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Aims and Scope of the Series
Today, since molecular science on structural causes of oncological pathologies and 
their molecular treatments are developing at an unbelievable rate, the primary 
medical cause of death in the twenty-first century will be cardiovascular disease. 
Neither pandemics that threaten all humanity nor deterioration in the ecosystem 
will be able to change this fact. Especially, this century seems poised to witness an 
incredible struggle against atherosclerotic disease, which develops in the arterial 
walls and results in narrowing and occlusion of the arterial lumen. In addition to 
this disease, there has been an increasing prevalence of heart rhythm problems, 
deterioration of heart valves due to aging, and heart failure. Serious vascular 
pathologies such as stenosis and occlusion, dissection and rupture, and aneurys-
mal enlargement are also major concerns. Medical and invasive treatment meth-
ods may work to save human lives, but they will never provide a real solution. All 
kinds of medical, technological, and genetic engineering developments obtained 
in these processes have not yet been sufficient to alleviate or eliminate cardiovas-
cular disease. This book series, Cardiology and Cardiovascular Medicine, includes 
three topics. The first, Cardiovascular Diseases and Health, reviews important car-
diovascular diseases and the developments in their prognosis. The second topic, 
Cardiovascular Electrophysiology, illuminates the abnormal functioning of the 
cardiac conduction system, which is caused by all heart pathologies and negatively 
affects prognosis. The third topic in this series, Cardiovascular Surgery, details 
treatment for cardiovascular pathologies and how to regulate normal physiological 
functions with percutaneous or extracorporeal interventions.
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Preface

This book presents some of the advances that have occurred in the diagnosis and 
management of aortic valve disease over the last 50 years for healthcare personnel 
involved in the care of infants, children, and adults with aortic valve abnormalities.

The book is divided into seven sections. Section 1 introduces the book. In the intro-
ductory chapter, I review the normal anatomy of the aortic valve apparatus, the 
prevalence of different types of aortic valve diseases and ascending aortic aneurysm, 
and topics not adequately dealt within the other chapters in the book, including clini-
cal features, echocardiographic diagnosis, and aortic valve surgery other than valve 
replacement.

In Section 2 on the pathology of the aortic valve, Dr. Abdumadjidov Khamidulla 
Amanullaevich and Urakov Shukhrat Tukhtaevich address issues associated with 
acquired heart disease in Chapter 2. The author identifies these issues as an assort-
ment of pathological abnormalities that develop during the life of a patient. Because 
there is already a high prevalence of rheumatic heart disease in the developing regions 
of the world, the added burden of aortic valve disease is substantial. The prevalence 
of aortic valve disease in the elderly in the author’s region (Republic of Uzbekistan) is 
estimated to be greater than 10%. Aortic stenosis (AS) is more prevalent, with aortic 
insufficiency (AI) coming second. The chapter includes excellent illustrations of the 
surgical anatomy of the aortic valve, including surgical photographs and pathologic 
specimens. The chapter concludes that acquired aortic valve disease is of high scien-
tific and practical importance in the region.

In Chapter 3, Dr. Freiholtz et al. review the relationship of aortic valve phenotypes 
to ascending aortic aneurysms (AAAs). They state that the bicuspid aortic valve 
(BAV) is a major risk factor for the development of AAA. There appear to be dif-
ferent mechanisms for aneurysm development in bicuspid vs. tricuspid aortic 
valves (TAVs). The authors assert that AAA associated with BAV is pathologically 
distinct from that associated with TAV. They go on to describe molecular mecha-
nisms of AAA in both these groups; BAV aortopathy is associated with endothelial 
instability and endocardial-to-mesenchymal transition, presumably embryonic in 
origin, whereas TAV aortopathy manifests medial degeneration, inflammation, and 
fibrosis. 

In Section 3 on the technique of transcatheter aortic valve replacement, Dr. Ali Yasar 
Kilinc and Mustafa Ucar, in Chapter 4, discusses the technique of transcatheter aortic 
valve replacement (TAVR) with a focus on current approaches. Since the description 
of TAVR by Cribier in 2002, it has been increasingly used to treat calcific AS in the 
elderly. The author classifies the types of available transcatheter aortic valves into self-
expandable valves and balloon-expandable valves. He then names and characterizes 
each of them as well as reviews details of the technique of the procedure.



IV

In Section 4 on the management of AS, I discuss, in Chapter 5, transcatheter interven-
tions in the management of congenital aortic valve stenosis. I review the procedure 
of balloon aortic valvuloplasty (BalAV) and its results. BalAV offers good relief 
of aortic valve obstruction and serves as a substitute for surgery. It is considered a 
favored option in the management of AS in all age groups, namely, fetuses, neonates, 
infants, children, adolescents, and young adults. However, BalAV in elderly patients 
with calcific AS offers only temporary relief of aortic valve obstruction. While there 
is conclusive data for the provision of pressure gradient relief both acutely and at 
follow-up as well as deferral of any surgery after BalAV, the development of AI at 
long-term follow-up is an important drawback of this procedure. Notwithstanding 
the issue of AI, BalAV is presently believed to be a therapeutic procedure option in the 
treatment of valvar AS in pediatric and young adult patients. Methodical follow-up to 
identify the reappearance of aortic obstruction and the development of substantial AI 
is suggested.

In Chapter 6, Dr. Shah et al. address catheter-based therapies in the management of 
patients with severe AS. They detail the indications and contraindications for aortic 
valve replacement and discuss pre-procedural work-up. They also present a detailed 
description of the available devices (both balloon-expandable and self-expanding 
valves) for TAVR. This is followed by a discussion of the techniques of the TAVR 
procedure, followed by a review of post-procedure management. 

In Chapter 7, Dr. Navaratnarajah et al. describe valve-in-valve TAVR (ViV-TAVR) 
to address recurrence following a prior surgical aortic valve replacement (SAVR) or 
TAVR. Repeat SAVR or ViV-TAVR are the available options. The authors compare 
these options and conclude that ViV-TAVR shows better short-term mortality, but 
that both procedures have similar mortality rates at mid-term. ViV-TAVR is also 
associated with higher rates of patient–prosthesis mismatch, post-procedural AI, and 
elevated transvalvular gradients. Given the limitations of these meta-analysis studies, 
the authors recommend randomized control studies. They conclude that ViV-TAVR 
is preferred at most institutions around the world and that ViV-TAVR is a safe and 
effective treatment option to address failed bioprosthetic aortic valves, however, they 
suggest retaining the repeat SAVR strategy.

In Chapters 8 and 9, Di Pietro et al. and Jiménez-Rodríguez et al. and their associates 
review the risk of stroke during TAVR and state that prevention is better than cure. 
Strokes are linked with high mortality with an impact on cognitive function. Cerebral 
embolic protection devices (CEPDs) may help capture the embolic debris and their 
use appears to be safe and effective for decreasing the risk of stroke. The authors 
classify CEPDs as deflectors (TriGUARD, Embrella, Point-Guard, and ProtEmbo) 
and filters (Sentinel, Emboliner, and Emblok). They describe the use of some of these 
devices and conclude that use of CEPDs is a novel strategy for preventing strokes 
during TAVR and that they help decrease the frequency of disabling strokes.

In Chapter 10, Dr. Zotov et al. review the surgical treatment of aortic valve disease in 
patients who also have atrial fibrillation (AF). The authors state the incidence of AF 
is much higher (4% to 30%) in patients with severe AS than in the general population 
and that AF adversely affects long-term survival. The authors review the surgical 
and transcatheter procedures to treat AF that have been developed over the years. 
They present two options in the management of these patients, namely, a complete 
XVI
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MAZE-IV operation and a non-MAZE procedure (pulmonary vein isolation, box-
lesion, and their variations). Then they describe the operative procedure in detail. 
They assert that performing ablation of the arrhythmogenic substrate during aortic 
valve surgery does not adversely affect in-hospital mortality and does not increase the 
length of hospital stay. Accordingly, it is recommended that these procedures should 
be performed in all patients diagnosed with AS and AF. The authors propose an 
original approach of combined treatment of AS and arrhythmia using the Perceval-S 
suture-less valve and the Gemini-S clamp ablator.

In Section 5 on the management of AI, Dr. Velagapudi et al. review transcatheter 
therapies for AI in Chapter 11. AI is classified into stages A through D according to its 
severity. The author states that stage D AI with severe symptoms is a Class I indication 
for SAVR. TAVR may be used on an off-label basis for patients who are at a prohibitive 
risk for SAVR. He then enumerates challenges for TAVR in patients with AI, namely, 
lack of calcification of valve leaflets and perivalvular apparatus dilatation, which 
may compromise optimal anchorage of the valve prosthesis with the consequent risk 
of valve embolization and perivalvular leak. Oversizing the valve by 10%–15% (but 
no more than 20%) may overcome some of these difficulties. Current data indicate 
satisfactory results for off-label use of Medtronic Evolut and Edwards Sapien 3. 
Results of clinical trials with specially designed JenaValve to address TAVR for native 
AI are awaited. The author suggests cautious selection of AI subjects for off-label use 
of TAVR until the results of randomized control trials become available.

In Section 6 on surgical therapy for BAV syndrome, Milewski et al., in Chapter 12, 
review current therapeutic strategies to address BAV syndrome. Patients with BAV 
exhibit a range of aortic valvar and ascending aortic and aortic root aneurysmal 
pathology. This varying pathology requires designing different surgical techniques to 
develop a tailored approach to BAV syndrome. The authors review embryologic and 
genetic bases for BAV syndrome with associated aortic aneurysms. They also describe 
genetic syndromes associated with BAV. Then, they discuss issues related to surveil-
lance of BAV syndrome depending upon symptomatology and magnitude of pathol-
ogy. Then they review evidence-based surgical therapeutic strategies including aortic 
valve repair, replacement of the aortic valve, and replacement of supra-coronary 
ascending aorta, Bentall procedure, and valve-sparing aortic root reimplantation. The 
authors conclude that BAV syndrome manifests aortic valvar disease (AS and AI) and 
ascending aortic and aortic root aneurysms. This varying spectrum of pathologies 
mandates the development of individualized approaches to manage these conditions.

Finally, in Section 7 on patient perspective, Dr. Hutchens, who had TAVR, describes 
his perspective as a patient in Chapter 13. He was in touch with several patients who 
either had TAVR or are being considered for TAVR. Most of these patients were con-
cerned about the high cost and safety of the procedure, their longevity after TAVR, 
and the longevity of the replaced aortic valve. Dr. Hutchens points to improved qual-
ity of life after TAVR. He also presents his life-long story of his aortic valve problems. 
He concludes with the hope that his story of heart valve experience will be of comfort 
to future patients and physicians.

The last five decades have witnessed a great many advances in the diagnosis and 
management of aortic valve disease, which resulted in increased survival of neonates, 
infants, children, and adults with diseases of the aortic valve. This book discusses 
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some of these advances and is a useful resource on diagnostic and therapeutic meth-
ods for healthcare professionals in providing quality care to their patients with aortic 
valve and aortic root diseases.

P. Syamasundar Rao, MD, DCH, FAAP, FACC, FSCAI
Children’s Heart Institute,

Children’s Memorial Hermann Hospital and McGovern Medical School,
 University of Texas Health Sciences Center at Houston,

 Houston, TX, USA
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Chapter 1

Introductory Chapter: Aortic Valve 
Disease – Recent Advances
P. Syamasundar Rao

1. Introduction

The title of the book “Aortic Valve Disease” was selected with the intent to discuss 
etiologic, diagnostic, and therapeutic aspects of aortic valve disease with a focus 
on recent advances. Selected clinicians and investigators were invited to submit 
chapter proposals, once received, suitable proposals were accepted. The purpose of 
this chapter is to introduce the subject, describe the normal anatomy of the aortic 
valve apparatus, review the prevalence of different types of aortic valve diseases, and 
address topics not adequately dealt with in the other chapters in the book.

Several advances in the understanding of the anatomy of the aortic valve, the 
development of investigative tests to diagnose and quantitate the magnitude of aortic 
valve disease, and multiple modalities to treat the aortic valve disease have occurred 
over the last five decades. The objective of this book was to bring some of these 
advances to the attention of the reader. While surgical therapy of aortic valve disease 
has been in vogue since the early 1950s, catheter-based interventional techniques 
introduced in the early 1980s became initial management options at many institu-
tions. This book will address the anatomy of the normal and diseased aortic valve; 
explore the utility of diagnostic tests such as echocardiogram, Doppler interrogation, 
magnetic resonance imaging, computed tomography, cardiac catheterization, and 
selective cine angiography; and review the relative usefulness of catheter-based vs. 
surgical techniques in addressing the aortic valve disease. Finally, a discussion of both 
short-term and long-term results of catheter interventional and surgical therapeutic 
modalities was included.

2. Normal anatomy of the aortic valve apparatus

The functional unit of a normal aortic root is made up of three aortic sinuses of 
Valsalva. They are formed by the aortic wall and the aortic valve leaflets, which are 
attached to the corresponding sinus. This establishes three pocket-like spaces. They 
are divided by commissural spaces and interleaflet triangles, the so-called trigone 
[1, 2]. The sum of the zones of the valve leaflets is larger than the cross-sectional 
region of the aortic root and this in addition to valve leaflet tissue pliability permits 
for a competent valve closure during the diastolic phase and unhindered valve open-
ing to allow forward flow during the systolic phase of the cardiac cycle. While tri-
cuspid valve leaflets are the most common morphologic structure of the aortic valve, 
unicuspid, bicuspid, and quadricuspid morphologic variants are also seen, the later in 
aortic valve or truncal disease states.
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3. Prevalence

3.1 Congenital valvar AS

The incidence of congenital valvar aortic stenosis (AS) is 5–6% of all congenital 
heart defects (CHDs). Given the prevalence of CHDs in 0.8% of live births [3, 4], 
the population prevalence of AS is estimated to be 0.5–0.6% (5 to 6 per 1000) of live 
births. AS’s occurrence is more frequent in males than in females.

3.2 Bicuspid aortic valve

The prevalence of bicuspid aortic valve is generally thought to be 1–2% of popula-
tion [5, 6]. More recent studies indicated a slightly lower prevalence. A study that 
reviewed echocardiograms of 24,265 subjects with a gender distribution of 47% males 
and 53% females revealed a 0.6% prevalence of bicuspid aortic valves [7]. Screening 
echocardiograms of 1742 teenage athletes with male preponderance (67% male and 
33% female) revealed a 0.5% incidence of bicuspid aortic valves [7]. In another study 
of 2273 competitive athletes, aged 8–60 years, bicuspid aortic valves were present in 
2.5% [8], higher than seen in the previous study. An echocardiogram of 1075 neonates 
revealed a prevalence of 0.46%; there was a higher (0.71%) prevalence in male babies 
than in female infants (0.19%) [9]. Studies do confirm a high level of accuracy of 
echocardiography in diagnosing bicuspid aortic valve [10]. Variations from 0.5 to 
2.5% in the prevalence of bicuspid aortic valve appear to be related to the types of 
study cohorts selected in each study.

3.3 Calcific AS

In a study published in 2013, the prevalence of calcific AS in the elderly has 
ranged between 2.8 and 4.6% [11]. In a more recent study examining the global 
epidemiology of valvular heart disease, calcific AS among adults is age-dependent, 
older the subject, and more frequent, is its prevalence; the highest is in the older 
adults: 1000 per 100,000 (1%) in 75–79 year-olds and 1400 per 100,000 (1.4%) 
in 80–85 year-olds [12]. These prevalences are lower than those described in the 
above study [11]. There was nearly an equal gender distribution [12]. By contrast, 
rheumatic heart disease is more common in low-income countries with prevalence 
rates of 400–500 per 100,000 with similar distribution among all adult age groups 
[12]. The gender distribution of rheumatic heart disease is also similar in all age 
groups [12].

3.4 Aortic insufficiency

In the Framingham heart study involving 1696 men and 1893 women aged 
54 ± 10 years, the prevalence of aortic insufficiency (AI) was found to be 13% in men 
and 8.5% in women; the subjects were assessed by echocardiography [13].

3.5 Ascending aortic aneurysm

The prevalence of ascending aortic aneurysms is 5 per 100,000 patient-years; this 
is based on population-based studies [14].
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4. Clinical features

4.1 AS in the pediatric patient

Most children with valvar AS are asymptomatic and the AS is usually detected 
because of a cardiac murmur heard on routine auscultation [15–17]. Patients with 
severe AS may exhibit symptoms such as dyspnea, easy fatigability, or chest pain. 
Syncope may be a presenting complaint in some children with very severe AS. On 
physical examination, the left ventricular impulse is increased (left ventricular heave) 
in all but mild cases. A thrill may be felt at the right upper sternal border and/or in the 
supra-sternal notch. The first heart sound is usually normal. The second heart sound 
is also normal unless the AS is extremely severe when there may be a paradoxical 
splitting of the second heart sound. An ejection systolic click is heard best at the apex 
and left mid and right upper sternal borders and the click does not vary with respira-
tion. An ejection systolic murmur of grade II–V/VI intensity is heard best at the right 
upper sternal border with radiation into both carotid arteries. The arterial pulses are 
usually normal.

4.2 Critical AS in neonates

The term critical AS is used to describe very severe aortic valve stenosis who have 
high peak systolic pressure gradients across the aortic valve, signs and symptoms of 
congestive heart failure (CHF) are present, and/or a ductal-dependent systemic cir-
culation exists. The pressure gradient across the aortic valve may not be high in some 
babies because of poor left ventricular function. They usually present during the first 
24–48 hours after birth with symptoms of tachypnea, respiratory distress, cyanosis, 
pallor, lethargy, metabolic acidosis, and oliguria. Physical examination reveals signs 
of CHF and poor pulses in all four extremities. Ejection systolic click at the apex and 
ejection systolic murmur at the right upper sternal border may be heard, but not as 
prominent as non-critical AS patients.

4.3 Mild, moderate, and severe AS in the adult

The clinical features are essentially like those seen in pediatric patients described 
above, although, the findings are less discernable in obese adult subjects.

4.4 Calcific AS in the elderly

Patients with milder forms of calcific AS are asymptomatic and are usually 
detected because of a cardiac murmur heard on routine physical examination or by 
an echocardiographic study performed for an unrelated reason. Moderate to severe 
forms may present with symptoms of dyspnea on exertion or exercise intolerance. 
Rarely, the presenting symptoms such as syncope, chest pain, or signs of CHF may 
appear. Physical examination reveals increased left ventricular impulse; slow upstroke 
of the pulse (pulsus tardus) and small pulse volume (pulsus parvus), both are better 
perceived in carotid than in radial and brachial pulses; ejection systolic click at the 
apex, unless the aortic valve is immobile because of marked calcification; soft aortic 
component of the second heart sound; and an ejection systolic murmur, heard at 
the right upper sternal border, radiating to the carotid arteries. Higher grades of the 
murmur (grade IV) and late peaking in systole suggest more severe obstruction.
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4.5 Aortic insufficiency

Most patients with mild to moderate AI are asymptomatic and are detected because of 
a cardiac murmur. Severe AI patients present with symptoms of easy fatigability, dyspnea 
on exertion, or chest pain. On physical examination, while the peripheral pulses are nor-
mal in mild AI, they are increased and “bounding” in patients with moderate and severe 
AI. The pulse pressure is increased secondary to increased systolic blood pressure with a 
concurrent decrease in diastolic pressure. Peripheral signs of AI such as water-hammer 
pulse (rapid increase and decrease of pulse when palpating the forearm), Corrigan’s 
pulse (strikingly augmented carotid pulses), Duroziez’s murmur [bruits both in systole 
and diastole auscultated in the femoral artery region while it is partially occluded], pistol 
shot sounds (systolic and diastolic vibrations of the arterial wall—Traube’s sign), and 
Quinke’s pulse (flushing and blanching alternatively of the capillary beds of the tips of 
finger) are seen in subjects with moderate to severe AI; however, these signs do not inevi-
tably categorize that the AI is severe. The left ventricular impulse is prominent to hyper-
dynamic. The diastolic thrill of AI is rarely felt. In general, there are no abnormal cardiac 
sounds. If the AI is due to a bicuspid aortic valve, an aortic systolic click is auscultated. 
A systolic ejection murmur is heard at the upper right or at mid-left sternal borders; 
this may be related to the increased volume of blood that has to be pumped back via the 
aortic valve. Alternatively, the systolic component may be due to associated aortic valve 
stenosis. An early diastolic decrescendo murmur is auscultated at the right upper and left 
mid sternal borders. The murmur has a high pitch and is heard better with the diaphragm 
than the bell of the stethoscope. The murmur begins with the aortic component of the 
2nd sound and is better heard when the patient sits up, leans forward, and holds the 
breath at end-expiration. It may transmit inferiorly to the left lower sternal border. An 
Austin-Flint type of mid-diastolic murmur may be appreciated at the apex.

