years after diagnosis, which increases to 45% at 20 years [6]. Evaluation 
with echocardiography, cardiac catheterization, and stress testing allows for prompt 
diagnosis and proper intervention.

2. Advantages of the Ross procedure in young adults

The Ross procedure entails the use of the patient’s pulmonary root (autograft) 
to replace the diseased aortic valve/root and reconstruction of the right ventricular 
outflow tract using a pulmonary homograft. In comparison with simple aortic valve 
replacement with either mechanical or biological prosthesis, the procedure is more 
complex and is technically demanding, however it carries several advantages that are 
particularly important in young adults. This includes great hemodynamics, freedom 
from anticoagulation, excellent lifestyle, and more importantly better longer-term 
survival in comparison to any other AV replacement option [7–9]. One recent meta-
analysis of 3516 adults revealed that the Ross procedure is associated with a significant 
46% lower all-cause mortality compared to mechanical aortic valve replacement [7]. 
In fact, long-term data of the Ross procedure shows that it has survival similar to that 
of the age-matched healthy general population. This makes it the procedure of choice 
for treating AV disease in young adults by many surgeons.

3. Potential drawbacks of the Ross procedure

No doubt, the Ross procedure is technically demanding and more complex compared 
to standard AV replacement. Initial concerns were related to higher operative mortality, 
however this is not supported by recent data, especially if performed at institutions with 
Ross and aortic root surgical expertise [9]. There is a significant learning curve. The 
utilization of the Ross procedure peaked in 1990s, when it represented 1.2% of all AV 
replacements in North America, and subsequently declined to 0.09% in 2010 [10]. A 
majority of the data surrounding the Ross procedure are from high-volume single center 
reports; it was noted that only 9 institutions in the Society of Thoracic Surgeons (STS) 
database complete on average at least 5 Ross procedures per year [11]. A bare minimum 
volume of 10 to 15 Ross procedures per year is needed to ensure operative safety and 
success for patients [11].

One of the arguments against the Ross procedure is related to the concept of  
“two-valve” disease which results in increased need for reintervention and or reoper-
ation which more often complex with higher mortality. Recent technical refinements 
in the procedure have improved durability and decreased risks of reintervention 
significantly. Several long-term studies showed lower rate of reinterventions on the 
neo-aortic root and the pulmonary homograft, ranging from 0.5–1.2% per patient-
year. Autograft dilation represents one of the main reasons for repeat intervention 
after the Ross procedure, however in many of these cases, the neo-aortic valve can be 
spared. In addition, the current outcomes for the reinforced Ross procedure appear to 
be encouraging in terms of stability of the aortic root and lack of dilation.
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4. Who is the ideal candidate?

Patient selection is key to ensuring success with the Ross procedure, and many 
of the early failures of the procedure were attributed to poor patient selection. It 
is important to consider the patient’s age, etiology of the aortic valve disease, and 
associated comorbidities. While age should be strongly considered, those with life 
expectancy of at least 15 years should be strongly considered for the procedure. Those 
young adults with isolated aortic valve stenosis and small annuli appear to be the ideal 
candidates for the Ross procedure.

5. Contraindications for the Ross procedure

A. Absolute contraindications:

• Connective tissue disorders: collagen vascular disorders and familial 
aortopathies (Marfan’s Syndrome, Ehlers-Danlos syndrome, Loeys-Dietz 
syndrome) in addition to some rheumatologic and autoimmune conditions. 
These conditions have been shown to lead to vasculitic degeneration and 
earlier autograft failure.

• Anatomic anomalies of the pulmonary valve: these may not be apparent 
until intraoperative inspection of the autograft.

• Lack of pulmonary autograft: The Ross procedure is impossible in patients 
with prior truncus arteriosus repair, pulmonary atresia, and those with 
congenital pulmonary valve lesions.

B. Relative contraindications:

• Aortic/pulmonary annular size mismatch: This has been showing as a 
predictor for autograft failure.

• Aortic insufficiency: This has also been associated with increased risk of later 
autograft failure [12]. This may be the concomitant aortic annular dilation, 
however several recent technical modifications allowed expansion of the Ross 
procedure in those subset of patients with excellent results and acceptable 
autograft durability [13].