5. Echocardiographic diagnosis

5.1 Congenital AS in the pediatric patient

Echocardiographic studies are very useful in the diagnosis of the type of AS 
(valvar, sub-valvar, and supra-valvar), in characterizing the aortic valve morphology, 
and in quantitating the degree of obstruction.

5.1.1 Types of AS

Obstruction of the left ventricular outflow tract may be seen at valvar (Figure 1),  
sub-valvar (subaortic membranous stenosis [Figure 2] and hypertrophic cardio-
myopathy [Figure 3]), and supra-valvar (Figure 4) locations [15–17]. Examples are 
shown in Figures 1–4.

5.1.2 Characterization of aortic valve morphology

The normal aortic valve is tricuspid as shown in Figure 5. In congenital AS, most 
commonly, the aortic valve is bicuspid (Figures 6 and 7),

The aortic valve leaflets are thickened (Figures 1A, B and 7A, B) and dome during 
systole (Figures 1B and 7C) in most patients.
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5.1.3 Quantification of the degree of obstruction

The flow velocity magnitude across the aortic valve, measured by Doppler, is 
increased (Figures 7E and 8C) which is used to calculate the systolic pressure gradi-
ent across the aortic valve by a modified Bernoulli equation:

 = 2Peak instantaneous gradient 4V   (1)

Where V is the peak Doppler velocity across the aortic valve in meters/sec.
The Doppler velocity measurements are made in parasternal, suprasternal notch, 

and apical views. Most important, however, is to achieve a close alignment of the 
Doppler signal to the aortic flow. It should be understood that the Doppler peak 

Figure 1. 
Echocardiographic frames from precordial long axis view of the left ventricle (LV) demonstrating valvar AS. 
Note the thickened and domed aortic valve (AV). Ao, aorta; LA, left atrium; LV, left ventricle. Reproduced from 
reference [17].

Figure 2. 
Echocardiogram in parasternal long axis (A) and apical five-chamber (B) projections demonstrating the 
subaortic membrane (SAM). The position of the aortic valve (AV) is shown. Continuous wave and color Doppler 
studies demonstrated elevated Doppler flow velocity across SAM but are not shown in these echo frames. LA, left 
atrium; LV, left ventricle. Reproduced from reference [18].
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instantaneous gradient does not accurately reflect the true peak-to-peak systolic 
pressure gradient obtained in the cardiac catheterization laboratory because of the 
pressure recovery phenomenon [19]. Consequently, applicable corrections to account 
for pressure recovery should be made during the calculations of the pressure gradient. 
Turbulent flow is also demonstrated by color flow Doppler (Figures 7D and 8B).

Figure 4. 
Echo-Doppler studies in parasternal long axis (A and B) and subcostal (C and D) projections illustrating 
supra-valvar AS. Note that the stenosis is above the aortic valve as shown with arrows. Color flow imaging shows 
turbulence in Doppler flow signal as pointed out with arrows (B and D). An increased Doppler flow velocity 
was recorded superior to the aortic valve but is not illustrated in the above echo frames. LA, left atrium; LV, left 
ventricle. Reproduced from reference [18].

Figure 3. 
Echocardiograms in parasternal long (A) and short (B) axis projections illustrating severe thickening of the 
inter-ventricular septum (arrows), suggestive of hypertrophic cardiomyopathy. Continuous wave and color 
Doppler studies demonstrated elevated Doppler flow velocity across the left ventricular outflow tract at the level 
of thickened inter-ventricular septum. Ao, aorta; LA, left atrium; LV, left ventricle. Modified from reference [17].
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The echo-Doppler studies in pediatric patients are sufficiently accurate such that 
there is generally no need for other imaging studies such as magnetic resonance imag-
ing (MRI) and computed tomography (CT).

5.1.4 Other echocardiographic features

Annular hypoplasia and dysplasia of aortic valve leaflets have also been seen, 
mostly in neonates and young babies.

Left ventricular internal dimension (LVID) in diastole is usually normal for 
age. However, LVID may be increased in patients with long-standing and severe AS. 
Such left ventricular enlargements are more common in neonates with critical AS. 
Hypertrophy of the left ventricular musculature in a concentric manner is seen which 
is mostly proportionate to the severity of obstruction. The left ventricular shortening 
fraction may be increased, usually proportional to the degree of narrowing. However, 
in neonates with critical AS and patients with heart failure, it may be decreased. Post-
stenotic dilatation of the aorta (Ao) is observed in most patients; the degree of such 
dilatation is not related to the degree of aortic valve obstruction [16–18].

Figure 5. 
Selected echo images in parasternal short axis view demonstrating normal tricuspid aortic valve in closed (A) and 
open (B) positions. LA, left atrium; RA, right atrium; RV, right ventricle.

Figure 6. 
Selected echo images in parasternal short axis view demonstrating normal tricuspid aortic valve (A), bicuspid 
aortic valve with vertical (B) and horizontal (C) commissures. The arrows point to the respective aortic valve 
leaflets.
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Figure 8. 
Echo-Doppler studies of a patient with severe AS illustrating an aortic valve (AV) which is thick and domed (A). 
Color flow imaging demonstrates turbulent flow with a narrow jet (NJ) at the AV (arrow) (B). The Doppler 
velocity via the AV is high (>6 m/s) (C), suggesting very severe AS; the calculated peak instantaneous gradient 
is 148 mmHg with a mean of 75 mmHg. The patient has a bicuspid AV which is not demonstrated in these echo 
frames. Ao, ascending aorta; LA, left atrium; LV, left ventricle. Reproduced from reference [18].

Figure 7. 
Echo images illustrating a thick (A) and bicuspid (B) aortic valve (BAV) with doming of the aortic valve (AV) 
(C) pointed out by arrows. Color flow Doppler demonstrates turbulent flow (TF) at the aortic valve (arrow) 
(D). The Doppler velocity across the AV is low (<2 m/s) (E), suggesting trivial AS with a bicuspid aortic valve. 
LA, left atrium; LV, left ventricle. Reproduced from reference [18].
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5.2 Congenital AS in the young adults

The echo-Doppler studies in young adults with congenital AS are similar to 
those described in the preceding section, although an occasional patient with poor 
acoustic windows may require trans-esophageal echo evaluation or other imaging 
studies.

5.3 Calcific AS in the elderly

Like AS in the pediatric patient, echocardiographic studies are very useful in 
characterizing the aortic valve morphology, in quantitating the degree of obstruc-
tion, and in assessing left ventricular response to increased afterload. The aortic 
valve leaflets have increased echo density and decreased valve leaflet motion. It is 
frequently difficult to discern whether it is a tricuspid or bicuspid aortic valve. The 
Peak Doppler flow velocity is increased which is used to calculate the systolic pressure 
gradient across the aortic valve by a modified Bernoulli equation, as reviewed above 
in the section on “Congenital AS in the Pediatric Patient.” Other disease entities such 
as hypertrophic cardiomyopathy, mitral valve disease, and CHDs are excluded by 
echo studies. Left ventricular hypertrophy is usually detected by echo evaluation. Left 
ventricular ejection fraction can be quantitated; in most cases, it is preserved until 
late in the disease.

5.4 Aortic insufficiency

Echocardiographic, MRI, and CT features of AI were described in the chapter 
on “Transcatheter Therapies for Aortic Regurgitation – Where Are We in 2023?” by 
Shabbir and his associates and will not be repeated in this chapter.

6. Aortic valve surgery without valve replacement

Most chapters in this book deal with surgical or transcatheter replacement of the 
aortic valve. Other forms of surgery such as commissurotomy, plastic repair of aortic 
valve, and Ross procedure have not been addressed. These will be reviewed briefly.

6.1 Commissurotomy

Aortic valvotomy via aortotomy under cardiopulmonary bypass has been used 
with success [20]; however, most institutions currently use balloon aortic valvulo-
plasty as the initial treatment option.

6.2 Plastic repair of the aortic valve

Neocuspidization (plastic repair of aortic valve) either into a bicuspid or tricuspid 
aortic valve, as the case may be, with or without prosthetic material (patient’s native 
leaflet tissue, glutaraldehyde-treated autologous pericardium, non-treated autologous 
pericardium, expanded polytetrafluoroethylene (ePTFE) membrane, decellularized 
xenogenic tissue, glutaraldehyde-treated bovine pericardium, or untreated equine 
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pericardium) and cusp augmentation to restore the aortic valve close to its normal 
structure and function has been used successfully [21–24].

6.3 Ross procedure

Aortic valve replacement with patient’s own pulmonary valve and inserting a 
bioprosthetic valve in the pulmonary position [25, 26] has been used successfully 
to address severe AS cases both in neonates and older patients, although the risk of 
double valve disease exists [27].

© 2023 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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Chapter 2

Acquired Aortic Valve Diseases 
(Current Status of the Problem)
Abdumadjidov Khamidulla Amanullaevich  
and Urakov Shukhrat Tukhtaevich

Abstract

Acquired heart disease – the concept of “acquired heart disease” includes a variety 
of pathological conditions acquired during the life of the patient. The lion’s share of 
these diseases are acquired heart defects. The significance of this problem is special 
for our region, since the incidence of rheumatic diseases and its complications in our 
Republic is still significant. However, in recent decades, statistical data on acquired 
defects, especially on aortic heart defects, have changed markedly. Thus, the preva-
lence of aortic heart disease among the elderly and senile is about 10.7%, significantly 
increasing for sclerotic lesions of the aortic valve – up to 25–48%. According to Euro 
Heart Survey on valvular heart disease, damage to the aortic valve was detected in 
44.3% of patients with valvular heart disease (33.9% – aortic stenosis, 10.4% – aortic 
valve insufficiency. At the same time, aortic stenosis in 81.9% and insufficiency – in 
50 .3% of patients were of degenerative origin. According to the statistics of our 
Republic, more than 400 patients with rheumatism per 100 thousand of the popula-
tion are detected per year, of which, after an appropriate examination, in terms of the 
population of our Republic, more than 16,000 require surgical correction of acquired 
heart disease, which confirms the importance of discussing the problem for our 
healthcare.

Keywords: acquired heart defects, current data, research methods, treatment tactics, 
current of correction

1. Introduction

Aim of chapter. In connection with the foregoing, we think that the discussion of 
modern data on aortic malformation of acquired genesis, namely, the modern idea of 
changing the etiology, frequency of occurrence, clinical picture, as well as diagnostic 
issues, including new modern highly informative research methods, determining 
the tactics of surgical treatment with analysis indications and contraindications to 
a particular method of treatment, respectively, is of great scientific and practical 
importance. Therefore, we once again decided to discuss the above issues regarding 
aortic heart disease of acquired origin.
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1.1 Actuality

The trend towards an increase in the general morbidity of the population with dis-
eases of the circulatory system can be clearly seen [1, 2], both according to the results 
of world statistics, according to the results of the State Report on the state of health of 
the population of the Russian Federation (2002, 2003), and according to the Ministry 
of Health of Uzbekistan (2008). The number of open heart surgeries is increasing 
every year. Reconstructive operations on the aortic valve (AV) are in the center of 
attention of cardiac surgeons: in economically developed countries, this operation 
is already in second place in terms of frequency among all cardiac surgical interven-
tions performed in the adult population. The reason for this is the changes that have 
taken place in the etiology of the formation of aortic valve disease and the change in 
the demographic structure of society itself. In developed countries, calcified aortic 
disease is the third most common nosological form after arterial hypertension and 
coronary heart disease [3].

Knowledge of the etiology of the process that led to aortic malformation can sig-
nificantly influence both the surgical tactics and the protocol of postoperative treat-
ment of patients and, as a result, the prognosis of the long-term period. Therefore, at 
all stages of treatment, one should strive to answer the question of the etiology of the 
primary process that caused valve dysfunction. Sometimes this answer can only be 
given by a surgeon who visually assesses the nature of the valve lesion already dur-
ing the operation. In any case, elucidation of the etiology, even with a presumptive 
conclusion, is extremely important.

2. Etiology

Assessing our own experience, published data of colleagues from other countries 
and Russian clinics, it should be emphasized that even today aortic malformations of 
rheumatic etiology dominate in cardiac surgery hospitals, although not as clearly as 
in the statistics of half a century ago. This figure does not exceed 30–40%. However, 
if we take into account that only during the period from 1993 to 1998 in Russia the 
frequency of cardiac rheumatism increased by 7 times [1, 2], then in the future we 
should again expect an increase in the number of patients with rheumatic valvular 
defects.

The etiology of pathological changes in AK from the moment of the first opera-
tions has changed several times. If at the beginning rheumatic lesions, endocarditis, 
syphilis and atherosclerosis prevailed; then at present, atherosclerotic (degenerative) 
and congenital malformations (mainly bicuspid aortic valve) of the aortic valve come 
to the fore. Such changes in the etiology could not but affect the course of the disease 
itself, the clinic of the defect and, accordingly, the development of a specific tactic for 
the introduction of such patients.

The increase in surgical interventions on the aortic valve in the group of patients 
over 60 years of age has significantly increased the number of atherosclerotic 
“degenerative” (age-related) aortic valve defects. If the aortic defect is moderately 
pronounced and is combined with widespread atherosclerosis of the coronary 
arteries, the aorta and its branches, in combination with distinct specific disorders in 
lipid metabolism (total cholesterol, low density lipoproteins, triglycerides), then the 
atherosclerotic origin of the process on the valve is beyond doubt. This is a special and 
prognostically most severe group of patients. It is to this category of patients that the 
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point of view of some authors extends that aortic stenosis is a special form of mani-
festation of atherosclerosis with risk factors identical to this systemic disease.

In a real clinical situation, no more than 50% of elderly patients with signs of 
aortic stenosis have changes in coronary vessels [4, 5]. Such patients have another 
dystrophic process in the valve with a reduced level of metabolic reactions due to 
age-related changes: atherosclerosis as such can only play the role of an accelerating 
factor, especially if accompanied by inflammatory changes in the aortic valve cusps 
specific for many atheromas due to Chlamydia invasion pneumoniae [6]. Age-related 
involutional calcium degeneration is, in our opinion, the most appropriate definition 
for such pathology of the aortic valve. As a special form, it often occurs in elderly 
patients and, as a rule, falls into the group of atherosclerotic malformations during 
analysis. The diagnostic line between these two groups of patients (atherosclerosis 
and age-related dystrophy) is very thin, but it is quite realistic to draw it with known 
experience. The practical significance of such a diagnosis can be expressed not only 
in a different prognosis, but also in the amount of drug therapy after surgery (the 
use of antiplatelet agents, lipid-lowering agents). The group of patients with con-
genital bicuspid aortic valve configuration adjoins the same type of “degenerative” 
defects with severe calcification. For us, this was unexpected, but the number of such 
patients increases as the number of operated elderly patients increases. Actually, the 
three main causes of aortic heart disease that we have already noted together account 
for at least 90% of the causes of aortic valve stenosis [4]. All these reasons lead to 
various pathomorphological, but the same type of functional changes in the aortic 
valve cusps, limiting their mobility. This process (fibrosis, thickening, formation of 
adhesions in the area of commissures, calcification) always takes a long time – years, 
or even decades. Other, rarer causes of aortic stenosis include previous and active 
infective endocarditis, systemic lupus erythematosus (Libman – Sachs verrucous 
aseptic endocarditis), hereditary metabolic disorders such as homozygous type II 
hyperlipoproteinemia and alkaptonuria (ochronosis), metastatic calcification of the 
aortic valve in patients with chronic renal failure [3].

Changes in the etiology of the disease over a fairly short period of time are associ-
ated primarily with the ongoing prevention of rheumatism and rheumatic heart dis-
ease. Secondly, such a restructuring in etiology is also associated with a change in the 
demographic structure of society in economically developed countries, where there 
is a constant increase in the population of elderly and senile age. Accordingly, this led 
to an increase in the number of elderly patients with acquired heart defects, where 
atherosclerotic and degenerative forms of AV malformation already prevail, which 
affected both the clinical picture of the disease and the age composition of operated 
patients. At present, either aortic stenosis or combined forms of defect occupy the 
main place in the structure of the forms of defect.

Statistics of detection of aortic heart disease in Uzbekistan by etiological factors:

1. Rheumatic lesion of aortic valve

2. Atherosclerotic (degenerative) lesion of aortic valve

3. Congenital lesion of aortic valve (bicuspid valve, etc.)

According to the recommendations of the European Society of Cardiology and 
the European Association of Cardiothoracic Surgeons, aortic valve disease should 
be surgically corrected in the presence of echocardiographic signs of severe stenosis 
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(blood flow velocity on the valve is more than 400 cm/s, the average gradient on the 
valve is more than 40 mm.r.st., effective area orifice less than 1 cm2, effective orifice 
area index less than 0.6 cm2/m2) and/or severe regurgitation (grade 3–4 insufficiency, 
central regurgitation over 65% of the area of the left ventricular cavity, vena contracta 
more than 0.6 cm, regurgitation volume more than 60 ml/contraction).

The indications for surgical correction of the defect were a severe degree of aortic 
valve stenosis (Figure 1), identified during clinical examination and confirmed by 
echocardiography data with an average transaortic pressure gradient of more than 
40 mm Hg, the presence or absence of symptoms of heart failure, manifested at rest 
or during stress tests (decreased exercise tolerance), as well as in the presence of 
concomitant left ventricle systolic dysfunction (ejection fraction <50%).

Aortic valve insufficiency served as an indication for surgery in case of severe 
regurgitation in symptomatic patients, regardless of LV systolic function, in the 
absence of symptoms and the presence of LV systolic dysfunction (ejection fraction 
<50%). In addition, surgery has been indicated in the absence of symptoms and 
normal LV ejection fraction, but in the presence of LV dilatation (LV end-systolic 
dimension >50 mm). Performing neocuspidization according to the formulas is 
possible only in the absence of aortic root expansion (the diameter at the level of 
the sinotubular junction is not more than 35 mm and the diameter at the level of the 
fibrous ring is not more than 25 mm). Otherwise, it is necessary to perform neocus-
pidization in combination with aortic root replacement in the Moscow (Russian) 
conduit  modification [7, 8].

Symptom complexes characteristic of a particular valvular defect determine modern 
treatment tactics to a much greater extent than the actual nature of the damage to the 
aortic cusps. Therefore, any attempt to identify the diagnosis of the condition, sub-
stantiate the indications for surgical intervention and surgical tactics only on the data 
of  topical diagnostics (hole diameter, magnitude of leaflet prolapse, magnitude of the 
 pressure drop across the valve, the presence or absence of signs of calcification, etc.)  

Figure 1. 
Indications for surgical correction of aortic heart defects.
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does not testify in favor of comprehensively a clinical analysis of the condition of a 
particular patient [9].

Cardiologists today reliably diagnose this pathology and promptly send such 
patients to cardiac surgeons. And yet, when deciding whether to operate on patients 
older than 70 years, we sometimes encounter some resistance from our fellow car-
diologists [10]. Their doubts are based on both an objective factor – a higher risk of 
surgery, and a subjective one – the uncertainty of the individually “programmed” life 
expectancy of such elderly patients.

Therefore, in this publication, we specifically present the data of O’Keefe et al., 
[11], who managed to trace a group of 50 patients awaiting balloon dilatation of 
a stenotic aortic valve. The average age of patients exceeded 70 years, survival 
without surgery by the 3rd year of follow-up was only 25%. At the same time, in a 
randomized group of patients without aortic pathology, the survival rate was 77%. 
Considering that today the lethality of aortic grafting is minimal, these data should 
convincingly prove to cardiologists the need for an operative way of treating such 
patients [12].

In classical situations, the question “when to operate?” does not represent difficul-
ties: digital radiography from the screen of the electro-optical converter, electrocar-
diography, echocardiography [10], MRI [13] with contrast are sufficient methods for 
making a topical diagnosis and assessing the state of the left ventricle of the heart. 
Performing a sounding of the heart cavities in patients with aortic defects in order to 
determine the pressure drop, regurgitation volume, end-diastolic pressure in the left 
ventricle or pulmonary capillary wedge pressure today can already be regarded as a 
diagnostic anachronism.

In practice, of course, we are especially wary of choosing a solution in patients 
with “minor” symptoms and, even more so, in patients with asymptomatic course. 
It is known that clinical manifestations and complaints may be absent even in severe 
severe aortic stenosis with an orifice area of less than 0.8 cm3 and with a decrease in 
the ejection fraction to 25–30% [14].

An increase in the left ventricle of the heart up to 6 cm or more (in patients with 
aortic insufficiency), as well as hypertrophy with overload of the left ventricle (in 
patients with aortic stenosis), are sufficient instrumental criteria for the need for 
surgery in the presence of a topical diagnosis.

Doppler echocardiography allows you to set the magnitude of the pressure drop 
with almost the same accuracy as sounding the left ventricle. Understanding the 
conditionality and multifactorial dependence of this indicator, we consider its value 
to be 40–50 mm Hg. Art. a sufficient basis for a more detailed examination of the 
patient and the search for arguments in favor of the operation.

The calculation of the effective orifice is less dependent on the characteristics of 
blood flow through the area “left ventricle-aortic valve-ascending aorta”, but this 
indicator is also quite arbitrary and “semi-quantitative”. And yet, we always take into 
account the instructions of ultrasound diagnostics specialists to limit the opening of 
the valve leaflets to less than 1.5 cm, and with a hole size of less than 1 cm, the indica-
tions for surgery are almost absolute. An even more accurate expression of the degree 
of stenosis is the ratio of the size of the stenosis to the total body surface area – a value 
of less than 0.6 cm/m2 is critical [3]. If at the same time there is information about 
valve calcification, then it is not worth postponing the operation, since the progres-
sion of the process is inevitable.

If the arguments in favor of the operation are not absolute, then with aortic 
stenosis we calculate the pressure loss on the valve (mm Hg/ml stroke volume) – the 
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value is 1 mm Hg. Art./ml and more significant and weighty. If necessary, repeat these 
calculations under load. In aortic insufficiency, a decrease in the ejection fraction of 
less than 55% and its further decrease (or invariance) under stress test conditions also 
indicate the limit of compensatory reserves of the left ventricular myocardium and 
serve as a more than convincing criterion in favor of surgery.

In the presence of concomitant coronary pathology requiring surgical correction, 
or concomitant mitral valve defects, the criteria for revision and intervention on the 
aortic valve can be much more liberal and are often determined by the individual 
decision of the operating surgeon.

It should be remembered that aortic stenosis progresses regardless of any patterns. 
However, with degenerative defects, this process is faster than with rheumatic or in 
the presence of a bicuspid valve. With slow progression, the opening of the aortic 
valve narrows by 0.02 cm2 per year, and with rapid progression, more than 0.3 cm2 
per year. When the peak velocity of blood flow through the valve reaches about 4 m/s, 
the two-year survival rate without surgery is only 21%. Thus, calcification, the rate of 
progression of stenosis during the year, and positive exercise tests (slight rise or even 
decrease in blood pressure during exercise) are real factors for deciding on surgery for 
asymptomatic aortic stenosis.

In asymptomatic aortic insufficiency, the prognosis is based on an assessment 
of left ventricular function and the degree of dilatation of the ascending aorta. 
Threatening signs are an increase in end-diastolic pressure of the left ventricle more 
than 70 mm, end-systolic pressure more than 50 mm (index more than 25 mm/m2  
of the patient’s body surface), a decrease in the ejection fraction to 50%. If the 
ascending aorta is dilated more than 55 mm, surgery should be offered regardless 
of the degree of aortic regurgitation and left ventricular function. In patients with a 
bicuspid valve or with Marfan syndrome, the indications for surgery are even more 
stringent – the threshold for making a decision is the diameter of the ascending aorta 
is 50 mm.

Regular routine monitoring of the condition is necessary for all patients with 
symptoms of aortic valve disease and is mandatory every 12 months in order not to 
miss the time for possible surgical interventions.

3. Diagnostics of aortic heart defects

1. Clinical symptoms

2. Laboratory research

3. Electrocardiography’s

4. X-ray examination

5. Doppler echocardiography

6. angiography, Aortography

7. MRI with contrast

8. Radioisotope research
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3.1 X-ray examination and ECG in aortic disease

X-ray of the chest organs – evaluates the size and location of the heart, changes in 
the configuration of the heart (protrusion of the shadow of the heart in the projection 
of the aorta and left ventricle in aortic disease) (Figures 2 and 3).

Figure 2. 
ECG – Signs of left ventricular hypertrophy with overload.

Figure 3. 
Echocardiographic features of aortic stenosis.
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Aortic stenosis thickening of the aortic valve cusps, decreased mobility.
Concentric LV hypertorphia.
Pressure gradient between aorta and LV
Assessment of the degree of calcification of the aortic valve and aortic root.
Assessment of the degree of left ventricular myocardial hypertrophy.
Assessment of the degree of dilatation of the cavities of the heart.
Doppler echocardiography.
Increased flow rate through the aortic valve into systole.
Calculation of the maximum and average systolic pressure gradient across the 
aortic valve.
Classification of the degree of aortic stenosis depending on the maximum and 
average transvalvular pressure gradient.
Calculate the area of the aortic orifice using the continuity equation:
positions and measurements, calculated parameters.
Calculation of the aortic orifice area index.

3.2 Echocardiographic signs of aortic insufficiency

The study of the size of the chambers of the heart, the mass of the myocardium 
of the left ventricle (Figure 4) [14].

The study of contractility of the left ventricle. The study of the volume, shape of 
the myocardium of the left ventricle.

Doppler echocardiography.
Pulse wave doppler.
Assessment of the degree of aortic regurgitation by the depth of the jet in the 

outflow tract of the left ventricle.
Continuous wave doppler also allows assessing the degree and significance of 

aortic regurgitation.

Figure 4. 
Aortic insufficiency.
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Ways to reliably assess the severity of aortic regurgitation:
Calculation of the half-decay time of the aortic pressure gradient regurgitation.
Calculation of the fraction of the regurgitant volume.

3.3 Invasive research methods for aortic stenosis

In order to measure the pressure gradient between the left ventricle and the aorta, 
probing of the heart cavities is performed. to which allows you to indirectly judge 
the degree of aortic stenosis. Ventriculography needed to detect concomitant mitral 
regurgitation. Aortography and coronary angiography are used for the differential 
diagnosis of aortic stenosis with an aneurysm of the ascending aorta and ischemic 
heart disease (Figure 5).

Magnetic resonance imaging (MRI) of the heart is a method of tomographic diag-
nostics, based on scanning the heart tissue with radio waves when the patient is in 
a powerful magnetic field. In the process of MRI, images of slices of the heart are 
obtained in different planes. High resolution characteristics of MRI make it possible 
to obtain detailed information about the structure of the cavities and valves of the 
heart, to conduct a study of the functional parameters of cardiac activity [8, 9, 13].

3.4 Invasive diagnostic methods for aortic insufficiency

Catheterization of the heart cavities with angiography in patients with aortic 
insufficiency is necessary to determine the magnitude of cardiac output, LV end-
diastolic volume and regurgitation volume, as well as other necessary parameters.

3.5 Radionuclide studies of the myocardium in aortic disease

Radionuclide myocardial scintigraphy is used in evaluating the results of surgical 
correction of aortic heart defects.

With AS, LV wall tension occurs, which leads to coronary microcirculatory 
dysfunction. Scintigraphically after surgery, most patients show an improvement in 
myocardial perfusion.

Figure 5. 
Magnetic resonance imaging (MRI) of the heart.
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The above research methods (Figure 6) are performed in almost all specialized 
cardiology and cardiac surgery institutions, where they thoroughly deal with the 
problems of modern diagnostics and the solution of surgical tactics for the treatment 
of acquired aortic heart defects. We only considered it necessary to briefly dwell on 
the problems of diagnosing and determining the surgical tactics of acquired aortic 
valve defects, knowing that dynamically these issues are resolved individually, 
depending on the capabilities of clinics and specialists involved in “adult cardiac 
surgery” at the present stage.

3.6 Surgical methods for the treatment of aortic heart disease

The requirement of modern cardiac surgery is the widest possible use of valve-
saving technologies in heart valve surgery, namely in the surgical treatment of aor-
tic heart defects. However, as is known from the specialized literature, according to 
the leading authors of the post-Soviet period of development, the opinion remained 
that valve replacement operations were preferable in surgery for aortic heart 
defects, in view of the peculiarities of hemodynamics, the relationship of the left 
heart and the aortic valve. Therefore, the preferential performance of prosthetic 
aortic valves rather than plastic reconstructive interventions during these periods 
is explained. But, the trend towards the implementation of valve-saving technolo-
gies is especially noticeable in recent decades, when the development of a number 
of plastic interventions on aortic valves began [15–18]. It is appropriate to bring 
plastic surgeries, such as “Open valvuloplasty of the aortic valves” with stenosis, or 
preferential preservation of the structure of the valve, without gross morphological 
changes (calcification, gross fibrosis, etc.). Performing parietal resection of thick-
ened leaflets with the addition of commissural sutures in case of fibrous change, 
stenosis or predominant stenosis of the aortic valves. It should be noted that they 
were performed with a normal tricuspid aortic valve structure. There are many 
attempts to perform plastic operations on the aortic valves. However, many of them 
did not have sufficiently stable good long-term results and required repeated valve 
replacement operations in a short period of postoperative follow-up. I think that 
among the many methods of plastic surgery on aortic valves, the following deserve 
attention:

Figure 6. 
Radionuclide myocardial scintigraphy of myocardium.
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1. There are several modifications of Operation Ozaki. The author’s methods, the 
meaning of which is in the complete reconstruction of the aortic valve from the 
autopericardium or from the xenopericardium, differ in the types of meters and 
templates. So, for example, the Benaki operation uses gauges made from the 
flexible material nitinol, as opposed to the rigid Ozaki gauges. Due to the special 
properties of this material, gauges can be modeled, giving them the desired 
shape and allowing more convenient measurement of the distance between the 
commissures, then they are also used as templates for cutting the leaf. In addi-
tion to improved meters, Benaki’s operation uses special “three-armed” forceps 
for the comfort of creating aortic valve neocusps [7]. Known special holding 
device for the formation and simultaneous plastics of the aortic valve leaflets 
(MAAZOUZI APS AORTIC PLASTY-SIZER). In the work of A.S. Nesmachny 
describes in detail the technique of using the device in clinical practice [7, 16, 19].

The positioning of future leaflets in the holding device before implantation allows 
quickly and accurately, in accordance with the diameter of the aortic annulus, to form 
a neovalve.

4. Stages of operation Ozaki

1. A known method of forming the leaflets of the aortic valve, cut after intraopera-
tive measurement of intercommissural distances (Figure 7). The length of the 

Figure 7. 
Forming cusps from pericardium.
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free edge of each nonvalve should be 20% greater than the intercommissural dis-
tance, the valve height is 0.866 of the intercommissural distance. The leaflets are 
fixed to the aortic ring with a continuous suture (Figure 8). The disadvantage of 
this method is the absence of the results of the application of this technique in 
clinical practice described in the literature.

2. It should be noted that in this case we are discussing the simplest, most effec-
tive methods of surgical correction of aortic defects, which are the fundamental 
methods of surgical treatment of this pathology.

3. Considering that in more complex variants of aortic malformations complicated 
by other changes in the aorta itself, its part, valvular or tubular apparatus, more 
complex, modified methods of surgical correction of aortic valve malformations 
are invariably performed [3, 17, 20]. An example is the performance of plastic 
surgeries on the aortic root, valvular apparatus, ascending (sometimes the arch, 
descending part) of the aorta, such as David-Jakub operations, Bental-DeBono’s 
basic operation in various modifications, and others. We decided to note only the 
main points of plastic surgery on the aortic valve, using the Ozaki operation as 
an example.

Figure 8. 
Final view of the operation.
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4. The classic operation – replacement of the aortic valve with artificial prostheses 
(Figure 9), is the most common method of surgical correction of aortic heart 
defects to date [21].

4.1 Endovascular aortic valve replacement

Here it is necessary to indicate the importance of choosing an aortic valve prosthe-
sis, since the last decades have been marked by the rapid development of the produc-
tion of biological valves, frameless, framed biological aortic valves, homografts, the 
use of biological valves for endovascular methods of aortic valve implantation, and 
many others [22–24].

But, I think our task is to determine the basics of the correct surgical tactics for the 
treatment of aortic heart defects, indicating the main methods for diagnosing these 
heart defects. To this end, we briefly want to acquaint the reader with the basics of 
the pathogenesis of the development of pathology, the anatomical and hemodynamic 
foundations of aortic heart defects [12, 25].

In recent decades, the technology of endovascular implantation of an artificial 
aortic valve has been developed (Figure 10).

The next high-tech operation is endovascular implantation of aortic valve prosthe-
sis [22, 23, 26]:

Figure 9. 
Classic surgery: Aortic valve replacement and aortic valve leaflet plasty.
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5. Pathological anatomy (by the example of aortic stenosis)

The basis of pathological changes in aortic disease, in this case, aortic stenosis is 
rheumatic inflammation – valve valvulitis. Rheumatic valvulitis gradually leads to 
thickening and compaction of the aortic cusps. This is facilitated by the organization 
of fibrous overlays on the ventricular surface of the valve, as well as the growth of 
valve tissue due to mechanical irritation by blood flow. These factors underlie the sol-
dering of the free edges of the leaflets, as a result of which the valve opening gradually 
decreases. In the area of commissures, fibrin plates form bridges that connect the 
valves between themselves and the aortic wall. Subsequently, the plates are organized 
into fibrous tissue. The narrowed valve opening has a triangular or slit-like shape and 
is usually located eccentrically. When the valves are wrinkled, one or another degree 
of aortic insufficiency is formed. In the altered valve, degenerative processes develop, 
followed by calcification. Calcification can move to structures adjacent to the aortic 
valve: the interventricular septum, the anterior leaflet of the mitral valve, the wall 
of the left ventricle. Bicuspid AV is often associated with a subvalvular membrane, 
sometimes with abnormal origin and course of the coronary arteries, the presence of 
three or even four coronary orifices, and in adulthood is complicated by calcification 
and/or endocarditis of the AV. Under the valvular membrane (Williams’ disease) in 
the left ventricular outflow tract (LVOT) may or may not fuse with the AV leaflets, 
be circular or semilunar in shape in a limited area. Such patients have a characteristic 
“elf face” and lag behind in mental development. LVOT obstruction in hypertrophic 
cardiomyopathy (HCM) is often associated with anterior leaflet prolapse of the 
mitral valve (AMVP). Aortic stenosis causes significant morphological changes in the 

Figure 10. 
Transcatheter aortic valve implantation.
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myocardium of the left ventricle (LV). Prolonged illness leads to progressive hyper-
trophy and the development of relative coronary insufficiency. Dystrophic changes 
develop in the heart muscle: protein and fatty degeneration of muscle fibers, and later 
diffuse and focal sclerosis [14].

6. Pathological physiology (by the example of aortic stenosis)

Hemodynamic manifestations of aortic stenosis develop with a decrease in the 
area of the aortic ostium less than 1 cm2, which is usually combined with a pressure 
gradient between the LV and aorta of 50 mm Hg. Art. The “critical” area of the 
Aorta opening, corresponding to the picture of a sharp aortic stenosis, is 0.5–
0.7 cm2 with an aortic systolic gradient of 100–150 mm Hg. Art. To ensure adequate 
cardiac output, the LV during systole must develop a pressure of 200–250 mm Hg. 
Art. Possessing powerful compensatory capabilities, hypertrophied LV intensifies 
contractions and copes with the defect for a long time. Gradually, the amount of 
“residual” blood in the cavity of the left ventricle increases and diastolic filling 
increases. The cavity of the left ventricle expands, and tonogenic dilatation occurs. 
Additional mobilization of the myocardium occurs due to the activation of the 
Frank- Starling mechanism. When a further increase in the length of muscle fibers 
ceases to be accompanied by an increase in contraction, the so-called myogenic 
dilation occurs; LV decompensation gives rise to a phase of general heart failure. 
Long-term existence of AV stenosis and compensatory hyperfunction leads to the 
development of LV myocardial hypertrophy, the mass of which can reach 1200 g or 
more (at a rate of 250–300 g). The consequence of this is relative coronary insuf-
ficiency. In addition, in patients with aortic stenosis, there may be an absolute 
deterioration in coronary blood flow due to a sharp increase in intraventricular 
and intramyocardial pressure, as well as a drop in pressure at the base of the aorta 
(blood is ejected into the aorta in a thin and strong jet), making it difficult to fill 
the coronary arteries during diastole. For these reasons, in patients with aortic 
stenosis, angina pectoris occurs in 70% of cases, although only half of the patients 
have coronary atherosclerosis. Due to developing myocardial ischemia in this 
category of patients, the risk of sudden death is high [3, 27, 28]. When stenosis is 
combined with aortic valve insufficiency (more often with a bicuspid aortic valve), 
an increase in “preload” is added to the increased “afterload” of the LV, which leads 
to greater stress in the LV wall and a decrease in effective stroke volume.

7. Pathogenesis of development of aortic stenosis

Pathogenesis and changes in hemodynamics. The narrowing of the aortic orifice 
by more than 50% creates a significant obstruction to the flow of blood from the 
left ventricle to the systemic circulation. With its narrowing, the minute volume 
decreases by 75%, although the area of the hole, which is even 10–20% of the 
norm, is compatible with life [29]. To ensure more or less sufficient systolic ejec-
tion in aortic stenosis, a number of compensatory mechanisms are activated. One 
of them is the lengthening of the systole of the left ventricle and the increase in 
pressure in the cavity of the left ventricle. As a result, a large pressure gradient 



Aortic Valve Disease – Recent Advances

34

is created between the aorta and the left ventricle, the latter is sharply hypertro-
phied without a significant increase in the cavity. The narrowing of the mouth of 
the aorta, like no other defect, is characterized by severe hypertrophy of the left 
ventricle. The minute volume remains normal for a long time or slightly decreases, 
the defect remains compensated. With a pronounced degree of defect or a decrease 
in the contractility of the left ventricle, the minute volume decreases significantly. 
In the latter case, the left ventricle dilates, it increases the end-diastolic pressure. 
This further leads to a rise in pressure in the left atrium, and then retrograde in 
the pulmonary veins. There is passive (venous) pulmonary hypertension, which 
does not reach large values and usually does not lead to severe hypertrophy of 
the right ventricle. Over time, congestion may occur in the systemic circulation. 
Coronary blood flow in aortic stenosis is reduced, especially during systole, which 
is explained by the influence of high intraventricular pressure and increased 
resistance in the thickness of the myocardium to coronary inflow. The main 
cause of coronary insufficiency is considered to be a disproportion between the 
increased need for nutrition of a hypertrophied muscle and its relatively low blood 
supply [30]. Additional factors are slow filling of the aorta, a decrease in systolic 
and mean pressure in the aorta (especially in the circumference of the valves) 
(Figure 11).

8. Pathogenesis of the development of aortic valve insufficiency

As a result of incomplete closure of the aortic valve leaflets during diastole, there 
is a reverse flow of blood from the aorta to the left ventricle [31, 32]. From 6 to 50% 
or more of the systolic volume of blood can return to the left ventricle. As a result of 

Figure 11. 
Hemodynamic disturbances in aortic stenosis.
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increased blood supply (as well as normally from the atrium, and also additionally 
from the aorta), the left ventricle dilates, its function increases, since it must eject 
more blood during systole (ventricular systolic volume can reach 200–220 ml). As a 
result, the left ventricle is moderately hypertrophied due to the lack of resistance to 
the ejection of blood [32]. Dilatation of the same ventricle is compensatory, combined 
with the preservation of the contractile function of the left ventricle; it is called 
adaptive (tonogenic, primary), in contrast to the secondary (myogenic), which 
develops with a decrease in the contractile function of the myocardium. The defect is 
also compensated for by shortening the isometric contraction phase and lengthening 
the ejection phase, i.e., facilitating the expulsion of an increased amount of blood 
from the left ventricle. This is due to a more rapid increase (under the influence of 
additional blood volume coming from the aorta) pressure in the left ventricle to 
the level required to open the aortic valve, as well as a decrease in overall vascular 
resistance. With a large valvular defect and as decompensation develops, the diastolic 
pressure in the left ventricle increases, which results in isometric hyperfunction of the 
left atrium. The overload of the left atrium increases when, due to significant dilata-
tion of the left atrium and left ventricle, the expansion of the left atrioventricular 
orifice, relative mitral valve insufficiency is formed. In the future, as decompensation 
progresses, congestion in the pulmonary circulation (passive pulmonary hyperten-
sion) may occur, pressure in the pulmonary artery rises, isometric hyperfunction 
and hypertrophy of the right ventricle develop, followed by right ventricular failure 
(Figures 12–20).

Figure 12. 
Hemodinamic disorders in aortic insufficiency.
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Figure 13. 
Rheumatic lesions of the aortic valve.

Figure 14. 
Atherosclerotic degenerative changes of the aortic valve.
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Figure 15. 
Congenital aortic valve (bicuspid aortic valve) lesions.

Figure 16. 
Congenital aortic valve (bicuspid aortic valve) lesions.
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Figure 19. 
Morphological picture of removed aortic valves (in degenerative lesion).

Figure 17. 
Difference in calcinosis in rheumatic (a) and degenerative (b) lesions of the aortic valve.

Figure 18. 
Morphological picture of removed aortic valve (rheumatic lesions).
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9. Conclusion

Thus, when discussing the above problem of cardiology and cardiac surgery, 
it should be noted that the statistics of detection of aortic malformations have 
indeed changed over the past decades, in terms of frequency, which come out on 
the third place after coronary heart disease and hypertension. A particularly large 
percentage refers to aortic stenosis. Another feature is the change in the etiologi-
cal factors in the development of aortic heart defects. So, if earlier the rheumatic 
genesis of the development of aortic malformations prevailed all over the world, 
now the degenerative nature of the development of aortic malformations is clearly 
increasing.