• Bicuspid aortic valve: Fewer data exists in patients with bicuspid valves 
undergoing the Ross procedure and this remains a controversial topic, but 
it is not currently a contraindication [14]. It is thought that the hesitation 
to perform the Ross in these patients is primarily due to the bicuspid valve’s 
association with other histopathologic abnormalities of the aorta, placing 
patients at higher risk for post-Ross aortic dilatations and accelerated auto-
graft failure [15]. The most recent data do not demonstrate an increased 
risk of pulmonary autograft failure in patients with bicuspid aortic  
valves [14].
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   6. Technical details of the Ross procedure 

 The technical complexity of the Ross procedure stems from several operative steps 
that are not part of the standard AV replacement operation. This includes dissecting 
the aortic root, mobilizing the coronary arteries, meticulous harvesting of the pul-
monary autograft, coronary artery reimplantation, and finally pulmonary homograft 
implantation [ 16 ]. Thus, not only should operators be well-trained in the intricacies 
of this procedure, but experience with aortic root surgery is also extremely important 
for a successful and durable Ross. 

Three variations exist for specific techniques to implant the pulmonary 
autograft, including:

1.    Th e  subcoronary technique , the initial strategy used by Donald Ross. Th is ap-
proach is technically diffi  cult due to pulmonary and aortic anatomic variation in 
both size and commissure alignment [ 17 ].  

2.   Th e  full root  replacement technique, associated with higher risk of pulmonary 
autograft  dilatation due to the high pressures of the systemic circulation, initially 
described by Stelzer and Elkins in the late 1980s [ 18 ].  

3.   Th e  root inclusion  technique, the most recent rendition of the procedure [ 19 ]. 
Th is allows for implantation of the pulmonary autograft  within the patient’s 
own aortic root, reducing the risk of maladaptive remodeling against the pul-
monary root. Modifi cations using a Dacron graft  for further reinforcement have 
also been used [ 20 ].    

  Figure 1.
  Cardiopulmonary bypass is initiated typically via aortic and bicaval cannulation.          
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A general overview of the operative steps of the Ross procedure is as follows:

1.    Median sternotomy followed by standard cardiopulmonary bypass with aortic 
and bicaval cannulation (  Figure 1  ).  

2.   Aft er cardioplegic arrest, the aortic valve is inspected, and decision is made 
regarding the potential for repair.  

3.   If the native AV deemed to be irreparable, the pulmonary valve is then inspected 
via a pulmonary arteriotomy to determine its suitability as an AV substitute 
(  Figure 2  ).  

4.   Harvesting and Preparation of the pulmonary autograft  

a.    Using a right-angled clamp through the pulmonary valve helps directing the 
right ventricular free wall incision (  Figure 3a  ). The autograft is then harvested 

  Figure 2.
  After initiation of cardiopulmonary bypass, the main pulmonary artery is transected just proximal to its 
bifurcation and the pulmonary valve is inspected to determine its suitability as an aortic valve substitute.          
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either with scissors or with electrocautery, paying attention to closely related 
left main and left anterior descending coronary arteries (Figure 3b).

b. Removal of the autograft posteriorly is more or less, a process of enucleation, 
paying attention not to injure the first septal perforator artery (Figure 3c).

c. Once the autograft is harvested, the infundibular muscle is trimmed, leaving 
only 2–3 mm below the pulmonary cusps that will allow suturing without leav-
ing too much muscle below the valve.

5. Aortic valve cusps are then excised (Figure 4a), and the annulus is debrided.

6. Coronary buttons are then harvested (Figure 4b and c).

7. The autograft is then implanted into the left ventricular outflow tract using one 
of the techniques described above. This can be done using running (Figure 5a) or 
interrupted suture techniques with or without pledgets (Figure 5b and c) [16].