The third feature is the change in the social structure of aortic heart disease, 
i.e. with a noticeable increase in the age of the population, the number of patients 
over 60 years of age who undergo open correction sharply prevails. It follows from 
the above that open corrections are also changed. It follows from the above that the 
principles of diagnosing aortic heart defects have also changed, non-invasive highly 
informative computer technologies are increasingly being used that help to accurately 
determine the surgical tactics of treatment and evaluate the results of corrections of 
aortic heart defects.

The combination of valvular pathology and atherosclerotic lesions of the coronary 
vessels and the aortic wall sharply increases. Accordingly, the number of simultane-
ous large reconstructive operations on the valves of the aorta and root, and coronary 
vessels and others is increasing. It follows from the above that the principles of 
diagnosing aortic heart defects have also changed, non-invasive highly informative 
computer technologies are increasingly being used that help to accurately determine 
the surgical tactics of treatment and evaluate the results of corrections of aortic heart 
defects. The combination of valvular pathology and atherosclerotic lesions of the 
coronary vessels and the aortic wall sharply increases.

Figure 20. 
Morphology of the valve in congenital defects of the aortic valve.
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Accordingly, the number of simultaneous large reconstructive operations on the 
valves of the aorta and root, and coronary vessels and others is increasing. Open 
corrections are made. Accordingly, there is a need to revise the approaches to studying 
the issues of etiology, clinic and diagnostics, determining the tactics of treatment, 
performing the stages of surgical correction and evaluating the results of the latter 
in patients with acquired aortic heart disease at the present stage of development of 
cardiology and cardiac surgery.
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Chapter 3

Ascending Aortic Aneurysm in 
Relation to Aortic Valve Phenotype
David Freiholtz, Per Eriksson and Hanna M. Björck

Abstract

Being born with a bicuspid aortic valve (BAV) is a significant risk factor for 
developing an ascending aortic aneurysm (AscAA). Research has uncovered dif-
ferent mechanisms influencing AscAA development in BAV-patients compared to 
those with normal tricuspid aortic valves (TAV). BAV-associated AscAA may result 
from intrinsic hemodynamic or genetic alterations, possibly even embryonic ori-
gins. During embryonic development, neural crest cells and the second heart field 
contribute to the ascending aorta’s formation, with defective signaling potentially 
increasing susceptibility to aneurysm development. BAV can manifest with different 
phenotypes, impacting clinical outcomes. The degenerative AscAA in TAV-patients 
differs from BAV-associated AscAA, marked by fibrosis, smooth muscle cell loss, and 
inflammation. AscAA in TAV-patients rarely appears in those with aortic stenosis, 
suggesting a link between aortic valve disease and degenerative AscAA. This chapter 
aims to describe suggested molecular mechanisms driving aneurysm formation in 
BAV- and TAV-patients.

Keywords: ascending aortic aneurysm, bicuspid aortic valve, embryology, 
valvulogenesis, vascular inflammation, aortic stenosis, aortic regurgitation

1. Introduction

Ascending aortic aneurysm (AscAA), defined as a dilatation of the ascending 
aorta 1.5 times the expected diameter [1], is a silent, potentially fatal disease with 
regrettably little known of its underlying pathomechanisms. The condition is most 
often discovered incidentally during radiological examinations, and no screening 
for the disease is performed. AscAA in general has a reported incidence of 5 per 
100,000 patient-years [2]. The most significant risk factor for developing AscAA, 
with 80 times increased risk compared to the general population [3], is the common 
congenital heart malformation, the bicuspid aortic valve (BAV) [4–6]. The embryonic 
development of the aortic valve and ascending aorta are spatiotemporally associated, 
and implications of this, aortic flow disturbances and/or genetics have been proposed 
for the cooccurrence of BAV and AscAA [7–9]. Notably, the ascending aortic media 
is structurally well preserved in patients with concomitant aneurysm and BAV [10] 
(Figure 1A). Contrastingly, an aneurysm of the ascending aorta in patients with nor-
mal tricuspid aortic valves (TAV) is characterized by marked degenerative insults and 
immune cell infiltration [11] and almost exclusively occurs in association with aortic 
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valve regurgitation, not aortic valve stenosis [12]. In this chapter, we will describe the 
potential effects of aortic valve cuspidity and aortic valve disease on ascending aortic 
aneurysm formation and development.

2. A spatiotemporal embryonic association of the aorta and aortic valve

Valvulogenesis involves the initial formation of endocardial cushions in the atrio-
ventricular canal and outflow tract via a process known as endocardial-to-mesenchy-
mal transition. Specifically, delamination, endocardial cell migration, and remodeling 
events give rise to mesenchymal cells, subsequently forming the atrioventricular canal 
leaflets (mitral and tricuspid) and semilunar valves (aortic and pulmonary) [13]. 
However, lineage tracing studies in various animal models have demonstrated that the 
formation of semilunar valves is a more complex process involving other cell lineages, 
including cardiac neural crest cells as well as second heart field [14]. Interestingly, 
cardiac neural crest cells are crucial for arteriopulmonary septation and also give rise 
to vascular smooth muscle cells (VSMCs) of the ascending aorta and the aortic arch 
[15]. In the aortic root, the adluminal media is derived from neural crest cells, while 
the outer media/adventitia originates from second heart field [16, 17].

Evidently, there is a direct embryonic relationship of the adult ascending aorta and 
the aortic valve. During embryogenesis, various signaling pathways, such as Wnt/β-
catenin, NOTCH, and transforming growth factor β (TGFβ), play a crucial role in 
regulating cell migration, proliferation, and extracellular matrix (ECM) deposition in 
the developing valves and ascending aortic wall [13, 18–22]. Defects in these signaling 
pathways may indeed lead to dysfunctional valvulogenesis and the formation of a 
BAV [15].

3.  Embryonic origin of the bicuspid aortic valve: Impact on clinical 
manifestations of AscAA

BAV is the most common congenital malformation of the heart, with a prevalence 
of 1–2% in the general population [23]. It is characterized by the occurrence of two, as 

Figure 1. 
(A) Movat pentachrome stainings of dilated aortas from patients with BAV (a, c) and TAV (b, d). In 
TAV-associated aneurysm, clear signs of degeneration, fibrosis, smooth muscle cell loss, and extracellular 
matrix component deposition can be seen. Magnification x20. Adapted from Freiholtz et al. [10]. 
(B) Immunohistochemical stainings of CD4+ cells in ascending aortic tissue of BAV- and TAV-patients, 
magnification x40. Adapted from Folkersen et al. [11].
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opposed to the normal three, aortic valvular cusps, and its morphotype may be clas-
sified by the number of raphe – a fusion of the lanulae valvarum of the left-coronary 
(L), the right-coronary (R) or the noncoronary cusp (N) [24]. A fusion of two cusps, 
confers a type-I BAV where the most common variant is fusion of the R and L cusps, 
followed by R–N and L–N. A type II BAV entails fusion of two raphe, and type 0 BAV 
represents a BAV with only two valvular sinus. Interestlingly, studies investigating the 
involvement of cardiac progenitor cells in the development of different BAV pheno-
types have suggested that the type 1 BAV fusions R–L and R–N (i.e., the most com-
mon BAV phenotypes) have separate developmental aberrations. In particular, the 
R–L fusion was shown to be associated with abnormal behavior of neural crest cells 
[15], whereas an eNOS mutation has been proposed as a cause for the R–N fusion and 
a predisposition to aortic dilatation and dissection [25, 26]. The latter finding may 
suggest a role of second heart field in the development of type 1 R–N BAV as eNOS is 
expressed by endocardial cells, cardiomyocytes, and VSMCs, all of which are derived 
from the second heart field [27].

A possible consequence of different cardiac progenitor cells conferring different 
BAV phenotypes could be that specific regions of the ascending aorta are affected 
depending on the individual’s phenotype. Indeed, we and others have shown an 
association between BAV phenotype and different clinical manifestations [27, 28]. 
Furthermore, the R–L phenotype was associated with larger aortic root dimensions, 
which has been well-documented in echocardiography cohorts [29–32]. Additionally, 
patients with type 0 BAV tended to present clinically at an earlier age than those 
with other phenotypes, and a similar trend was observed in men in this study [28]. 
Interestingly there are trends showing that R–L and type 0 phenotypes are associated 
with a higher prevalence of ascending aortic dilatation at any segment compared with 
the R–N phenotype, which relation to aortopathy has historically been conflictingly 
[28]. For instance, a large study on a surgical cohort reported a lack of ascending 
aortic root dilatation in combination with R–N phenotype [33].

4. Characteristics of BAV-associated ascending aortopathy

As described above, an association between impaired embryonic signaling 
between different cardiac progenitor cells and the formation of a BAV has been 
suggested, likely contributing to aortopathogenesis. The cardiac progenitor cells 
involved in valvulogenesis migrate and populate the ascending aortic media [18]. The 
literature has as such focused on the aortic media as causative of aortopathy. The adult 
ascending aortic media is laminarly structured with VSMCs sandwiched between 
load-bearing elastin and collagen [34]. Albeit BAV has been known as a risk factor for 
disease since 1844 [35], it was first during 1984, in necropsy studies by Larson et al., 
that structural differences between BAV-associated aortopathy and degenerative 
ascending aortic aneurysm were proposed in light of vastly different rates of acute 
aortic syndromes [36]. Histologically, one can observe very small differences in the 
ascending aorta of BAV patients with or without aneurysm, i.e., the elastin is intact, 
there is VSMC apoptosis, although notably without mucoid extracellular matrix accu-
mulation (MEMA), and the aortic intima-media exhibits few signs of inflammation 
[10]. Still, the nondilated aorta of individuals with BAV displays a seemingly thinner 
intima [37].

In past years, researchers have focused on the aortic media in BAV-associated aor-
topathy with findings of differential VSMC phenotypes in BAV and TAV aortopathies 
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[11, 38]. Not only have these cells been found to undergo apoptosis [39] without 
apparent MEMA [10], but BAV VSMCs also exhibit distinct morphology. In BAV 
patients, VSMCs are less differentiated, indicating a defect in the phenotypic switch 
process, leading to significantly lower expression of differentiated, contractile VSMC 
markers, such as smoothelin, calponin, and SM22alpha [40, 41]. Additionally, VSMC 
dissociated from aneurysmal tissue exhibit differences in proliferation and migration 
comparing BAV and TAV VSMC. Specifically, in an ORIS migration assay, TAV VSMCs 
showed a faster migration and a higher proliferation rate than BAV VSMCs [10]. 
Although these cells exhibit such characteristics and behavior in aneurysmal tissue, 
the less differentiated and immature VSMCs are observed in both nondilated and 
dilated BAV populations [40], leading the mind to wonder if this VSMC phenotype 
might itself not be driving aneurysm development.

Interestingly, we and others have observed a mesenchymal-like state of endo-
thelial cells in the ascending aorta of BAV patients, even prior to aortic dilatation 
[7, 42, 43]. Moreover, the expression of the endothelial-specific marker CD31 is 
decreased in nondilated BAV aorta, indicating a less differentiated endothelial 
phenotype [10]. Also, there are signs of a compromised basal membrane, with 
decreased expression of laminin gamma 1 [10], the main monomer in laminin 
trimers of large artery basal membranes [44]. This, together with reports of 
alterations in endothelial junction protein expression in nondilated BAV, such 
as increased protein turnover of CDH5, decreased expression of CLDN5, and 
increased mRNA expression of CDH2 with dilatation compared to TAV patients 
[45], indeed implicates dysfunctional endothelium in BAV. Electron microscopy 
further strengthens this observation with signs of junctional degradation and a 
less intact endothelium in nondilated BAV individuals compared with TAV [45]. 
The genetic variants and missense mutations of ROBO4 found to associate with 
BAV aortopathy further strengthen the role of the endothelium in the AscAA 
development of BAV patients [46], as ROBO4 is an arbiter of vascular integrity and 
endothelial barrier function [47, 48]. The study by Gould et al. demonstrates the 
endothelial barrier impairment by infiltration of albumin into the ascending aortic 
wall [46], but we, too, have observed this to be a general characteristic of BAV 
ascending aortas, no matter if they are dilated or not [10].

Thus, the endothelium, too, has a seemingly important role in the distinct aortic 
wall phenotype observed in BAV patients. This is further supported by numerous 
animal models with endothelial-specific mutations producing offspring with a higher 
prevalence of BAVs. Most notably, in regards to endothelial function, mice lacking 
eNOS result in 40% BAV progeny [25]. Mice with GATA5−/− (with 25% BAV progeny) 
indicate that dysfunctional endothelial phenotype, as they also display lower expres-
sion of endothelial-specific markers – CDH5, TIE2, and eNOS, is related to BAV 
[49]. However, a drawback of these studies is that the prevalence of, or propensity to 
develop, aortopathy was not investigated. Nonetheless, the endothelial-specificity of 
eNOS, and the fact that GATA5 is mostly restricted to the endocardium, disappearing 
at mid-gestation and is required for early differentiation of cardiac progenitors into 
endothelial/endocardial cells, suggests a connection between the BAV phenotype and 
disturbed endothelial function.

An observed consequence of impaired endothelial function related to BAV is 
increased permeability. Ascending aortas of nondilated and dilated BAV patients 
exhibit greater infiltration of albumin in the aortic intima-media compared to TAV 
patients, which in nondilated state have a normal functional endothelium [10, 46]. 
The infiltration of plasma proteins into the aortic wall of BAV patients and potential 
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consequences to VSMC phenotype thereof has to our knowledge, not been investi-
gated. It is, however, a promising line of research in search of circulating biomarkers 
influencing the cellular phenotype of ascending aortas in BAV patients. One might 
speculate that such a biomarker might guide practices of surveillance and indications 
of ascending aortic surgery.

5. Genetics and hemodynamics in BAV aortopathy

Analyses of the genetic contribution to BAV and its associate aortopathy in a large 
family-based study suggested that genetics and the presence of BAV independently 
influence ascending aortic diameter [50]. These investigations highlight the first 
and oldest hypothesis of BAV-associated AscAA development, namely the hemo-
dynamic hypothesis [51]. Indeed, several studies have suggested a contribution of 
BAV-associated impaired flow to aneurysm development [52, 53]. A plethora of 
radiological tools, such as low-sensitive cardiac magnetic resonance imaging with 
full volumetric coverage of the ascending aorta, have allowed multiple flow-specific 
investigations on BAV aortopathy in the previous decade. As such, it is clear that 
hemodynamic alterations are intrinsic to BAV, even in the absence of severe valve 
disease, by virtue of its anatomy. Hemodynamic alterations in the presence of a BAV 
include flow jets, eccentric helical flow, and increased ascending aortic wall-shear 
stress. Observations of increased wall-shear stress and intramural stresses underpin 
the hypothesis that these hemodynamic alterations indeed participate in AscAA 
development and progression [54]. Not only are disturbances in ascending aortic flow 
pathognomic of BAV, but signs of flow-dependent cellular and histological changes 
have also been observed. Grewal et al. have published data suggesting a jet-associated 
phenotypic switch of the inner ascending aortic media by virtue of hemodynamic 
alterations [55]. Similarly, in support of a hemodynamic component in ascending 
aortopathy is a spatial differential expression of matrix proteins and smooth muscle 
cell depletion compared to a more circumferentially homogenous Marfan-or TAV-
associated aorta [56, 57]. Furthermore, aortic endothelial cells isolated from BAV 
patients exhibit differential expression of flow-related KLF2, KLF4, PECAM1, and 
CDH5 compared with TAV ECs [58]. Still, as explored by Gauer et al., the expression 
of eNOS synthase does not differ between different ascending aortic regions in BAV, 
despite being subject to different hemodynamic forces and wall-shear stress [59]. 
Another topic obscuring the influence of hemodynamics on BAV aortopathy is the 
remedy of BAV through aortic valve repair and the possible progression of ascending 
aortic dilatation. There are conflicting reports on the pace at which the BAV aorta 
continues to dilate following aortic valve repair, showing both a faster growth and a 
normal rate of dilatation [60, 61]. There are still no investigations on transcatheter 
aortic valve replacement in BAV patients and the continued dilatation of the ascend-
ing aorta.

The second hypothesis of BAV development, i.e., the genetic hypothesis, is gaining 
more favor, and indeed genome-wide association studies are finding noncoding vari-
ants of genes like GATA4 associating with BAV [62] Albeit GATA4 deletion hampers 
endothelial-to-mesenchymal transition in transfected cells, and are through this 
mechanism believed to influence BAV-development [62]. GATA4-variants and muta-
tions, while not functionally investigated, are further implicated in BAV development 
by a well-described association with congenital heart defects [63–65]. While GATA4 is 
associated with the presence of a BAV, genetic variants of ROBO4 – a gene associated 
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with endothelial cell performance and function [47, 48], are also implicated in both 
BAV development and its associated aortopathy [46]. Even still, variants of SMAD6 
are associated with BAV-associated aortopathy [66].

Of note, exploration of genetic causes of nonfamilial BAV aortopathy cannot be 
disentangled from the concomitant hemodynamic alterations, and as such, both 
genetic and an altered hemodynamic are likely to contribute to disease development. 
This way, the current state of the literature warrants an integration of genetic and 
molecular factors being investigated in association with hemodynamic factors.

6. Degenerative ascending aortic aneurysm

While degenerative AscAA manifests with the same clinical manifestation as the 
BAV-associated AscAA, i.e., a dilated aorta, it is histomorphologically vastly different 
[67]. A comprehensive global gene expression analysis was conducted on ascending 
aortic intima-media obtained from both nondilated and dilated ascending aortas 
of 131 patients with BAV and TAV (i.e., degenerative AscAA), showing significant 
molecular disparities in the underlying pathophysiology between BAV and TAV- aor-
topathy [11]. The degenerative form of AscAA is marked by fibrotic, inflammatory, 
and degenerative changes [7, 68]. The histopathology of degenerative AscAA was first 
described by Erdheim in 1929 as idiopathic cystic medial necrosis [69]. Although this 
descriptor of the changes has been abandoned by contemporary science, the changes 
describe the loss of VSMCs with the subsequent accumulation of ECM components. 
Cystic medial necrosis is, by the current histopathological consensus on degenera-
tive thoracic aortic disease [70], instead described as MEMA, whereby dead VSMCs 
deposit primarily collagens and proteoglycans to the site of injury [71]. Furthermore, 
one of the main load-bearing proteins, elastin [72], which, together with the VSMCs, 
make up the lamellar units of the vascular media, appear fragmented and thinned out 
with disease progression [70]. Furthermore, there are multiple reports of low-grade 
inflammation and infiltrated leukocytes into the aortic intima-media of degenerative 
AscAA [11].

Although the main histopathological characteristics of degenerative AscAA are 
described in the pathological consensus, structured histopathological studies reveal 
a degree of heterogeneity in AscAA tissue from patients undergoing ascending aortic 
repair. The degree of inflammatory activity and location of infiltrated leukocytes, i.e., 
subintimal or mid-media, varies without known associations to patient characteristics 
[11]. Noteworthy is also the reported experience of surgeons treating aortic diseases, 
where degenerative AscAA differ significantly from descending aortic aneurysm 
or abdominal aortic aneurysms (AAA), in particular with respect to the absence 
of mural thrombi or macroscopic signs of atherosclerosis [73]. Taken together, this 
indicates, in our minds, that the degenerative changes described in the pathological 
consensus apply to most AscAA patients despite some reports of heterogeneity as 
pronounced inflammation or microscopic atherosclerotic lesions.

AscAA in patients with tricuspid aortic valves can manifest as part of monogenic 
syndromes, where inherited genetic mutations play a significant role in the develop-
ment of aortopathy. Mutations in genes encoding ECM proteins, such as FBN1 in 
Marfan syndrome, COL3A1 in vascular Ehlers–Danlos syndrome, and TGFBR1 and 
TGFBR2 in Loeys–Dietz syndrome, disrupt the structural integrity of the aortic wall 
[74]. These mutations lead to abnormal ECM synthesis, impaired collagen and elastin 
assembly, and risk of ascending aortic dilatation.
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In the absence of monogenic diseases, molecular drivers of degenerative AscAA 
development may be matrix metalloproteinsases (MMP), TGFβ signaling pathway 
disruptions, and inflammation [11, 75]. MMPs are a family of enzymes involved in 
the breakdown of ECM components. Excessive MMP activity has been observed in 
AscAA, particularly MMP-2 [76], −3 [77], −9 [78], −14, and − 19 [79]. Increased 
MMP expression and degraded ECM structures, such as elastin, induce VSMC death, 
weakening the aortic wall and promoting aneurysm formation [80]. Dysregulated 
TGFβ signaling is central in AscAA in monogenic conditions like Marfan syndrome 
and Loeys–Dietz syndrome [81, 82] but may too contribute to disease progression in 
polygenic contexts. The disruption of TGFβ signaling results in increased produc-
tion of TGFβ ligands, which, paradoxically, can lead to defective TGFβ signaling and 
impaired ECM maintenance and turnover [83]. Altered TGF-β signaling disrupts the 
balance between ECM synthesis and degradation, consequently leading to aneu-
rysm development. Inflammatory processes also play a role in degenerative AscAA 
pathogenesis. Macrophages and T lymphocytes infiltrate the aortic wall, releasing 
pro-inflammatory cytokines and chemokines with reports of upregulated inflamma-
tory genes [84]. This immune system activation contributes to chronic inflammation, 
subsequent oxidative stress, and ECM remodeling, thereby exacerbating degenerative 
characteristics and aneurysm growth [85–88].