Figure 3. 
Operative steps of harvesting the pulmonary autograft. (a): A right angled-clamp is passed through the 
pulmonary valve into the right ventricular outflow tract below the nadir of the anterior cusp of the pulmonary 
valve, (b): using electrocautery or scissors, the autograft is harvested paying attention to the pulmonary cusps 
location, and the close by left anterior descending coronary artery (marked blue in the photo), and (c): along the 
posterior harvest line, the autograft is enucleated from the right ventricular outflow tract to avoid injury to the 
first septal perforator branch of the left anterior descending coronary artery.

Figure 4. 
The left ventricular outflow tract is being prepared. (a): Aortic valve cusps are resected, and the annulus is 
debrided, (b): the left coronary artery button is harvested, and (c): both coronary artery buttons are prepared.
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8. Coronary artery reimplantation into their respective sinuses of Valsalva of the 
autograft (Figure 6a and b).

9. The distal anastomosis of the pulmonary homograft is then performed prior to 
completion of the distal aortic anastomosis, which allows adequate visualiza-
tion and ensure good hemostasis of the distal homograft to pulmonary branch 
anastomosis.

10. Distal aortic anastomosis with the native ascending aorta is then completed 
(Figure 7).

11. Proximal pulmonary homograft to right ventricular (RV) anastomosis is then 
completed (Figure 8a and b).

12. Weaning from cardiopulmonary bypass, and evaluation of the neo-aortic valve, 
and the pulmonary homograft is done with transesophageal echocardiography 
(Figure 9).

13. Hemostasis and chest closure per routine.

Figure 5. 
Different techniques have been used to secure the autograft to the left ventricular outflow tract. (a): Running, (b): 
interrupted simple, and (c): interrupted pledgeted sutures.

Figure 6. 
Once the autograft is secured, the left coronary button is then reimplanted (a), followed by the implantation of 
the right coronary button (b).
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  Figure 9.
  Final appearance of the completed Ross procedure. In this case, the autograft is reinforced with a Dacron graft.          

  Figure 7.
  The distal aortic anastomosis is then performed.          

  Figure 8.
  The pulmonary homograft is being implanted. (a). The distal anastomosis is constructed first. This can be done 
prior to completion of the distal aortic anastomosis if there is concern related to adequate exposure to ensure 
proper hemostasis. (b): The proximal anastomosis of the homograft is done to the right ventricular outflow tract. 
This can be done on beating heart.          
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7. Modifications of the Ross procedure

7.1 Technical tips to stabilize the autograft and minimize risk of future dilation

Autograft dilation has been considered the Achilles’ heel of the Ross operation. 
Early failure of the procedure has been attributed to autograft dilation with or 
without neo-aortic valve regurgitation. Several tips are important to consider during 
implantation of the autograft:

A. Trimming of the autograft muscle to a minimum facilitates the implantation of 
the autograft in to the LVOT. This creates an external supporting layer at the base 
of the autograft which prevents dilation.

B. The autograft length has to be cut to minimum to decrease the amount of the 
pulmonary tissue that has the potential for future dilation

C. Replacement of the ascending aorta or a short segment of the ascending aorta is 
preferred when it is 40 mm or more to prevent dilation of the distal autograft.

D. Stabilization of the sinotubular junction of the autograft with a Dacron strip if 
the ascending aorta will not be replaced.

E. Using the native non-coronary sinus of Valsalva of the aortic root to externally 
support the autograft.

F. In those with dilated aortic annulus (most likely in the presence of aortic regurgi-
tation), a strip of Dacron can be used as an annuloplasty and is secured to the left 
ventricular/aortic junction prior to implantation of the autograft (Figure 10).

7.2 Ross-Konno procedure

The Ross-Konno procedure provides more or less a radical solution to multilevel 
left ventricular outflow tract (LVOT) obstruction. It combines autograft aortic root 
replacement (Ross) with the aortic annular enlargement (Konno-Rastan), thus 
addressing both valvular and subvalvular obstruction, in addition to aortic annular 
hypoplasia.

In this version of the procedure, the pulmonary autograft is harvested with a 
right ventricular infundibular muscle (skirt) that will be used to augment the aortic 
annulus and the LVOT anteriorly. The aortic annulus and the LVOT are enlarged ante-
riorly by incising the annulus and the interventricular septum to the left of the right 
coronary artery button or along the right/left coronary commissure (Figure 11). This 
procedure carries slightly higher risk of heart block, and it has been modified further 
to decrease the length of the incision into the interventricular septum (mini-Konno) 
and to further enlarge the subvalvular area with a septal myectomy.