The clear difference between degenerative and BAV-associated AscAA strengthens 
the idea that these diseases are indeed separate. Instead, degenerative AscAA appears 
more similar to AAA at a molecular level, although genetic analyses have demon-
strated a limited overlap [74, 89].

Atherosclerotic processes are often implicated in AAA, with accumulation of 
lipids, immune cells, and ECM components within the abdominal aortic wall [90]. 
Lipid deposition and macrophage infiltration contributes to the release of pro-inflam-
matory cytokines and the production of reactive oxygen species, resulting in chronic 
inflammation, endothelial dysfunction, and vascular degeneration [91, 92]. Oxidative 
stress further promotes inflammation, ECM degradation, and apoptosis of vascular 
cells, exacerbating AAA progression [93]. Moreover, proteolytic enzymes, such as 
MMPs (in particular MMP-1, −2, −3, −9, −12, and − 13) and elastases, are secreted 
by immune and vascular SMCs leading to increased degradation of ECM components 
and weakening the abdominal aortic wall [80, 94]. Of note, in the context of differ-
ential mechanisms driving aneurysm development, the abdominal aorta is subject to 
different hemodynamic forces than the ascending aorta, including flow disturbances, 
pulsatile flow, and increased wall-shear stress. These hemodynamic forces induce 
endothelial dysfunction, inflammation, and arterial wall remodeling, contributing 
to AAA formation [95]. Of note, intracranial aneurysms (IAs) are also influenced 
by hemodynamic forces, specifically in the context of formation and rupture [96]. 
Regions of disturbed flow, such as bifurcations and curvatures, are particularly vul-
nerable [96]. Also, similarly to AscAA and AAA, proteolytic enzymes (e.g., MMP-2 
and -9) are involved in the pathogenesis of IA [97].

Genetic predisposition also plays a significant role in IA development. Mutations in 
genes encoding components of the ECM, such as collagen type IV alpha-1 and alpha-
2, have been identified in familial cases of IA [98, 99]. These mutations hamper the 
structural integrity of the intracranial arterial wall, causing a propensity to IA formation. 
Inflammation and immune responses also contribute to IA pathogenesis. Inflammatory 
cells infiltrate the arterial wall, releasing cytokines and promoting oxidative stress 
[100–102]. This leads to ECM degradation, smooth muscle cell apoptosis, and arterial 
wall remodeling, ultimately contributing to aneurysm formation and growth (Figure 2).
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It is important to note that while there are similarities in the molecular drivers 
between AscAA, IA, and AAA, there are also distinct differences. AscAA is often 
associated with monogenic connective tissue disorders or proteolytic enzyme degen-
erative effects, whereas IAs are more often influenced by polygenic genetic factors, 
hemodynamic forces, and inflammation [103]. AAA is influenced by atherosclerotic 
processes, proteolytic enzyme activity, oxidative stress, hemodynamic forces, 
inflammation, and ECM remodeling [74, 98]. It is important to note that while these 
molecular drivers are often associated with AscAA, IA, and AAA, there can be con-
siderable heterogeneity in the underlying mechanisms between individual patients. 
Moreover, there may be overlapping molecular pathways and interactions, requiring 
further studies. Understanding the molecular drivers of aneurysmal disease is crucial 
for developing targeted therapies and interventions to prevent its progression and 
improve patient outcomes.

7.  Implications of aortic valve disease on degenerative ascending aortic 
aneurysm

There are signs that degenerative AscAA is also associated with aortic valve disease 
when examining the surgical ASAP-cohort (described in detail elsewhere [12]); 
BAV-associated aortopathy has an equal prevalence of aortic stenosis (AS) and aortic 
regurgitation (AI). Contrastingly TAV-associated (degenerative) AscAA often associ-
ates with AI but very seldomly AS. This may imply that AS has protective effects on 
AscAA development, or the inverse, that AscAA patients are protected from AS.

The association of AI with degenerative AscAA may in part represent secondary 
causes of AI, i.e., disease of surrounding structures [104]. However, AI, combined 
with degenerative AscAA, was also prevalent in the absence of aortic root dilatation, 
as seen in the ASAP cohort, pointing toward a primary cause of AI to AscAA forma-
tion. Notably, AI is a well-known prognostic factor in clinical outcomes of patients 
undergoing ascending aortic repair [105]. A worse surgical outcome for AscAA/AI 
repair is reported in both BAV and TAV individuals [106].

Interestingly, further strengthening the association of AI to AscAA formation 
is the fact that degenerative changes are noted in ascending aortas of patients with 

Figure 2. 
Matrix metalloproteinases associated with degenerative aneurysmal disease.
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normal aortic diamters and AI. Specifically, elastin fragmentation, thinning and 
MEMA (indicative of VSMC death) have been observed in patients with AI but not AS 
[105, 107]. One apparent line of investigation not yet explored is whether this associa-
tion can be observed in individuals with BAV without dilatation but with respective 
aortic valve disease [37]. Neither have implications of AI-associated ascending aortic 
degeneration been investigated as a possible player in AscAA formation.

8. Summary

In summary, the impact of aortic valve cuspidity on ascending aortic aneurysm is 
well-established. Specifically, BAV aortopathy has been associated with endothelial 
instability and endothelial-to-mesenchymal transition, possibly of embryonic origin. 
Moreover, different BAV fusion types may impose different mechanisms of aortopathy, 
with different aortic segments being affected. TAV-associated degenerative aneurysms, 
on the other hand, are molecularly more similar to AAA with clear medial degeneration 
and inflammation. Also, aortic valve disease may play a role in degenerative aneurysm 
formation, with aortic dilatation occurring almost exclusively in combination with aortic 
regurgitation. This is further supported by histopathological evidence.

As the aortic valve and ascending aorta are not only anatomically proximate but 
also embryonically associated and physiologically interacting, the impact of aortic 
valve cuspidity and disease on ascending aortopathy is warranted further research 
specifically to explore more patient-specific molecular mechanisms. An elucidation 
of the molecular underpinnings of AscAA development in different conditions of the 
aortic valve will help guide novel diagnosis and treatment strategies.
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Abstract

Aortic stenosis (AS) is a chronic, progressive disease. The most common cause of 
aortic stenosis etiology in advanced age is calcific, degenerative aortic stenosis. Once 
patients become symptomatic, the disease progresses rapidly. Treatment is surgical 
aortic replacement. Advanced age and the presence of comorbid conditions increase 
the risk of surgery. Therefore, a significant number of patients cannot be treated. For 
this purpose, transcatheter aortic valve interventions were developed and started to 
be used all over the world. In this article, we discussed the technical features of the 
transcatheter aortic valve replacement (TAVR) procedure, the types of valves used 
and the complications of the procedure. Clinical results of the procedure and com-
parisons with other treatment methods will not be included in our article.

Keywords: aortic stenosis, balloon expandable, cusp overlap, self-expandable, 
transcatheter, heart valve

1. Introduction

Aortic stenosis (AS) is the most common type of valvular heart disease in devel-
oped countries. Incidence of AS increases due to the prolongation of life expectancy. 
Until the 2000s, surgical aortic valve replacement (SAVR) was the unique treatment 
for symptomatic AS. In 2002, Cribier et al. [1] performed a transcatheter aortic valve 
replacement (TAVR) procedure with a balloon-expandable valve in an inoperable 
patient and a new era began.

First, TAVR was approved for patients with high surgical risk but currently as 
more data gleaned, the focus expanded to the intermediate- and low-risk patients as 
well [2]. All the available transcatheter heart valves belong to one of the following 
categories: balloon-expandable valves (BEVs) or self-expandable valves (SEVs). BEV 
expands using the radial strength of the balloon, in contrast, SEV is deployed until 
it faces the resistance of the annular wall, adapting to anatomy of aortic annulus 
[3]. Another classification is according to leaflets mounted within the stented frame 
to native aortic annulus. Based on this grouping, valves can be classified as supra-
annular and intra-annular. Supra-annular valves are designed to avoid interaction 
with native annulus. This prevents blood flow obstruction. Also, supra-annular valves 



Aortic Valve Disease – Recent Advances

66

lead to lower transvalvular gradients and higher effective orifice area [4]. On the 
other hand, intra-annular valves lead to less interaction with coronary ostia, thereby 
minimizing the risk of obstruction [5].

2. Transcatheter aortic valve types

2.1 Self-expandable valves

Self-expandable valve family includes Evolut R, Evolut Pro, Evolut Pro+, *Evolut 
FX (Medtronic, Minneapolis, MN, USA), Portico, Navitor (Abbott Vascular, Santa 
Clara, CA, USA), Acurate Neo (Boston Scientific, Marlborough MA, USA), Allegra 
(Biosensors, Singapore, Singapore, and New Valve Technology, Hechingen, Germany) 
and Biovalve (Biotronik, Buelach, Switzerland).

2.1.1 CoreValve/evolut family

First, the SEV ‘CoreValve’ was initially presented by Medtronic. In CoreValve US 
Pivotal Trial, TAVR showed higher survival rates compared to SAVR at 1 year [6]. 
The main disadvantages of this system were large size of delivery system, increased 
postprocedure permanent pacing rate, increased rate of paravalvular leak (PVL) and 
relatively increased stroke rates [7–10]. After the CoreValve system, Evolut R, Pro and 
Pro+ were designed by Medtronic (Figure 1). All models contain tri-leaflet porcine 
pericardial tissue on a Nitinol frame and work in a supra-annular position. Evolut 
R system has favorable outcomes compared to the CoreValve system, especially on 
paravalvular leak. Evolut Pro kept all features of Evolut R, is recapturable and reposi-
tionable to assist in optimal deployment. Also, this system has an extra porcine peri-
cardial wrap over first 1.5 cells to reduce PVL [11, 12]. Evolut Pro+ platform can treat 
an even larger annulus range up to 30 mm diameter. Evolut FX valve was recently 
developed with enhanced visualization capabilities [13]. Platforms use transvascular 
ways. Evolut R and Evolut Pro+ have four annular diameter sizes. The size of 23 mm 
is suitable for 18–20 mm aortic valve annuli, 26 mm for annuli 20–23 mm, 29 mm for 
annuli 23–26 mm and 34 mm for annuli 26–29 mm. Evolut R platform uses 14 French 
(Fr) equivalent sheath. But 34 mm Evolut R and Evolut Pro platform use 16 Fr sheath. 
Evolut Pro+ platform uses 14 Fr sheath (18 Fr sheath is necessary for a 34 mm valve). 
Generally before implantation, predilatation is recommended. Usually rapid pacing is 

Figure 1. 
CoreValve/evolut valve design.
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not necessary but in aortic regurgitation and high annuli diameter, controlled pacing 
(90–130 rates/min) can be used (Table 1).

2.1.2 Portico and Navitor

Portico is the first resheathable and repositionable SEV. Its intra-annular design 
provides early valve function and reduces hemodynamic interaction during the 
procedure. Portico has large frame cells that enhance coronary access. Available sizes 
are 23 mm, 25 mm, 27 mm and 29 mm. Both platforms use transvascular ways. The 14 
Fr sheath is suitable for 23–25 mm valves and the 15 Fr sheath is suitable for 27–29 mm 
valves [14, 15]. Navitor is a new generation of Portico valves (Figure 2). It has an 
external cuff to reduce PVL. Abbott published 30-day results. All-cause mortality 
0%, permanent pacemaker 15%, major vascular complications 0.8% and mean gradi-
ent 7.4 mmHg, higher than minimal PVL 0%, were observed. Highlighted potential 
risk is associated with increased rates of permanent pacemaker implantation [16].

2.1.3 Acurate TA and Acurate NEO

Acurate TA is used for transapical access and Acurate Neo is used for transvascular 
access. Unlike other SEVs, Acurate cannot be repositioned. It has a supra-annular 
design with three stabilization arches that help bioprosthetic valve alignment. 
Implantation has two steps from ‘up to down’. First aortic side releases then suban-
nular side releases. Because of this unique opening style, the platform protects 

Evolut r Evolut pro Portico Acurate neo

Approval FDA, CE FDA, CE CE CE

Leaflet position Supra-annular Supra-annular Intra-annular Supra-annular

Leaflet structure Porcine Porcine Bovine Porcine

Valve sizes 23,26,29,34 23,26,29 (pro+34 also) 23,25,27,29 23,25,27

Resheathability Yes Yes Yes No

Self-positioning No No No Yes

Table 1. 
Comparison of self-expandable valves’ basic features.

Figure 2. 
Portico/Navitor valve design.
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hemodynamics, allows blood flow and decreases embolization risk. Acurate Neo 
is especially suitable for low coronary distances and horizontal aorta (Figure 3). 
Acurate Neo has the lowest permanent pace ratio in all SEVs. This is a consequence of 
lower radial force. Due to lower radial force, conduction system trauma reduces. But 
this low radial force makes necessary predilatation and postdilatation. Acurate Neo 
has three sizes (23 mm, 25 mm and 27 mm) [17].

2.1.4 Allegra valve

Allegra (Biosensors, Singapore, Singapore, and New Valve Technology, Hechingen, 
Germany) has a tri-leaflet Nitinol stent roof made of bovine pericardium in the 
supra-annular position (Figure 4). The access way is transvascular. The delivery 
system includes three-stage release technology for implantation. Unlike other valves, 
the delivery system and valve are first placed toward the left ventricle. Then the valve 
starts to open from the middle part (Permaflow position). Because of low radial force, 
predilatation is recommended. In 2016 after the first results of the Allegra valve were 
positive, it received European Conformity, i.e., Conformité Européene (CE) approval 
in March 2017 [18, 19].

2.1.5 Biovalve

Biovalve (Biotronic, Buelach, Switzerland) is a new-generation valve with supra-
annular structure, consisting of a skirt on a Nitinol roof and three leaflets made from 
porcine pericardium. This platform presents a large orifice area. The delivery system 
has a diameter of 18 Fr, suitable for transfemoral access, 360 degree flexible structure 
and ergonomic design. The valve can be resheathed up to 80% of implantation [20].

Figure 3. 
Acurate neo design.
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2.2 Balloon-expandable valves

Implantation of a transcatheter heart valve (THV) via a balloon-expandable sys-
tem played an important role in the early stages of TAVR. The first clinical experience 
started with the Cribier-Edwards valve. After the technological developments, new-
generation devices are made available. BEVs are Saphien family (Edwards Lifesciences 
Corporation, Irvine, CA, USA), Myval (Meril Life Sciences Pvt. Ltd., Vapi, Gujarat, 
India), Inovare (Braile Biomedical, São José do Rio Preto, Brazil) and Colibri (Colibri 
Heart Valve, Broomfield, USA). All BEVs are placed in an intra-annular position.

2.2.1 Saphien BEV family

Saphien is the first BEV. This family includes Saphien XT, Saphien 3 and Saphien 
3 Ultra. The valves are made of tri-leaflet bovine pericardium mounted on a cobalt-
chromium stent frame (Figure 5). Saphien XT valves are available in 20, 23, 26 and 
29 mm sizes. This platform uses a 16 F sheath for 20 and 23 mm valves, 18 F sheath 
for a 26 mm valve and 20 F sheath for a 29 mm valve. Saphien 3 platform is compat-
ible with the 14 F sheath for the 20 mm, 23 mm, and 26 mm valves and with the 16 F 
sheath for the 29 mm valve. All these sheaths are expandable and called ‘eSheath’. 
Sapien 3 and Sapien 3 Ultra valves are suitable for transfemoral processing up to 
5.5 mm femoral artery diameter. The major improvement in Sapien 3 is polyethylene 

Figure 4. 
Allegra valve design.
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terephthalate (PET) outer skirt to reduce PVL and an open cell upper frame geometry 
to avoid obstruction and allow access to coronary arteries [21]. The last generation of 
Saphien family is Saphien 3 Ultra. This valve is based on Saphien 3 platform but has 
40% taller skirt design to avoid PVL better. The 20, 23 and 26 mm valves feature a new 
skirt design, while the 29 mm valve remains in the existing Saphien 3 platform [22].

Saphien 3 and Saphien 3 Ultra have some unique indications for use. The Food 
Drug and Administration (FDA) has approved them for mitral and pulmonary 
procedures. But this issue is beyond the scope of this article (Table 2).

2.2.2 Myval BEV

Myval’s design is created with hexagons. Its special design has large open cells 
toward the aortic end, while it has closed cells toward ventricular end to maintain 
higher radial force (Figure 6). Unlike other valves, Myval has a large number of sizes, 
such as conventional (20, 23, 26 and 29 mm), medium (21.5, 24.5 and 27.5 mm) and 
extra large (30.5 and 32 mm). Myval THV of size 32 mm got CDSCO (Central Drugs 
Standard Control Organization, India) approval and 30.5 mm is pending CDSCO 
approval. Medium sizes are for avoiding a serious complication of BEV, annular 
rupture. The platform uses 14 F delivery system [23].

2.2.3 Inovare BEV

Inovare BEV consists of tri-leaflet bovine pericardial valves mounted in a 
cobalt-chromium stent frame and is available in four sizes of 20, 22, 24 and 
26 mm (Figure 7). The valve is implanted using the transapical and transaortic 
approach [24].

Special condition First choice

Small annulus (<23 mm) Evolut R/Pro

Large annulus (>27 mm) Evolut R/Pro

Low coronary distance Acurate Neo

Small vascular diameter Evolut R/Pro, Portico

Valve in valve Evolut R/Pro, Acurate Neo

Concomitant coronary artery disease Acurate Neo, Portico

Easy to use Acurate Neo, Portico

Table 2. 
Recommendations for [all conditions].

Figure 5. 
Saphien BEV family.
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2.2.4 Colibri BEV

There are limited clinical data and Colbri BEV is a prefabricated TAVR sys-
tem. The valve has a unique folding technique and is made of three independent 
porcine pericardium pieces. The first implantation was performed in November 
2012 [24].

Figure 6. 
Myval design.

Figure 7. 
Inovare design.
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Table 3 summarizes general recommendations for choosing a proper valve; 
however, the most important recommendation is to use the platform that the operator 
is experienced to handle.

3. Accesses in TAVR procedure

Over the past 20 years, TAVR has become an alternative treatment for severe aortic 
stenosis. For this treatment, operators need a suitable access. According to the current 
guidelines, femoral approach is the first choice [25, 26].

3.1 Transfemoral approach

Transfemoral access is the first choice in TAVR procedures. This is because 
operators are experienced in handling femoral access and possible complications 
can be managed easily. Despite technical improvement in vascular sheath diam-
eters, 10–20% of all patients are not suitable for undergoing transfemoral access 
due to advanced peripheral arterial disease [27]. So for these unsuitable patients, 
alternative access sites have been searched. TAVR can be performed alternatively 
via transapical, transaortic, transsubclavian/transaxillary, transcarotid, transcaval 
and suprasternal approaches. But before searching for an alternative site, it is very 
important to evaluate iliofemoral anatomy. First of all starting from the carotid 
arteries, subclavian-axillary arteries, aorta and iliofemoral arteries are evaluated with 
multidetector computed tomography (CT). Minimal lumen diameter is determined. 
It is very important to evaluate iliofemoral arteries and aortic tortuosity and calcifica-
tion. Circumferential calcifications, calcification protruding into the vessel lumen 
and anteriorly located calcifications mostly interfere with femoral access. If problems 
can be solved, femoral access should be used. Balloon angioplasty and lithotripsy, e.g., 
can be used to modify calcification and/or stenosis. Such Lunderquist and Back-up 
Mayer guidewires can be used to handle iliofemoral and aorta tortuosity. The plaques 
in aortic arch, porcelain aorta and thoracoabdominal aneurysms should be evaluated. 
After all if femoral access is not suitable, alternative sites should be detected. The 
most important criterion is operator’s experience.

Scenario Favor BEV Favor SEV

Severely calcified annulus +

Small annulus +

Large annulus +

Bicuspid aortic valve + +

Small femoral arteries +

Concomitant coronary artery disease +

Preexisting conduction abnormalities +

Reduced ejection fraction +

Table 3. 
General recommendations for choosing a proper valve.
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3.2 Transapical approach

The first transapical TAVR implantation was performed in 2005 [28]. During first 
years of TAVR, transapical approach was considered as the first alternative if femoral 
approach were not feasible. Transapical approach is more invasive than other con-
cepts. Only BEVs are suitable for a transapical approach. Compared to the transfemo-
ral approach, the advantages of the transapical approach are that valve alignment is 
easier, there are no vascular complications, less fluoroscopy time is required, and less 
contrast is used. Receiving general anesthesia, postoperative pain and bleeding from 
left ventricle (results in tamponade) are important limitations.