7.3 Beating-heart harvest of the autograft

The length of the ischemic time with the Ross procedure is longer in comparison 
to routine AV replacement. To decrease the cross-clamp time, the autograft can be 
harvested on a beating heart (Figure 12). This, however, requires caution to avoid 
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injury to the autograft valve or the close by coronary arteries. It can be done in cases 
where the surgeon is confident that the AV cannot be repaired, so initial inspection of 
the aortic root is not required.  

   7.4 The reinforced Ross 

 Recently, the autograft has been implanted in a Dacron graft prior to its securement 
to the LVOT. The theoretical advantage is prevention of future autograft dilation, and 
it also allows the ease of implantation of the autograft into the LVOT as a routine full 
root replacement technique which further decreases the complexity of the procedure. 

 After harvesting the autograft, it is trimmed, and its proximal end is sized with 
Hegar dilator (  Figure 13a  ). A 3–4 mm are then added to determine the size of the 
Dacron graft needed. The autograft is then secured proximally (  Figure 13b  ) and 
distally (  Figure 13c  ) to the Dacron graft using running 5/0 polypropylene sutures 
and the valve is tested. The reinforced autograft is then secured to the LVOT using 

  Figure 10.
  In patients with severe aortic valve regurgitation and dilated aortic annulus. The annulus can be reduced with 
a Dacron strip that is secured to the left ventricular/aortic junction with multiple interrupted sutures to sinch 
the annulus prior to implantation of the autograft, thus preventing future dilation of the proximal end of the 
autograft.          
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  Figure 11.
  Operative photo showing the Konno incision in a patient with small left ventricular outflow tract and significant 
size mismatch between the aortic and pulmonary annuli. The incision is created across the interventricular 
septum and to the left of the right coronary artery button.          

  Figure 12.
  The autograft is being harvested on a beating heart. This serves to minimize the aortic cross clamp and ischemic 
time.          
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running/interrupted polypropylene sutures. Coronary arteries are then reimplanted 
into the corresponding sinus of Valsalva of the reinforced autograft. This implanta-
tion is a three-layer implantation which includes the native coronary artery wall, the 
Dacron graft, and the autograft wall.

This technique does not allow growth of the autograft and therefore is only recom-
mended for adults and fully grown patients.

7.5 The loose jacket technique

This is another technique that has been proposed recently to prevent further 
autograft dilation using autologous tissue. In this modification, the aortic root wall 
is not resected. The non-coronary sinus of Valsalva of the aortic root is incised all 
the way towards the annulus. It is then augmented using a teardrop shaped piece 
of fresh pericardium. The aortic valve is then excised, and autograft is harvested in 
the standard fashion. The autograft is secured to the LVOT. The coronary buttons 
are harvested and threaded through corresponding defects into the aortic wall to be 
reimplanted into the autograft. The distal aortic anastomosis is then completed. Once 
the pulmonary homograft implantation is completed, the “loose Jacket” is created. 
This involves suturing the autologous pericardium to the aortic wall and securing it 
distally to the ascending aorta with multiple interrupted sutures. This theoretically 
allows further stabilization of the autograft and may prevent future dilation.

7.6 Ross PEARS (personalized external aortic root support) modification

Recently, an external aortic root support has been used in combination with the 
Ross procedure to stabilize the autograft and prevent future dilation. This personal-
ized prosthesis is designed based on the pulmonary artery and root measurement on 
preoperative CT scan. No long-term data exist about this technique.