3.3 Transaortic approach

Transaortic approach is a highly invasive procedure compared to other vascular 
approaches. Transaortic intervention is performed through a right anterior mini-
thoracotomy through an incision in the second intercostal space or mini-sternotomy 
puncture into the ascending aorta. BE and SE valves are suitable for this approach. 
Major advantages of this concept are less vascular complications, no necessity for left 
ventricular puncture and good contractility of valve. Major limitations are the need 
for general anesthesia, previous cardiac surgery (especially beware of left internal 
mammary artery (LIMA) and bypass grafts) and porcelain aorta. The distance from 
cannulation to annulus should be ideally 6–8 cm.

3.4 Subclavian/axillary approach

Subclavian/axillary approach is a useful alternative when transfemoral approach 
is not feasible. The procedure can be performed under general anesthesia or seda-
tion and local anesthesia. Transsubclavian access is mainly via surgical approach but 
percutaneous access is possible too [29]. Right subclavian/axillary artery is rarely used 
for TAVR because of anatomical limitations. The main disadvantage of subclavian 
access is vascular complications. This artery is frailer than femoral artery. Because 
of subclavian anatomy, a manual compression might not be feasible. In subclavian 
access, calcification, stenosis, tortuosity, mammarian and vertebral artery relation-
ship and during surgical cut-down brachial plexus should be evaluated carefully. 
Minimal subclavian artery diameter should be 5.5 cm. If there is a patent LIMA graft, 
subclavian access is relatively contraindicated [30].

Transaxillary approach was previously performed by surgical cut-down, nowadays 
this approach is done completely percutaneously. So that makes this approach first 
choice alternative way when transfemoral access is not feasible. Axillary artery is out-
side of thorax so manual compression is possible. The most ideal vascular entry point 
is between the medial of the pectoralis minor muscle and the outer side of the first 
rib, and puncture can be performed more easily when the arm is opened to the side 
[31]. Left axillary is generally preferred because of similarity between femoral artery 
exit angle. The ideal puncture site is the deltopectoral sulcus. Laterally puncture can 
cause brachial plexus injury, medially puncture can cause hemo−/pneumothorax 
and difficulty in compression. Major limitations are nearly same as transsubclavian 
approach but manual compression and completely percutaneous intervention are 
advantages.



Aortic Valve Disease – Recent Advances

74

3.5 Transcarotid approach

The first successful transcarotid approach was performed by Modine et al. in 
2010 [32]. The procedure can be performed by a surgical cut-down or percutane-
ously. It is a safe procedure but we need to be aware of some special conditions. 
Carotid artery system should be carefully examined. Stenosis >50% or athero-
matous plaques have higher risks for embolization. Contralateral carotid artery, 
vertebral arteries and posterior cerebral circulation, status of communicant 
arteries should be examined. Both carotid arteries can be used but the left carotid 
approach should be preferred because of its angulation with aorta. While perform-
ing the procedure, operators should be aware of vagus nerve, laryngeal nerve and 
respiratory tract.

One of the most important concerns of this procedure is periprocedural stroke. 
According to a study, comparing transfemoral approach with transcarotid/transsub-
clavian TAVR, after propensity-score matching, no significant differences in early and 
long-term outcomes were observed [33].

3.6 Suprasternal approach

Brachiocephalic artery is a new alternative site for TAVR when transfemoral 
approach is not feasible. The first suprasternal TAVI procedure was performed in 2015 
[34]. This approach does not require sternotomy. Advantage of this access is short 
distance improving catheter stability. Tortuosity, vessel size, calcification and cervical 
neck anatomy should be evaluated carefully. Eudailey et al. presented a retrospective 
study from three centers in the USA of those patients who underwent suprasternal 
TAVR. A total of 84 patients were included in the study. Thirty-day survival was 
98.8% and 0% transischemic attack or stroke was observed [35].

3.7 Transcaval approach

Because of increased stroke risk during carotid and subclavian approach and 
alternative sites are not feasible, a new intervention site should be searched. After 
understanding that caval-aortic truck physiology and detection of retroperitoneal 
pressure are always higher than those of vena cava inferior, in 2014 Greenbaum et al. 
performed the first transcaval TAVR [36]. This procedure, is extraordinary as it 
contains coronary, peripheral, congenital techniques and instruments. Before starting 
the procedure, aorta, vena cava inferior and adjacent structures should be evaluated 
carefully. The procedure starts with femoral vein puncture. After arriving at the suit-
able site, an aortacaval fistula is created with chronic total occlusion guidewire (e.g., 
Conquest or Astato). After passing the aorta valve, the delivery system is advanced 
via fistula. After the valve is deployed, fistula is closed with an Amplatzer device. In 
some cases, adjunctive aortic balloon inflations or covered stent implantation might 
be necessary. Follow-up CT angiography should be obtained at first and twelfth 
month after the procedure. This procedure is completely percutaneous and can be 
used when femoral approach is not feasible.

In conclusion, access for TAVR is a crucial step in patient management. 
Transfemoral approach is the first choice but, if not feasible, alternative access sites 
should be discussed in a heart team.
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4. Techniques of procedure

After vascular access, a venous access (generally femoral vein) is obtained for 
pacing during procedure. Nowadays, pacing over the wire technique, which con-
sists of left ventricle (LV) stimulation through the stiff guidewire, is being used. 
Two arterial accesses are obtained. The main site is for the delivery system and 
second site is for pigtail. Pigtail is used for reference and aortography. For pass-
ing through the calcified aortic valve, generally an Amplatz left 1 (AL1) catheter 
is used with a soft straight guide wire. When AL1 catheter fails, Amplatz left 2 
(AL-2), Judkins right 4 (JR-4) or Amplatz right 1 (AR-1) catheters can be tried in 
accordance with the anatomy of the ascending aorta and aortic annulus. Using the 
left anterior oblique (LAO) projection can be useful. After passing the valve, the 
catheter is advanced to the ventricle and a 300 cm J-tip guidewire is exchanged. 
A pigtail is advanced over this guidewire. J-tip guidewire is changed to a stiffer 
guidewire while pigtail is in left ventricle. Safari and Confida are first choices but 
according to tortuosity stiffer wires, such as Amplatz Super Stiff, Lunderquist 
Extra Stiff or Backup Maier, can be used. Operators should be aware that the stiff 
side of the wire must be away from ventricle wall and the position of the wire must 
be maintained during all manipulations. Patients have severe calcifications and 
for those who can tolerate rapid pacing, predilatation should be performed with 
a suitable balloon. The balloon size should not exceed minimal annulus diameter. 
During full balloon inflation, contrast application via a pigtail catheter can help 
estimate suitable valve size, interaction with coronaries and probable PVL. In case 
of severe aortic regurgitation and hemodynamic instability, the valve prosthesis 
should be ready for insertion before the balloon procedure is completed. Next 
is valve insertion. Platform should advance, beware of aortic wall interaction. 
Because of high stent frames, future coronary interventions can be challenging 
in SEV. With the developing technology, commissural alignment can be achieved 
using different markers [37]. These markers are different for each valve platform. 
Fluoroscopic imaging should be followed from the groin to the aortic root. In 
severe tortuosity and calcific anatomy, detachment may occur in the capsule where 
the valve is loaded. In such a case, a stiffer wire should be used.

The angle in which the aortic cusps are in the same plane on fluoroscopic imag-
ing is called the coplanar angle (golden angle). Nowadays, a new term is created 
called the ‘Cusp overlap angle’. In this fluoroscopic image, the right and left cusps are 
superposed and the noncoronary cusp is separated. Compared to other angles, the 
cusp overlap angle shows more distance between basal annular plane and conduction 
system. Coplanar angle is the standard plane for many platforms. But SEV platforms 
use cusp overlap angle because of a high implantation plane for avoiding the need for 
a permanent pacemaker. According to the noncoronary cusp, >5 mm depth is related 
to the need for a permanent pacemaker and < 1 mm depth is related to migration. In 
these situations, SEV platforms allow resheathing.

At the end of the procedure after pulling back the platform, vascular closure 
is crucial. This is because access site complications are one of the most important 
mortality and morbidity causes during and postprocedure phase. Dedicated 
closure devices are used for these issues. But using these devices needs an expert. 
When closure is done, the patient is taken to the intensive care unit (ICU) for 
observation.



Aortic Valve Disease – Recent Advances

76

5. Summary and conclusions

Transcatheter aortic valve replacement (TAVR) is a minimally invasive treatment 
for those patients with severe aortic stenosis who cannot be treated surgically due to 
surgical risk. The first human experience was demonstrated in 2002 and after this 
date, it started to be performed all over the world. As the experience on this subject 
increases, TAVR has been brought to the agenda in patients with intermediate and 
low surgical risk, and studies on this subject are continuing. The procedure is gener-
ally performed by femoral approach. Different approaches (transapical, transaortic, 
subclavian/axillary, transcarotid, suprasternal and transcaval) can be used in patients 
who are not anatomically suitable for the femoral approach. Venous access was also 
obtained with two arterial access. A temporary pacemaker is placed via the venous 
route. Main arterial site is for delivery system and second site is for pigtail. Two types 
of valves can be used in the TAVR process: self-expandable (SE) and balloon-expand-
able (BE). In this chapter, we discuss valve types, which valve type will be preferred in 
which patient, the technical parts of different accesses and the specific complications 
of the procedures, and the points to be considered during the procedure.
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Chapter 5

Perspective Chapter: Transcatheter
Interventions in the Management
of Aortic Valve Stenosis
P. Syamasundar Rao

Abstract

Transcatheter interventions that are useful in themanagement of valvar aortic stenosis
will be reviewed. This chapter focuses on congenital aortic valve stenosis. The procedure
of balloon aortic valvuloplasty (BAV) and the results were reviewed; BAV offers good
relief of aortic valve obstruction and serves as substitute to surgery and is considered a
favored option in the management of aortic stenosis in all age groups. However, BAV in
elderly patients with calcific aortic stenosis offers only a temporary relief of aortic valve
obstruction and BAV is not recommended for this subgroup of patients. Except for
neonates, most patients are discharged home within 24-hours after BAV. While there is
conclusive data for provision of pressure gradient relief both acutely and at follow-up as
well as deferral of any surgery after BAV, the development of aortic insufficiency (AI) at
long-term follow-up is a most important drawback. In neonates, severe AI may develop
necessitating surgical intervention. Notwithstanding these drawbacks, BAV is presently
believed to be a therapeutic procedure of option in the treatment of valvar aortic stenosis
in pediatric and young adult patients. Methodical follow-up to identify reappearance of
aortic obstruction and development of substantial AI is suggested.

Keywords: aortic stenosis, balloon aortic valvuloplasty, aortic insufficiency, aortic
valve re-stenosis, long-term results

1. Introduction

The author (PSR) has had interest in the diagnosis and management of aortic stenosis
over the years and contributed several original papers, editorials, reviews, letters to the
editor, and book chapters [1–29] on this subject. The purpose of this chapter is to provide
an updated review of transcatheter management of congenital aortic valve stenosis.

Aortic stenosis (AS) is a relatively common congenital heart defect (CHD); mostly
seen as an isolated defect though it may be found along with other CHDs such as Shone’s
syndrome and aortic coarctation. The incidence of valvar AS is 5–6% of all CHDs. Its
occurrence is more frequent in males than in females. The pathology of AS varies from
one patient to the next; commissural fusion of bicuspid aortic valve leaflets is the most
common pathology. Fusion of tricuspid aortic valve leaflets resulting in AS is seen less
frequently. Aortic valve with a single cusp (unicuspid) is observed mostly in the
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newborn with critical obstruction. Quadricuspid aortic valve is extremely rare. There is
concentric hypertrophy of the left ventricle (LV); this is proportional to the degree of
obstruction caused by fusion of the aortic valve leaflets. Dilatation of the ascending aorta
is also seen; however, the extent of aortic dilatation is independent of the degree of
aortic valve obstruction [5, 6, 30, 31]. Clinical features and diagnostic studies used in the
assessment of the degree of aortic valve stenosis were previously reviewed elsewhere
[5, 14, 16, 19, 22, 27, 30, 31] and will not be discussed in this chapter.

Initially, surgical methodologies were utilized to provide relief of aortic valve
obstruction; these include, commissurotomy of the fused aortic valve leaflets via
aortotomy [32], plastic repair of aortic valve (neocuspidization) with or without the use
of prosthetic material [33–36], and aortic valve replacement with mechanical [37, 38],
bioprosthetic [39, 40] or patient’s own pulmonary valve (Ross procedure) [41, 42], all
procedures performed under cardio-pulmonary bypass. Following the use by Kan and
her associates of the techniques of Dotter [43] and Gruntzig [44] to open the pulmonary
valve [45], Lababidi et al. [46, 47] employed this technique to open the aortic valve.
Subsequently, balloon aortic valvuloplasty has become first-line therapy to address AS
at most institutions [5, 10, 21, 22]. In this chapter, catheter interventional procedures
used in the management of congenital aortic valve stenosis will be reviewed.

2. Indications for balloon aortic valvuloplasty

The indication for transcatheter intervention including AS should be similar to that
utilized for surgical therapy. Indications for intervention are largely based on the
degree of aortic valve obstruction, as assessed by pressure gradients across the aortic
valve immediately preceding balloon aortic valvuloplasty (BAV). A peak-to-peak
systolic pressure gradient across the aortic valve greater than 50 mmHg with either
symptomatology or ST-T wave changes in the electrocardiogram (ECG) indicative of
myocardial ischemia or a peak-to-peak systolic pressure gradient of more than
70 mmHg regardless of symptomatology or ECG abnormalities [2, 5, 7, 10] are indi-
cations for BAV. While these criteria are generally agreed upon, it should be noted
that catheter interventions in children are commonly performed under general anes-
thesia at most institutions at the present time and therefore, the trans valvar gradient
measurement secured under conscious sedation protocol are not applicable. Conse-
quently, pre-procedure trans valvar gradients measured by Doppler technique are
used for determining criteria for BAV. The same 50/70 mmHg gradient criteria
alluded to above may be used, but one must ensure that: (1) Doppler recordings from
multiple sites in a calm, resting patient should be secured; and (2) correction for
pressure recovery phenomenon [27] should be applied.

In neonates with severe/critical AS, the pressure gradients across the aortic valve
may not be high if left ventricular function is poor and therefore, the pressure gradi-
ent criteria set forth above are not applicable. If clinical signs of congestive heart
failure (CHF) are detected; ductal-dependent systemic circulation, requiring admin-
istration of prostaglandin E1 (PGE1) is present; or poor left ventricular function on
echocardiogram is recorded; the described gradient criteria are not necessary for going
ahead with BAV [18, 24].

Adolescent and adult AS patients with the above-described trans valvar pressure
gradient criteria should also undergo BAV. Because of the enthusiasm expressed by
several centers for transcatheter aortic valve replacement (TAVR) [48–50], it should
be pointed out that the TAVR should only be used for calcific AS in the elderly
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patients and the non-calcific AS in adolescents and adults should be treated with the
less aggressive BAV [25].

Patients with recurrent AS following prior BAV or surgical aortic valvotomy are also
candidates for BAV subject to meeting pressure gradient criteria listed above. Trivial or
mild aortic insufficiency (AI) is not a contraindication, but moderate to severe AI is a
contraindication for BAV because of the concern for further increasing AI [3, 5, 10, 22].

3. Technique of balloon aortic valvuloplasty

The most commonly used method of accomplishing BAV is percutaneous femoral
arterial route for most children, adolescents and adults and will be described first.
Then, other methods used in different age groups will be reviewed.

Cardiac catheterization is performed to confirm clinical and echocardiographic
diagnosis of AS after obtaining informed consent as per institutional norms. Most
pediatric interventions are performed under general anesthesia at the present time
while conscious sedation is used in adult subjects. After securing venous and arterial
access, 100 units/kg of heparin (maximum 3000 units) is intravenously administered
and activated clotting times checked periodically and kept above 200 s by adminis-
tering additional doses of heparin as needed.

A #4- to #7-F multipurpose or right coronary artery catheter is positioned in the
ascending aorta and advanced into the left ventricle (LV) via the stenotic aortic valve
with the assistance of a floppy-tipped coronary guide wire (in infants), a 0.035-inch
straight Benston guide wire (Cook) or a similar guide wire. Other types of catheters and
guide wires may be utilized, at the discretion of the cardiologist if there is difficulty in
crossing the aortic valve. Peak to peak systolic pressure gradient is recorded by pressure
pullback across the aortic valve (Figures 1 and 2). If possible, concurrent pressures
recording from both the LV and aorta are also documented (Figure 3). But, if there is

Figure 1.
Pressure pullback tracing from the left ventricle (LV) to the aorta (Ao) demonstrating a peak-to-peak gradient of
21 mmHg across the aortic valve; this would suggest that the aortic stenosis is mild, provided the cardiac index is
within normal range. (Reproduced from reference [22]).
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significant difficulty in crossing the aortic valve, no pressure pullback should be made;
in its place, prior recording of the aortic pressure is utilized to calculate the peak-to-
peak systolic pressure gradient across the aortic valve (Figure 3).

Angiograms from the aorta and LV (Figure 4) are secured and the diagnosis is
confirmed. Most common cine-angiographic projections used are left anterior oblique
and right anterior oblique; these views are likely to highlight the features of AS and
associated subvalvar and supravalvar anomalies.

Once the diagnostic data confirm the indications for BAV, an extra-stiff J-tipped
Amplatz guide wire (Cook, Bloomington, IN) or an apex guide wire (Cook) in older
children and adults is placed in the LV apex, via the catheter already in place. A balloon
valvuloplasty catheter with a balloon diameter that is 80–100% of the annulus of the
aortic valve is threaded over the guidewire already in place. The balloon diameter
should not go above the annulus of the aortic valve. The aortic valve annulus measure-
ments secured by the echocardiogram prior to the procedure and by the left ventricular
angiogram during the procedure are used for the purpose balloon diameter selection.
The length of the balloon to be used is largely based on the age and size of the patient. In
young babies and neonates, a 2 cm long balloon is used. In older infants and young
children, a 3 cm long balloon is preferred. In older children, adolescents and adults, a 4–
5.5 cm long balloon is selected. Balloon inflation (Figure 5) with diluted contrast

Figure 2.
Simultaneous pressure recordings from the left ventricle (LV) and the aorta (Ao) demonstrating a peak-to-peak
gradient of 110 mmHg across the aortic valve suggesting that the aortic stenosis is very severe. (Reproduced from
reference [22]).
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Figure 4.
Selected cine frames from left ventricular (LV) cine angiograms in posterior-anterior view in two neonates with
severe aortic stenosis: (A) a pigtail (PG) catheter was introduced into the LV retrogradely; (B) a Berman
angiographic (BA) catheter was advanced from the right atrium (RA), across a patent foramen ovale (not
marked) into the left atrium (not marked) and from there into the LV. These angiograms demonstrate the aortic
valve annulus (arrows in A and B). Note the domed and thickened aortic valve leaflets. (Reproduced from
reference [24]).

Figure 3.
Left ventricular (LV) and ascending aortic (AAo) pressures recorded separately showing a peak-to-peak gradient
of 55 mmHg across the aortic valve. Pressure pullback was not recorded because of the difficulty in crossing the
aortic valve initially. (Reproduced from reference [22]).
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material (1 in 4) to a pressure not to exceed the burst pressure quoted by the manufac-
turer of the balloon catheter is undertaken. The landmarks of the scout film (Figure 4)
at the same camera angulations are used during balloon inflation. I usually perform two
to three more balloon inflations, each for a duration of 5 s, 5 minutes in-between.

If the aortic valve annulus is too big to dilate with a single balloon, a
double-balloon method may be used. In this procedure, two balloon catheters
are concurrently positioned across the aortic valve (Figures 6 and 7). The
effective balloon diameter may be computed by using the formula shown below [51];
this also should not go above the diameter of the aortic valve annulus.

D1 þD2 þ π D1
2 þ D2

2

� �
π

(1)

Where D1 and D2 indicate diameters of the balloons utilized.
This formulation was made simpler by Narang et al. [52]: Effective balloon

diameter = 0.82 (D1 þD2).
A propensity to eject the dilating balloon while inflating the balloon exists.

Consequently, we utilize stiff guidewires and long balloons. Other interventionists rec-
ommend adenosine-induced transient cardiac standstill [53] or fast right ventricular
pacing [54] to attain steady position of the balloon while performing BAV. In the author’s

Figure 5.
Selected cine frames in posterior-anterior projections illustrating a balloon dilatation catheter across the stenosed
aortic valve. Waisting of the balloon (arrow) was seen during the early phases of inflation of the balloon (A)
which was completely abolished on further inflation of the balloon (B). Ao, aorta; DAo, descending aorta; GW,
guide wire; LV, left ventricle; MC, marker catheter. (Reproduced from reference [22]).
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Figure 6.
Selected cineradiographic frames in straight lateral projection demonstrating two balloons placed across the aortic
valve; the balloons were positioned retrogradely via both the femoral arteries. Balloon waisting (arrows) during the
initial phases of balloon inflation (A) was completely abolished on further inflation of the balloons (B). Ao; aorta;
LV, left ventricle. (Reproduced from reference [5]).

Figure 7.
Selected cineradiographic frames in right anterior oblique projection demonstrating two balloons placed across the
aortic valve; the balloons were positioned retrogradely via both the femoral arteries. Balloon waisting (arrows)
during the initial phases of balloon inflation (A) was completely abolished on further inflation of the balloons (B).
Ao; aorta; GWs, guide wires; LV, left ventricle. (Reproduced from reference [22]).
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personal experience, use of stiff guide wires and long balloons was found to be satisfac-
tory [1, 3, 5, 7, 10] to successfully accomplish BAV. Nucleus balloons (NuMed) with a
“barbell” configuration and hourglass shaped V8 aortic valvuloplasty balloons (Venus
Medtech) have a theoretical advantage of keeping the balloon within the aortic valve [29].
While this seems attractive, the bulky nature of these balloon catheters is problematic.

Following the completion of BAV, pressure pullback recording across the aortic valve
(Figure 8) is performed and angiograms from the LV and/or aortic root are secured 15
minutes following BAV. The catheters and sheaths are withdrawn, and the procedure
concluded. Vascular occlusion devices such as Angio-Seal (St Jude Medical) and others
occlusion systems [55, 56] may be used if large balloon catheters are utilized for BAV.

3.1 Balloon aortic valvuloplasty in neonates

Neonatal BAV may be undertaken in a manner similar to that described above
[5, 57–60]. However, injury to the femoral artery [8, 61] is of concern. Consequently,
other routes of access, namely, subscapular [62], axillary [63], carotid [64], and
umbilical [65] arterial, anterograde femoral venous [66, 67], and umbilical venous
[9, 15] routes have been tried. Because of limitations of space, these will not be
reviewed in this chapter. The interested reader may find the discussion of these
procedures elsewhere [17, 18, 24, 29].

4. Immediate results

Immediate reduction in the peak-to-peak systolic pressure gradients across the
aortic valve (Figures 8–11) along with a decrease in the LV peak systolic and end
diastolic pressures with no substantial change in cardiac index occurred. There is

Figure 8.
Pressure pullback tracing across the aortic valve following balloon aortic valvuloplasty, demonstrating a residual
peak-to-peak gradient of 18 mmHg, indicating good result of the procedure. Ao, aorta; LV, left ventricle.
(Reproduced from reference [22]).
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Figure 9.
Aortic (Ao) and left ventricular (LV) pressure tracings prior to (A and B) and 15 minutes following (C) balloon
aortic valvuloplasty demonstrating almost complete abolition of the peak-to-peak pressure gradient across the
aortic valve. (Reproduced from reference [5]).

Figure 10.
Simultaneous pressure recordings from the left ventricle and aorta prior to (PRE—A) and 15 minutes following
(POST—B) balloon aortic valvuloplasty demonstrating no residual gradient. There is a slight decrease in aortic
diastolic pressure (B) suggesting aortic insufficiency. (Reproduced from reference [22]).
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nearly 60% decline in the systolic gradient when compared to the pre-valvuloplasty
values (Figure 11).

The extent of AI did not worsen (Figure 12; pre vs. post) and there were no
patients exhibiting grade 3+ AI. Actually, some improvement of aortic insufficiency
was noticed in some patients which suggests restored coaptation of the aortic valve
leaflets following BAV. Except for neonates, nearly all patients were sent home within
24 hours of BAV.

Lababidi et al. [47] were the first to document results of BAV in children; they
reported the results of 23 consecutive patients with valvar AS. In this series, the peak-
to-peak systolic pressure gradient through the aortic valve was reduced from 113 � 48
to 32 � 15 mmHg (p < 0.001) following BAV. Mild aortic regurgitation was seen in 10
(43%) patients. Two children needed surgical repair. The author of this chapter
presented immediate results of BAV in 16 patients in the late-1980s [1, 3]; the results
of larger number of patients (N = 26) became available [5, 7] subsequently. In the
initial 16 children, decrease of peak-to-peak systolic pressure gradient through the
aortic valve from 72 � 21 to 28 � 13 mmHg (p < 0.001) occurred (Figures 8–11).
Similarly, LV peak systolic pressures decreased from 162 � 21 to 124 � 18 mmHg
(p < 0.001) and LV end-diastolic pressures were reduced from 13 � 5 to 9 � 6 mmHg
(p < 0.01). There was no significant change in cardiac index (3.4 � 0.5 vs. 3.4 � 0.4
liters/min/meter2; p > 0.1) [1]. Generally, the gradients decreased by 60% of pre-
valvuloplasty values (Figure 11). Similar reduction in peak-to-peak systolic pressure
gradients across the aortic were observed in larger cohort (Figure 13) [7].

In the second cohort comprising of 26 children [7], the immediate outcome was
like that observed by other workers, as tabulated elsewhere (Table I of reference [5]).

Figure 11.
Bar graph illustrating immediate results of balloon aortic valvuloplasty for aortic valve stenosis. Significant
(p = 0.001) decrease in the peak-to-peak systolic pressure gradients (left panel) and percent reduction (right
panel) were shown. Mean + standard deviation (SD) is marked. Pre, prior to; post, following balloon aortic
valvuloplasty. (Reproduced from reference [22]).
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The occurrence of substantial (3+ or more) AI did not happen for the entire group
(Figure 12). Echocardiographic studies revealed no change in the 1. LV end-diastolic
dimension (36 � 9 vs. 35 � 10 mm; p > 0.1), 2. LV posterior wall thickness in diastole

Figure 12.
Bar graph demonstrating the prevalence of grade III aortic insufficiency prior to (pre), immediately following (post)
balloon aortic valvuloplasty and at late follow-up (FU). No change in aortic insufficiency is seen immediately after
balloon valvuloplasty. However, significant increase occurred at late follow-up. (Modified from reference [10]).

Figure 13.
Bar graph demonstrating immediate and follow-up results after balloon aortic valvuloplasty. Note significant
(p < 0.001) decrease in peak-to-peak systolic pressure gradients across the aortic valve after balloon valvuloplasty
(pre, before vs. post, immediately after). Gradient measured during repeat catheterization in 15 patients increased
(p < 0.01) at intermediate-term follow-up (ITFU) of mean of 16 months. (Reproduced from reference [7]).
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(7.2 � 2.1 vs. 7.5 � 1.9 mm; p > 0.1), and 3. LV fractional shortening (50 � 8 vs.
47 � 8%; p > 0.1) following BAV (Figure 14). But the Doppler flow velocity magni-
tudes across the aortic valve (4.0 � 0.05 vs. 3.0 � 0.8 m/s; p < 0.001) diminished
as were the peak instantaneous Doppler gradients (Figure 15). No child from our
study subjects required immediate surgical therapy. Immediate results after BAV
documented during the decade of 1983–1992 were tabulated (Table I) in our book [5]
for the interested reader. In the ensuing three decades, several interventionalists, too
numerous to list, have reported their results of BAV and these are generally similar to
those of the first three cohorts described above. However, more recent multi-
institutional studies are worthy of review: In the first of these [68], results of BAV in
373 patients from 22 US institutions were examined. Success, defined as residual peak-
to peak systolic pressure gradient across the aortic valve ≤35 mmHg and no greater
than mild AI, was achieved in 71% patients. Adverse events were seen in 20% of
patients. In the second study comprising of 1026 patients from the IMPACT
(Improving Pediatric and Adult Congenital Treatments) Registry [69], procedural
success was achieved in 71% of non-critical patients and 63% of critical AS patients.

5. Short-term follow-up results

At short-term follow up, defined as ≤2 years, peak-to-peak systolic pressure gradi-
ents across the aortic valve by cardiac catheterization (Figure 13) as well as by Doppler-
calculated peak instantaneous gradients (Figure 15) either were unchanged or slightly
increased when compared to acute results. These gradients continue to be pointedly

Figure 14.
Bar graph demonstrating left ventricular (LV) end-diastolic dimension (EDD) in mm (left panel), LV posterior
wall thickness in diastole (PWTd) in mm (middle panel) and LV shortening fraction (SF) in % (right panel)
prior to (pre), on the day after (post) balloon aortic valvuloplasty, and at late follow-up (FU). Mean + standard
deviations (SD) are marked. Note that LVEDD, LVPWTd, and LVSF did not change (p > 0.1) immediately after
balloon aortic valvuloplasty. At late follow-up the LVEDD increased (p < 0.001) while the LVPWTd and LVSF
remain unchanged (p > 0.05). (Reproduced from reference [29]).
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lower than pre-BAV values [7]. Aortic valve gradients measured by Doppler in 26
patients at a follow-up of 16 � 11 months past BAV were 31 � 15 mmHg. These data
were similar (p > 0.1) to gradients recorded immediately following BAV and remain
lower (p < 0.001) than pre-BAV gradients (Figure 15). Nevertheless, when the residual
gradient of each patient was assessed, restenosis characterized as a peak gradient of
more than 50 mmHg was noticed in 6 (23%) children (Figure 16). Early in our experi-
ence, four of these children had aortic valvotomy by surgery and two had repeat BAV at
a median period of 9 months after the initial BAV. The extent of AI stayed steady at
short-term follow-up [7]. Short-term follow up results described by other researchers
were comparable to those of ours as tabulated (Table II) in our book [5].

5.1 Restenosis and predictors of restenosis

As pointed out in the previous segment, restenosis after BAV seems to occur
(Figure 16). The reason why restenosis happens following BAV was examined by
analyzing the follow-up outcomes of 16 children [1]. Based on the short-term follow-
up results, the 16 patients were split into two groups: Group I who had good results
(N = 12) with aortic valve peak gradients less than 50 mmHg at follow-up and Group
II who had poor results (N = 4) with peak gradients more than 50 mmHg. In Group I
patients, the peak pressure gradient across the aortic valve was reduced from 70 � 21

Figure 15.
Bar graph showing maximal peak instantaneous Doppler gradients before (pre) and 1 day after (post) balloon
aortic valvuloplasty and at intermediate term (ITFU) and late (LTFU) follow-up. There was significant
reduction (p < 0.001) in the gradient after balloon aortic valvuloplasty which remained essentially unchanged
(p > 0.1) at ITFU (12 � 5 months) and at LTFU (3–9 years [mean 6 years]). Doppler-derived maximal peak
instantaneous gradients at follow-up continued to be lower (p < 0.001) than pre-valvuloplasty gradients.
(Reproduced from reference [7]).
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to 24 � 11 mmHg (p < 0.001) at the time of BAV, which stayed unaltered
(26 � 10 mmHg; p > 0.1) at short-term follow-up (Figure 17, left panel). No child in
this group needed re-intervention. In Group II patients, the aortic valve peak gradient
was reduced (79 � 20 mmHg vs. 42 � 13 mmHg; p < 0.001) following BAV. Never-
theless, at short-term re-evaluation, the residual peak gradient increased substantially
to 73 � 5 mmHg (p < 0.001) (Figure 17, right panel). All four children underwent
successful re-intervention, two by surgical valvotomy and two by repeat BAV [1].

Seventeen different variables (Tables I, II, and III of reference [1]) were scruti-
nized by multivariate stepwise logistic regression testing, as detailed earlier [1, 70, 71]
to detect factors that can prognosticate recurrence in Group II subjects. This assess-
ment detected age less than 3 years at the time of BAV and immediate post-BAV peak-
to-peak gradient across the aortic valve ≥30 mmHg as prognosticators of recurrent
obstruction [1]. In a later study [7, 10], while examining the long-term results of 26
children, the risk factors for recurrence at short-term re-evaluation were precisely
identical to those observed in our first report [1]. Furthermore, this analysis [7, 10]
indicated that the greater the number of risk factors, the higher the likelihood for
restenosis (Figure 18).

Sholler et al. [72] studied the impact of different technological and morphologic
issues on the acute outcomes of BAV. However, they were unable to demonstrate any
statistically significant role of any factors examined. Other researchers, as reviewed
previously [7, 10, 22], explored reasons of reappearance of aortic valve obstruction
following BAV; however, they could not discern any factors causing recurrence. A

Figure 16.
Line graph showing aortic valve peak to peak systolic pressure gradients prior to (pre), immediately following
(post) and at follow-up (FU) after balloon aortic valvuloplasty. Patients with good results are shown in green
while those with poor results are shown in orange. Re-intervention (RI) (balloon valvuloplasty) was performed in
some patients and the gradients fell. On further follow-up (2FU), the residual gradients remained low. When
severity of the gradients was examined, the severity grade of the stenosis decreased in all patients going from severe to
moderate, mild, or trivial and from moderate to mild or trivial. (Reproduced from reference [29]).
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Figure 17.
Bar graph showing immediate (IMM) and follow-up (FU) results of balloon aortic valvuloplasty in group I with
good results (left panel) and in group II with poor results (right panel). In group I with good results, the aortic
valve gradient decreased significantly (p < 0.001) immediately after valvuloplasty and remained low (p
< 0.001) at follow-up. In group II with poor results, the aortic valve gradient fell (p < 0.01) immediately after
valvuloplasty and returned to pre-valvuloplasty values (p > 0.1) at follow-up. Mean + standard error of mean
(SEM) is shown. (Reproduced from reference [29]).

Figure 18.
Bar graph demonstrating influence of multiple risk factors on rates of recurrence of aortic stenosis after balloon
aortic valvuloplasty. Note that the larger the number of risk factors, the greater is the probability for restenosis.
Percentages and actual numbers are shown on the top of each bar. (Reproduced from reference [10]).
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suggestion was made that double balloon BAV may be superior to BAV using one
balloon [73]; but thorough assessment of these statistics [74] did not justify such a
claim. Balloon/annulus ratios and morphology of the aortic valve may be central
elements of restenosis phenomenon; though, the range of variability observed in our
study and that of others was not able to establish noteworthy variances; it is likely that
investigations involving larger number of patients may unearth other reasons for
restenosis [7, 10, 22].

Based on the data presented [1, 5, 7], it was determined that age ≤ 3 years and
immediate post-BAV peak-to-peak gradient across the aortic valve ≥30 mmHg may
be predictive of aortic valve re-obstruction. It is further surmised that circumventing
or reducing risk factors may prevent or lessen the rate of recurrence following BAV.
Because the immediate post-BAV gradients across the aortic valve ≥30 mmHg is an
alterable risk factor, we advocate use of balloons large enough to decrease the peak-to-
peak systolic gradient to <30 mmHg [1, 5, 7].

5.2 Feasibility of repeat BAV for restenosis following prior BAV

As shown in a preceding section, reappearance of aortic obstruction following BAV
was detected. We examined the feasibility and effectiveness of repeat BAV in patients
who had recurrence after a prior BAV [75]. Twenty-six children with aortic stenosis
had BAV between 1983 and 1993; peak gradients across the aortic valve decreased
from 71 � 20 to 26 � 12 mmHg (p < 0.001). At short-term (10 � 4 months) evalua-
tion, residual gradients of 34 � 20 mmHg stayed lesser (p < 0.001) than pre-BAV
gradients but have risen (p < 0.01) when compared with acute post-BAV peak
gradients. When each patient statistics were examined, six (23%) of the 26 developed
re-obstruction, characterized as residual pressure gradients more than 50 mmHg. In
our early experience, four patients had successful aortic valvotomy by surgery and
two patients underwent a second BAV. Repeat BAV reduced peak gradients from 77
and 66 mmHg to 13 and 6 mmHg, respectively (Figure 19) [75]. Two additional
children acquired re-obstruction during long-term follow-up and had repeat BAV
successfully at 70 and 107 months after original BAV, respectively. The diameter of
the balloons utilized in these 4 patients is a little bigger than that utilized at the time of
first BAV.

Thus, our experience indicates that repeating BAV is both feasible and effective in
managing recurring aortic valve obstruction after prior BAV. Based on these data we
recommended that repeat BAV as the therapy of choice for such patients [7, 10,
22, 75]. It should be mentioned that our group of investigators [7, 75] were among the
first to demonstrate that repeat BAV is possible and successful in alleviating residual/
recurrent aortic stenosis following a previous BAV. In a single institutional study
involving 509 patients [76], our findings of feasibility and effectiveness of repeat BAV
were validated. These investigators undertook repeat BAV in 115 of 509 patients (23%
of initial cohort) who had restenosis following first BAV. A subsequent recurrence
occurred in 49 (10% of total). These patients were also effectively managed with a
third BAV [76]. In another study of 43 patients [77], the study authors concluded that
repeat BAV successfully addresses recurrence of aortic stenosis and delays the need
for aortic valve surgery. Accordingly, it is now established that repeat BAV is feasible
and effective in alleviating recurrent obstruction following original BAV and in the
author’s opinion, repeat BAV is the first choice in the treatment of patients with
recurrent AS. The feasibility and effectiveness of repeat balloon dilatation was also
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demonstrated for other recurrent obstructive lesions such as pulmonary stenosis and
coarctation of the aorta [11, 12, 75].

6. Long-term follow-up results

We evaluated long-term, defined as more than 5 years of mean follow-up, results
of 26 patients who were restudied 3–10 years (6.7 � 1.7 years) following BAV.
Twenty-two of these patients were reinvestigated longer than 5 years after BAV [7]. In
the following paragraphs, these data will be reviewed. Then a review of works of
others reporting long-term results will be summarized.

6.1 Residual stenosis

The peak instantaneous Doppler gradients at long-term follow-up were low at
27 � 17 mmHg (Figure 15). The aortic valve peak gradients were lower than pre-BAV
gradients (p < 0.001) and are similar (p > 0.1) to both immediate post-valvuloplasty
and short-term follow up values (Figure 15) [7].

6.2 Development of aortic insufficiency

The degree of AI was quantified by the ratio of the jet width on color Doppler of AI
to dimension of the LV outflow tract, as described previously [7]. While there was
minimal change in the degree of AI both immediately after BAV or at short-term
follow-up (Figure 12), the number of patients with 3 + AI increased at long-term
follow-up (p < 0.01) (Figures 12 and 20). In these seven (28%) patients with 3 + AI,

Figure 19.
Bar graph showing aortic valve peak to peak systolic pressure gradients before (pre), after initial balloon
valvuloplasty (1st B), at follow-up (FU), after repeated balloon dilatation (2nd B), and at late follow-up at 6
and 7 years, respectively, in 2 patients with restenosis. Note significant decrease in gradient after each balloon
valvuloplasty. Gradients remained low after second balloon valvuloplasty by Doppler (D) and at late follow-up 6
and 7 years later. (Reproduced from reference [75]).
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the left ventricular end-diastolic dimension was at or larger than 90th percentile for
the body surface area. Two (8%) of these children had successful Ross operation.
The remaining 5 patients were being observed carefully [7]. It was concluded that AI
is the most important long-term problem with BAV; this is not too dissimilar to the
long-term follow-up outcomes of aortic valve surgery. Additional discussion of AI
(probable causes) will be presented in a subsequent part of this chapter.

6.3 Ventricular dimensions and function

At long-term follow-up, the left ventricular end-diastolic diameter
(45.4 � 9.9 mm) was larger (p < 0.01) than both post-BAV (37.2 � 0.5 mm) and pre-
BAV (36.7 � 8.5 mm) measurements (Figure 14, left panel). To avoid potential
impact of growth, standardization of left ventricular measurements to square root of
body surface area was made. The resultant values were: 38.5 � 42 vs. 49.9 � 5.7 mm/
♪m2 (p < 0.001); these data continue to show that the LV end-diastolic dimension is
larger at late follow-up, presumably related to the adverse effect of AI. Nevertheless,
the LV posterior wall thickness in diastole (8.3 � 1.7 mm) (Figure 14, middle panel)
and LV shortening fraction (45 � 6%) (Figure 14, right panel) at long-term follow-up
did not significantly (p > 0.05) change.

6.4 Re-interventions and actuarial event-free rates

Eight (31%) patients, six at the time of short-term follow-up and two during long-
term follow-up developed restenosis; these patients were successfully managed with
either surgical valvotomy (N = 4) or second BAV (N = 4). One patient had a left
ventricular apex-to-descending aortic conduit to circumvent severe left ventricular
mid-cavitary obstruction. Seven (27%) patients had severe AI during long-term
follow-up (Figures 14 and 20). Two of these children had a successful Ross
procedure. Based on these data, event-free rates were calculated (Figure 21).