8. Operative risks and current status

Historically there have been mixed results surrounding the early mortality rates 
after the Ross procedure, which potentially why some institutions do not support 

Figure 13. 
Operative photos showing the steps taken in reinforcement of the autograft. (a): After harvesting the autograft, its 
proximal end is sized with the appropriate Hegar dilator, (b) the Dacron graft is usually sized by adding 4 mm 
to the Hegar size. The autograft is placed inside the Dacron graft, and secured proximally with three running 5/0 
polypropylene sutures, and (c): the distal end of the autograft is then secured to the distal end of the Dacron graft 
with running or interrupted polypropylene sutures.
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the procedure as a first-line option in younger populations. There is likely a volume-
outcome relationship that exists with the Ross procedure [10], and a majority of 
studies which have reported acceptable lower operative mortality rates are from 
expert centers. The range in operative and early mortality of the Ross in the current 
era is approximately 0–4% [21, 22]; these differences are possibly due to [1] volume-
outcome relationship, [2] patient selection, and [3] which Ross modification tech-
niques are utilized.

One recent study using the Society of Thoracic Surgeons database reported an 
almost 3-fold greater operative mortality compared to standard AVR (2.7% versus 
0.9%) [10]. This statistic was unfortunately partly responsible for declining interest 
in the procedure over the last decade, however the reason for this increased opera-
tive mortality is due to the study’s inclusion of extremely low-volume centers. Only 
6 of the 231 institutions included in this study had experience performing at least 5 
procedures per year, which has been suggested as the bare minimum needed to begin 
to achieve competency in this complex operation [10]. These misleading mortality 
data are contrasted with single institutional experiences frequently reporting early 
mortality rates less than 1% [7, 8, 23].

9. Long-term outcomes after the Ross procedure

9.1 Freedom from valve complications and long-term survival

The major drawback to the Ross procedures is the possible need of reoperation due 
to potential failure of both the autograft and/or the pulmonary homograft. This is often 
referred to the “Achilles’ heel” of the Ross procedure [24]. This could be one of a few 
reasons why the Ross procedure is not included as a first-line Class Ia recommendation 
in cardiology and cardiac surgery societal guidelines on AV replacement [25, 26]. Older 
reports found that after 13 years of follow-up, freedom from autograft and homograft 
reoperation was 57% and 93% respectively [24]. Of note, when compared to other AVR 
options, studies have shown that the Ross has superior long-term freedom from valve-
related mortality and all-cause mortality compared to mechanical valves (97% vs. 89%) 
[27, 28]. There are currently no published reports comparing bioprosthetic AVR versus 
the pulmonary autograft in the Ross, and there is only one randomized trial comparing 
it to homografts in adult patients [29].

Several studies have compared homografts and autografts in the pediatric population, 
including prospective randomized clinical trials. One early trial of 182 patients showed 
improved survival, reduced 30-day mortality, and greater freedom from reoperation [30]. 
This greater freedom from reoperation benefit was particularly present in the younger 
age groups, where the autografts had superior outcomes and there was no evidence of 
autograft structural degeneration. The most recent studies have reported much lower 
rates of reoperation for both the autograft and the pulmonary homograft, approximately. 
0.5%–1.5% per patient-year, which results in approximately 85–95% freedom from reop-
eration after 10 years [8, 12, 29]. One of the longest-term outcomes studies by Chambers 
and Ross of 131 patients who underwent the Ross from 1967 to 1984 reported freedom 
from autograft replacement after 10 and 20 years of 88% and 75% respectively [31]. These 
excellent autograft outcomes were also shown for freedom from pulmonary reinterven-
tion during the same time course, 89% and 80%. Pathologic evaluation of 30 explanted 
autografts in this study showed only 3 of 30 underwent degenerative changes. One single 
center study reported overall survival in pediatric patients (mean age 10.1 years) at 5, 
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15, and 25 years of 96.7%, 94.4%, and 94.4%, respectively [32]. Accompanying these 
data on freedom from intervention, a randomized control trial of the Ross versus aortic 
homograft replacement demonstrated patients who underwent the Ross had better short-
term quality of life [29]. Thus, even since the early experience with the Ross, long-term 
outcomes of using a patient’s own ‘living’ valve for aortic valve replacement are superb in 
growing adolescent and young adult patients when performed at expert centers.

There are currently 9 studies with more than 15 years of follow-up after the 
Ross procedure which have demonstrated overall survival that parallels that of the 
general population [16]. Importantly, such superior outcomes have not been seen 
in the young adult population with other forms of aortic valve replacement, as 
discussed here.

9.2 Cardiac remodeling after the Ross procedure

Donald Ross originally demonstrated that the pulmonary autograft was the 
ideal option to replace the aortic valve, compared to aortic allografts or mechanical 
valves [33, 34]. The same can be said nearly six decades since the procedure was first 
described. Few studies have tried to identify specific biologic reasons why the Ross 
appears to offer superior outcomes in patients with congenital aortic valve disease. As 
Mazine and colleagues point out, the aortic root composed of the annulus, sinuses of 
Valsalva, sinotubular junction, valve and valve leaflets are all living dynamic struc-
tures and have expansile and contractile functions to ensure adequate aortic valvular 
hemodynamics [16]. In short, the complex aortic structure informs its function. 
Thus, replacing the aortic valve with something that most closely retains its native tis-
sue properties, as with the pulmonary autograft, offers patients the best opportunity 
for full restoration of aortic valve functionality.

Based on current research, it is plausible that the pulmonary autograft, through 
persistent cellular viability and biologic mechanisms, leads to adaptive cardiac 
remodeling, reducing long-term morbidity in young patients. In fact, on the gene 
expression level, the specific endothelial cells lining the pulmonary autograft undergo 
a phenotypic switch to express genes associated with higher left-sided heart systemic 
circulatory pressures when implanted in the aortic position [35]. This living valve 
has the capacity to grow as a viable living structure as the patient develops into 
middle adulthood, unlike with mechanical or other bioprosthetic valves. Its superior 
hemodynamic performance is likely due to the preservation of valve mobility with the 
living pulmonary autograft, compared to mechanical valves, bioprostheses and even 
homografts [36]. One study demonstrated autografts have reduced LVOT peak veloci-
ties after valve replacement and reduced left ventricular wall thickness, which was 
not seen in a comparison to patients who receiving aortic homografts [37–39]. Beyond 
these benefits, the Ross procedure is typically used in physically active young adults, 
and the reason for this is due to the pulmonary autograft’s ability to adapt to aerobic 
exercise without increasing the neo-aortic valve gradient, thus mimicking normal 
aortic physiology [40, 41].

Ex-vivo simulations have allowed for in-depth study of the pulmonary valve 
biomechanics in the Ross procedure [42]. Some have investigated the proteomic 
signatures that could be responsible for pulmonary homograft failure after the Ross, 
suggesting the molecular basis for maladaptive pulmonary remodeling [43]. Such 
computational modeling studies will allow for further identification of how to modify 
the original procedure in specific patient situations to ensure optimal long-term 
results of both the neo-aorta the pulmonary homograft.
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10. Reoperation after the Ross procedure: managing the failing Ross

Despite the benefits just discussed, reoperation after the Ross procedure is not 
entirely benign and requires expertise in reoperative surgery similar to cases of 
patients with adult congenital heart disease. One small single center study reported 
approximately a 90% 1-year survival after Ross reoperations, which often involve 
multiple structures [44]. While a patient with congenital aortic stenosis originally 
presented with one problem, the Ross procedure in effect converts his or her disease 
into a 2-valve problem. Current research has focused on understanding predictors of 
valve failure and refining and improving operative technique to avoid the need for 
early operation.

Ross reoperation can include a complex spectrum of reoperative cardiac surgery in 
patients with congenital aortic valve disease. These must be performed in experienced 
centers with higher-than-average volumes and significant aortic experience. One of 
the largest studies, using the German Ross Registry of 1779 patients, reported a 2.9% 
reoperative mortality [8]. Data from the Toronto group of 212 patients with 14-years 
of follow-up demonstrated no reoperative mortality [27].

10.1 Ross reoperation: autograft failure

This is the most common need for reintervention after the Ross procedure [7]. 
Reasons for failure include [1] primary leaflet failure, and/or [2] dilatation of the 
annulus, sinuses of Valsalva, and/or sinotubular junction of the autograft. Predictive 
factors of autograft reoperation include pre-Ross aortic insufficiency, male gender, 
and aortic annulus diameter greater than or equal to 15 mm/m2, and pulmonary-aor-
tic dimension/size mismatch [7]. To take this one step further, it was determined that 
the majority of the post-Ross neo-aortic root remodeling leading to autograft failure 
actually occurs prior to patient discharge [45, 46]. This leaves areas for improvement, 
particularly continuing to research and refine intraoperative technique to ensure 
optimal long-term outcomes.

Other preoperative predictors of both autograft and pulmonary homograft failure 
include high systemic and pulmonary pressures [16]. Thus, patients with uncon-
trolled hypertension or pulmonary hypertension could be poor candidates for this 
procedure, especially if there is any concern with controlling blood pressure after the 
Ross. Close follow up with cardiology can prevent maladaptive remodeling by tight 
control of systolic pressures below <115 mmHg in the first year of the operation [16].

Another consideration is patients with evidence of aortic dilatation on imaging 
during follow-up but with an otherwise competent and well-functioning neo-aortic 
valve. There are few cases of dissection in this patient population, thus the specific 
diameter at which replacement should be considered is unknown; Mazine and 
colleagues have suggested an autograft diameter of 50 mm is an indication for reinter-
vention [16].

Several options are available to manage the failing autograft:

10.1.1 Valve-sparing autograft root replacement

If the primary failure is the result of the autograft dilation (Figure 14a), the 
autograft valve can be saved with a valve-sparing root procedure that is similar to 
patients with Marfan’s syndrome and other aortopathies. The aneurysmal auto-
graft wall is excised leaving the valve (Figure 14b and c), which is then implanted 
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in a Dacron graft in a similar manner to other valve-sparing root procedures 
(Figure 14d and e). The procedure, however, is a bit more complex and more 
technically demanding due to the complexity of the dissection required and the 
adherence between the autograft and the pulmonary homograft from the previous 
procedure.

In some situation, a remodeling technique combined with suture annuloplasty 
can be utilized. This allows downsizing the annulus without the need for deeper 
dissection.

10.1.2 Ross reversal

Petterrsson and colleagues in 2007 proposed the concept of “Ross reversal” [47]. 
This operation is indicated for patients with autograft insufficiency secondary to 
aortic remodeling including root dilatation, and concomitant pulmonary homograft 
dysfunction. It consists of transplanting the autograft back to its native pulmonary 
position, and a composite graft (Bentall), or allograft aortic root replacement. This 
effectively converts a patient’s Ross-created 2-valve disease back into a 1-valve (aortic) 
disease [48]. The physiology behind the ability to rescue the failing pulmonary auto-
graft includes the previous remodeling that took place after the initial Ross procedure 
from constant exposure to higher left-sided systemic pressure and stress [49]. Patients 
are also more likely able to tolerate pulmonary regurgitation after the native pulmo-
nary valve is restored, compared to aortic insufficiency. Further, the patient’s own liv-
ing autograft is once again the best option for pulmonary valve replacement, compared 
to bioprostheses, mechanical, and transcatheter valves.

Figure 14. 
Valve-sparing aortic root replacement (VSRR) is an option to save the autograft valve in those presented with 
dilated autograft after Ross procedure. (a) Preoperative computed tomography (CT) scan with 3-dimensional 
reconstruction in a patient who underwent Ross procedure previously showing significant pulmonary autograft 
dilation, (b) the aneurysmal autograft wall was resected and measures are taken to determine the size of the 
Dacron graft to be used, (c) the autograft valve is evaluated and appeared structurally normal, (d) the autograft 
valve is implanted inside the Dacron graft and the commissures are secured to the graft wall, and (e) postoperative 
CT scan after VSRR.
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In 2018, the first early and midterm outcomes from the original Ross reversal 
operation were published [50]. This study included 39 adult patients, of whom 30 
underwent successful Ross reversals. The time from initial Ross to the reversal opera-
tion was approximately 12 years (range 5–19 years). There was no major postopera-
tive morbidity, no operative deaths, and no reoperation during the mean follow-up 
period of four years. A minority of patients (6/30) had moderate to severe pulmonary 
regurgitation that was clinically insignificant. The Ross reversal represents a new era 
in Ross research, and long-term outcomes data are needed to understand the safety 
and overall effectiveness of this novel salvage option.

10.1.3 Personalized external aortic root support (PEARS) procedure

As mentioned previously, PEARS is a personalized external aortic root support 
that has been designed to support the autograft at the time of Ross procedure and has 
been also used to salvage the failing dilated autograft. The advantages of this tech-
nique is the lack of need for cardiopulmonary bypass and ischemic time, however no 
long-term data is available yet regarding its outcomes.

10.1.4 Transcatheter aortic valve implantation after Ross procedure

Transcatheter aortic valve implantation for autograft valve regurgitation has been 
reported. This may present an additional future option for patients with failed Ross. 
With the progress and improvement in transcatheter valve technology, this may 
present a valuable option in the future, but long-term data will be needed to prove its 
effectiveness.

10.2 Ross reoperation: pulmonary homograft failure

Pulmonary homograft failure, most commonly consists of homograft dysfunction 
from progressive pulmonary stenosis with peak systolic gradients greater than 40 mmHg 
[51]. An inflammatory process along the pulmonary distal anastomosis has been sug-
gested a potential etiology of the stenosis [52]. Other pathologies of homograft failure 
include pulmonary insufficiency from leaflet prolapse [53]. Similar to risk factors associ-
ated with autograft failure, pulmonary homograft dysfunction can be accelerated from 
high preoperative pulmonary arterial pressures.

Younger patients, smaller homograft diameters, increases in body surface area 
during follow-up, and male gender are potential predictors of post-Ross higher peak 
homograft pressure gradients [54, 55]. Careful attention during the operation should 
be paid to avoid under-sizing of the pulmonary homograft. In fact, the Toronto group 
published a series of 212 patients using this technique of homograft oversizing, and at 
20-years of follow-up, there was 93% freedom from pulmonary reoperation [7].

Although historically Ross reintervention was primarily a result of pulmonary 
autograft failure, as the modifications for autograft implantation and reinforcement 
have become popularized, some studies are now reporting increased rates of pulmo-
nary reintervention in addition to autograft failure. Particularly in younger patients, 
there is up to a 2-fold increased risk of pulmonary homograft reintervention com-
pared to aortic reintervention [32]. Fortunately, in the current era of transcatheter 
and percutaneous technology, homograft failure can occasionally be treated with 
minimally invasive approaches. There is early experience with both the Medtronic 
Melody valve and the Edwards-Life Sciences Sapien valve in these situations [56–58] 
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In conclusion, the new era modifications for Ross reinforcement, coupled with an 
expansion of options for pulmonary reintervention may lead to increased utilization 
of the Ross procedure over the next few decades.

11. Conclusions and future directions

In this chapter, we have discussed the indications and outcomes of the Ross 
procedure for young adult patients with congenital aortic valve stenosis. The Ross 
procedure offers exceptional biologic and hemodynamic results for these patients. 
This cannot be achieved by using mechanical or other bioprosthetic valves including 
xenograft or homografts. While there is increased complexity to the Ross procedure 
compared to the traditional AV replacement, requiring significant operator expertise, 
thinking about the long-term durability and longevity for young patients is critical.

As we enter a new era of the Ross procedure’s evolution, attention to patient selec-
tion is critical to identify and risk-stratify patients who will benefit most from this 
procedure. Continued research examining predictors of pulmonary homograft failure 
and consequences of aortic remodeling in these patients is needed. Basic science and 
computational models to elucidate the hemodynamic benefits of the Ross will also 
lead to greater understanding of the benefits of the procedure and identify ways to 
further refine the technique. New options for pulmonary homograft replacement, 
including transcatheter intervention and even engineered living valves that grow with 
patients [59, 60] may alleviate some of the main concerns with converting patients 
with congenital aortic stenosis into a 2-valve disease process after the Ross. Referral of 
such patients to expert centers is also imperative. Given the recent positive literature 
surrounding this procedure as discussed in this chapter, it is also possible that there 
will be an increase in dedicated training for surgeons interested in gaining Ross opera-
tive experience. This will allow for expanded access for patients with congenital aortic 
stenosis and will lead to the opportunity to conduct gold-standard clinical trials using 
real-world, multicenter, and international experiences.
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