Figure 20.
Degree of aortic insufficiency by Doppler echocardiography before (pre), the day after (post), and at late follow-up
(FU). There is a significant (p = 0.002) increase in aortic insufficiency from pre-valvuloplasty to post-
valvuloplasty. Number of patients with grade 3+ aortic insufficiency (0 of 26 vs. 7 of 26) at follow-up (FU)
increased (p < 0.02). (Modified from reference [7]).
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The probability of freedom from re-intervention at 1-, 2-, 5- and 10- year follow-up
was 80, 76, 76 and 60%, respectively (Figure 21) [7].

6.5 Long-term results by other investigators

Awasthy et al. [78] compared the results of BAV of adolescents and adults with two
other groups, namely, 1. Babies below 1 year of age and 2. Children between 1 and
11 years. The necessity for repeat BAV in 10.3–18.1% patients, occurrence of grade 3
or more of AI in 9–9.6% subjects and need for surgical intervention in 2.4–3.6% at
follow-up were similar (p > 0.1) for all three age subsets. In an accompanying editorial
published in Indian Heart Journal [25], long-term results of BAV described by several
interventional cardiologists were tabulated and this table will not be reproduced here
because of limitations of space, but can be found in our editorial [25].

Other studies reporting on long-term outcomes, not included in the table, will now
be reviewed. In a single center study involving 78 patients by Sullivan and associates,
the estimated freedom from re-intervention was 44% (95% CI: 20–65%) at 15 years
and 62% (95% CI: 40–77%) patients remained free of aortic valve replacement. Post-
BAV gradients greater than 30 mmHg and acute AI appear to predispose for aortic
valve replacement [79]. In another single center study, Pillai et al. [80] followed 92
patients for 5.7 � 1.3 years following BAV; 85% patients had successful outcome, 10%
subjects developed re-stenosis requiring re-intervention, and 2.2% patients developed
severe AI. Auld et al. [81] investigated long-term outcomes of sixty patients with a
median follow-up of 6.8 years and found freedom from re-intervention in 75% of
study subjects. Long-term results after BAV in 57 patients were examined by

Figure 21.
Actuarial event-free rates after balloon aortic valvuloplasty. Seventy percent confidence limits are marked with
dashed lines. Note intervention-free rates at 1, 2, 5, and 9 years are 80, 76, 76, and 76%, respectively. (Modified
from reference [7]).
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Godlewski and Werner [82]; they found significant progression of AI and that 90, 77,
and 59.5% of patients did not require surgical intervention at 5, 10, and 18 years
following BAV. This procedure is also effective in treating rheumatic aortic
valve stenosis; Pillai and associates followed 92 patients for a mean of 5.7 years and
concluded that BAV is an effective strategy in managing rheumatic aortic valve
stenosis [83].

6.6 Summary of long-term results

In brief, the long-term outcome of BAV indicates continued relief of
narrowing for the entire group with suggestion for negligible additional
re-obstruction, gradual increase of AI, dilatation of the left ventricle and high
re-intervention levels [7, 22, 25].

6.7 Causes of aortic insufficiency

As shown in the preceding sections, significant AI was found at long-term evalua-
tion following BAV (Figures 12 and 20). Many other investigations as well as that of
ours demonstrate a tendency to increase in intensity of AI as time passes; the lengthier
the follow up duration, the greater the degree of AI. Substantial AI was documented in
24–38% subjects with necessity for replacement of the aortic valve in 8–14% patients,
as charted elsewhere (Table 4 of reference [10]).

Our study sought to examine the causes of AI [7]. The patients were split into two
groups: Group I, 19 children with no significant AI (grade 2+ or less) and Group II, 7
children with 3+ AI. Fifteen biographic, anatomic, physiologic, and technical data
(Table II of reference [7]) were assessed by multivariate logistic regression testing to
detect factors causing AI [7]. This evaluation detected several factors that were statis-
tically dissimilar between Groups I and II (Table IV of reference [7]). These are
Doppler quantified AI both preceding and immediately after BAV and the procedure
undertaken during the second half of our experience with BAV. These three items
were entered into a multivariate logistic regression model with all feasible groupings.
A model that comprises immediate post-BAV Doppler AI fits the information best.
Adding pre-BAV Doppler AI and procedural experience to the model that includes
post-BAV Doppler AI did not substantially increase its prognostic value [7]. Conse-
quently, it was concluded that the degree of immediate post-BAV grade of AI is
prognostic of late onset of substantial AI. The correlation among these two variables is
demonstrated in Figure 22. Sullivan [79], Godlewski [82] and their associates also
found that the degree of AI at the time of BAV is associated with late AI, confirming
our observations.

Intra-operative balloon dilatation with large balloons (1.2–1.5 times the annulus of
the aortic valve) both in experimental animal [84] and human [84, 85] models have
been shown to result in injury and tears of the aortic valve leaflets producing AI.
Hence, we plotted the level of AI at late follow-up along with the balloon/annulus
ratio (Figure 23) and noticed no correlation between the size of the balloon and level
of AI in our study subjects.

The causes for development of AI at late follow-up after BAV are not clearly
known. The theories that have previously been advanced are: (1) Doppler-assessed
degree of AI both before and immediately after BAV [7, 79, 82], (2) better relief
of aortic valve gradient after BAV [84], (3) large balloon/annulus ratio [72, 86, 87],
(4) poor morphology of the aortic valve [7] including uni-commissural aortic
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Figure 22.
Relationship of immediate post-valvuloplasty Doppler-estimated aortic insufficiency (AI) with AI at late follow-
up after balloon aortic valvuloplasty (BAV). Note good correlation (R = 0.71) between the two. (Modified from
reference [7]).

Figure 23.
Relationship of balloon/annulus ratio utilized during balloon aortic valvuloplasty (BAV) with the degree of
Doppler-assessed aortic insufficiency (AI) at late follow-up. Note poor correlation (R = 0.36) between these two
parameters. Also note grade 3+ AI occurred with wide range of balloon/annulus ratios. (Modified from reference
[7]).
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valve [72], and (5) prolapse of aortic valve leaflets [86]. However, none of
these factors appear to have proof in support of their role in producing AI. Our
data [7] and that of others [79, 82] suggested that the degree of AI immediately
following BAV is prognostic for development of significant AI at long-term follow-up
(Figures 12, 20 and 22). We surmised that a mixture of poor aortic valve morphology
and large sized balloons [7, 10, 22, 25] are likely to ultimately turn out to be causing
AI at long-term follow-up. Further investigations of the above mentioned and
additional causes for late AI and formulating techniques to avoid AI were suggested
[7, 10, 22, 26].

7. Comparison with surgery

Evaluation of comparative results of BAV vs. surgery is fraught with challenges in
that: (1) there are no randomized studies to deal with this issue, (2) difficulties exist
for comparison of “older” historical surgical outcomes with “current” BAV results, (3)
short duration of follow-up after BAV, and (4) a smaller quantity of BAV subjects
accessible for follow up when compared with surgical patients. In the early-1990s, I
analyzed the results of surgical therapy reported in 10 papers [5]. The authors of these
10 papers examined the outcomes of 41–179 patients who were followed for 0.3–
26 years after surgical intervention. The surgical mortality for children ranged from 0
to 4% while late mortality was 4–22%. In the natural history survey [88], the surgical
and late mortality rates were 1.2 and 1.9%, lower than that was reported in above
papers. Sixteen to seventy-eight per cent (16–78%) of patients developed restenosis of
the aortic valve and 6–65% of patients developed AI. Repeat surgery to alleviate
restenosis or to repair/replace regurgitant aortic valve was required in 16–39%
patients [5]. Thus, surgical outcomes were not as good as BAV results [5]. Gatzoulis
et al. [89] observed no substantial variation in mortality, morbidity, or the need for re-
intervention within 12 months of the surgery and BAV. Additional studies, as detailed
elsewhere [10, 22] observed no important variation in mortality, morbidity or need
for re-intervention among surgical and BAV groups. In addition, the two groups have
comparable rates of freedom from re-intervention 5 years after both procedures. A
meta-analysis of 2368 patients from 20 studies (1835 in the BAV group and 533 in the
surgical group) found no differences in hospital mortality and prevalence of moderate
AI between the groups [90]. In addition, they found no differences in long-term
survival or freedom from replacement of the aortic valve. However, a greater number
of patients required re-intervention in the BAV group. Given the less-invasive BAV,
despite higher re-interventions rates, they concluded that a randomized controlled
study is necessary. In another meta-analysis of 18 separate investigations consisting of
a total of 4078 patients, survival rates, incidence of late AI, and need for aortic valve
replacement were similar in both BAV and surgical groups; however, the need for
reintervention was higher after BAV than after surgery [91]. These authors suggest
comparison of in-hospital days and morbidity associated with both forms of
therapy in future studies. However, single institutional studies differ in their
conclusions with some suggesting comparable outcomes [92–94] and others favoring
surgery [94–96]. Therefore, the author favors BAV because of considerable occur-
rence of mortality, both early and late, universal morbidity and the necessity for re-
operation seen with surgical valvotomy. Therefore, BAV is a desirable alternative to
surgery [5, 10, 22].
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8. Complications seen with BAV

Complications may be observed at the time of BAV or may be detected during
follow-up; these will be briefed here and for a more detailed description, the reader is
referred to our prior publications [8, 29]. Complications at the time of BAV are transient
bradycardia, premature beats, and a drop in arterial pressure during balloon inflation.
These abnormalities are restored to normalcy after deflation of the balloon. A short
period of balloon inflation (≤ 5 seconds), as suggested previously [5] is likely to lessen
such complications. Additional complications are loss of blood necessitating blood
transfusion; thrombotic occlusion of the femoral artery needing heparin, streptokinase
or thrombectomy [97]; other rhythm abnormalities such as transient left bundle branch
block [5], right bundle branch block, transient lengthening of QTc interval [98], short-
lived atrioventricular block, supraventricular and ventricular tachycardias [5, 98, 99];
cardiac arrest [100]; perforation of cardiac structures [97, 101]; rupture of the balloon
[47, 102]; dislodgement of the balloon [89]; tears of the aortic or mitral valve leaflets
[89, 103]; right coronary artery occlusion; transitory ischemia of the myocardium [98];
cerebrovascular accidents [104]; and onset of subvalvar obstruction [105]; however,
these complications are infrequent. Tears of the aortic valve were observed in animal
models in whom large balloons (1.2–1.5 times the aortic valve annulus) were used [85].
Consequently, large balloons (larger than aortic valve annulus) should not be utilized
during BAV. Deaths have been seen in association with BAV [72, 84, 103, 106, 107];
such events are caused by rupture of the aorta, temporary obstruction of severe/critical
obstructions, aortic valve cusp perforation or avulsion, exsanguination from iliac/femo-
ral vessel tears, and ventricular fibrillation. Sudden death which is unexplained has also
been reported [107] but is very uncommon. Complications seen during follow up were
occlusion of the femoral artery [3, 8], development of AI and reappearance of aortic
valve obstruction; the latter two were examined in the preceding sections.

9. Miscellaneous issues

Additional issues associated with BAV, such as development of subvalvar obstruc-
tion [108, 109], mechanism of valvuloplasty [3, 5, 110–112], balloon characteristics
utilized during BAV [1–3, 5] will not be reviewed because of limitations of space.

10. Balloon valvuloplasty in specific age groups

In the preceding review, discussion of BAV was primarily centered on infants,
children, adolescents, and young adults with congenital AS. The indications, tech-
niques, and outcomes of BAV in the fetuses, neonates, premature infants, and elderly
adults with AS are somewhat different; however, will not be examined in this chapter
because of limitations of space, but can be found elsewhere [29].

11. Transcatheter aortic valve replacement

Since the description of TAVR [48–50] in the early 2010s, TAVR has been used
extensively to treat elderly patients with calcific AS. Given the enthusiasm with which
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the TAVR is being used at many institutions, it should be pointed out that the TAVR
should only be used for calcific AS of the elderly subjects and the non-calcific AS in
adolescents and adults should be addressed with the less invasive BAV [25]. The
details of the procedure and results of TAVR are discussed in other chapters in this
book and therefore, the discussion of TAVR will not be included in this chapter.

12. Summary and conclusions

After the report by Lababidi et al. of BAV in 1983, this procedure was applied by a
number of other cardiologists for alleviation of aortic valve obstruction. This review
focuses on congenital aortic valve stenosis. The indications for BAV are peak systolic
aortic valve pressure gradients of more than 50 mmHg with symptoms or ECG
changes or a peak gradient more than 70 mmHg regardless of the symptoms or ECG
abnormalities. One or two balloon valvuloplasty catheters are positioned across the
aortic valve, over extra-stiff guide wire(s) and the balloon(s) is/are inflated until the
waist of the balloon(s) is eliminated. The recommended balloon/annulus ratio is 0.8–
1.0. Femoral arterial access is the most utilized route for BAV; however, other routes
of access such as trans-umbilical arterial or venous or trans-venous routes are favored
in neonates and young infants to circumvent injury to the femoral artery.

Immediately following BAV, fall in peak systolic pressure gradient across the aortic
valve in conjunction with decrease in LV peak systolic and end-diastolic pressures
occurs in most patients. Development of AI is rare in children, although it may be seen
in the newborn. At short-term follow-up, catheterization-measured and Doppler
derived peak aortic valve gradients stay low for the entire cohort. However, when
each patient’s data is scrutinized, close to one-fourth of patients developed restenosis,
defined as peak-to-peak gradient ≥50 mmHg. When the causes for re-stenosis were
investigated, age ≤ 3 years and an immediate post-BAV gradient ≥30 mmHg were
found to predict restenosis. Patients with restenosis may be treated with repeat BAV
or surgery. Repeating BAV is effective in alleviating restenosis. Long-term follow-up
information indicates minimal Doppler gradients, negligible further restenosis beyond
what was seen at short-term follow-up and progression of AI in nearly 25% children.
Kaplan-Myer event-free rates at 5- and 10-years following BAV are in mid 70s and low
60s respectively. These data indicate good outcomes and avoided or postponed surgi-
cal therapy. However, significant AI at long-term follow-up is of concern. Current
recommendations favor BAV as first line therapy for alleviation of congenital aortic
valve stenosis.
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Catheter-Based Therapies: Current
Practices and Considerations
Sidra R. Shah, Hafez Golzarian and Sandeep M. Patel

Abstract

In just over a decade, there have been paradigm shifts globally in the
catheter-based therapies available for the management of patients with severe aortic
stenosis. The use of transcatheter aortic valve replacement (TAVR) has been a crucial
turning point in the field of cardiology as it granted an option for a minimally invasive
method to replace a valve for patients who may or may not be suitable for cardiac
surgery. In this chapter, we discuss the current practices and considerations as well as
the ongoing evolution of catheter-based approaches for TAVR. The predominant
focus of the chapter will be on aortic valve device modifications, prototypes of
valves, device delivery systems, and the various techniques. However, discussions on
indications/contraindications, proper work-up, preparation, equipment and person-
nel, complications, and post-procedural management & surveillance will also be
reviewed.

Keywords: aortic stenosis (AS), transcatheter aortic valve implantation (TAVI),
transcatheter aortic valve replacement (TAVR), surgical aortic valve replacement
(SAVR), percutaneous, transcatheter

1. Introduction

Aortic valve stenosis is a common valvular disease that occurs due to narrowing
and stiffening of the valve which restricts blood flow in the body. It is a systolic
murmur heard loudest at the 2nd intercostal space in the right upper sternal border.
The murmur radiates to the carotids and is described as crescendo-decrescendo. Some
causes of the narrowing include calcification of the valve due to aging, congenital
valve abnormalities, and rheumatic heart disease. Most people with aortic stenosis can
be asymptomatic for years before developing worsening symptoms such as shortness
of breath, syncope, fatigue, palpitations, and/or angina. The valve can be repaired or
replaced with different procedures depending on the patient’s condition. Valve
replacement is done by aortic valve replacement surgery or transcatheter aortic valve
replacement (TAVR). TAVR is a minimally invasive procedure that replaces the aortic
valve in patients who are not candidates for surgery. This procedure has significantly
evolved over the years and has become part of the standard of care to improve patient
outcomes in aortic stenosis.
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2. History

For decades since the inception of the first surgical aortic valve repair in 1962, the
only treatment option available for surgically high-risk patients suffering from severe
aortic stenosis (AS) was medical management. In 1985, Alain Cribier performed the
first catheter-based balloon aortic valvuloplasty in a 77-year-old inoperable female [1].
Unfortunately, this still provided little to no long-term improvements in outcomes for
patients. On May 1, 1989, Henning R. Andersen successfully developed and implanted
the first percutaneous synthetic aortic valve in an 80-kg closed chest pig in Aarhus
University Hospital of Denmark (Figure 1) [2, 3].

His inspiration stemmed from the works of Andreas Grüntzig and Charles Dotter
who pioneered and performed the first-in-man percutaneous transluminal coronary
angioplasty in 1977 in Zurich, Switzerland. Their works led to their nomination for the
Nobel Prize in Medicine the following year. Augmenting what these two pioneers
established, it was their student Julio Palmaz who then went on to invent and suc-
cessfully implant the first balloon-expandable coronary stents. According to Ander-
sen, it was in February 1989 during a conference lecture about balloon-expandable
stents led by Palmaz in Scottsdale, Arizona when he suddenly thought of the idea of
attempting such balloon-expandable stents but with larger diameters with collapsible
valve tissue on the inside to mimic the structure and function of heart valves [2].
Andersen believed that if he utilized a very similar technique as Grüntzig and Palmaz,
then he would be able to also perform percutaneous artificial heart valve implanta-
tions without the need for surgery. Upon returning to Denmark from the conference,
Andersen spent several months creating his own valve prototypes utilizing iron and
steel wires of various thickness and stiffness which he would buy from local
hardware stores. These early valves were roughly �25 mm in diameter and consisted
of 15–16 loops closed by soldering [2]. Over the next 3 years, Andersen continued to
optimize durability and functionality of his device on pigs. Eventually he went on to
add high loops for the commissure posts to be able to mount biological leaflets which
he would harvest from pig hearts purchased from a local slaughterhouse (Figure 2).

Andersen credited J. Michael Hasenkam, a young cardiovascular surgeon in-
training at the time, for this idea of mounting on biological leaflets to his new device.

Figure 1.
Henning Rud Andersen preparing an 80 kg pig in 1989 in the animal lab of Aarhus University Hospital (image
obtained from Ref. [2]).
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He also credited his medical student, Lars Lyhne Knudsen, for assisting him in devel-
oping various stents and mounting the leaflets and valves within. Andersen et al. went
on to implant 35 more devices in-vitro in pigs. Their work was initially widely rejected
and even ridiculed by journals, as well as many cardiothoracic surgeons around the
world. In May 1992, their work was finally accepted and published by European Heart
Journal [3]. In 1995, Andersen, Hasenkam, and Knudsen obtained a patent for their
new invention. Over the next few years, their work rapidly began to gain recognition
and other groups replicated their techniques utilizing both self-expandable and
balloon-expandable valves on dogs, sheep, and pigs, all with positive outcomes.

On April 16, 2002, at the Charles Nicolle University Hospital in Rouen, France,
Alain Cribier became the first to successfully perform aortic valve placement in an
adult human patient [4]. Cribier went on to repeat his success utilizing both the
traditional retrograde approach as well as the antegrade atrial trans-septal approach
[5, 6]. All his implantations were performed under conscious sedation without the
need for extracorporeal circulation and on high-risk inoperable patients, some of
which were already in a state of cardiogenic shock. His trans-septal approach proved
to be time-consuming, complex, and associated with more complications. Further-
more, interventionalists were becoming more comfortable with percutaneous tech-
niques via various arterial access sites (more recently including the carotid artery).
Thus, the anterograde methodology was abandoned. In 2003, Cribier’s startup com-
pany, Percutaneous Valve Technologies, was acquired by Edwards Lifesciences for
$125 million. Thus, the Cribier-Edwards bioprosthetic valve became the first-
generation of in-human transcatheter aortic valve replacement (TAVR) valves. In
2004, the first TAVR procedure was performed in the United States by Dr. William
O’Neill at Henry Ford Hospital.

In the subsequent years, many clinical scientists, biotechnological companies,
investors, and physicians joined this attractive and fiercely growing industry. Many
augmented the devices and delivery systems while others continued to work on
improving the technique itself. In 2007, the Edwards SAPIEN valve, made of bovine
pericardium, was introduced as a life-saving option for prohibitive high surgical risk
patients [7, 8]. Meanwhile that same year, Webb et al. demonstrated the feasibility
and efficacy of the retrograde approach for TAVR [9].

Figure 2.
Early handmade prototype of an aortic valve with three high loops for mounting leaflets harvested from pig valves
(image obtained from Ref. [2]).
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The first clinical trials which successfully elucidated the feasibility and safety of
TAVR were the Registry of Endovascular Critical Aortic Stenosis Treatment
(RECAST) and the Initial Registry of EndoVascular Implantation of Valves in Europe
(I-REVIVE) [5, 6].

By 2009, the two predominant valves in the industry were the self-expandable
CoreValve ReValving system (CoreValve Inc., Irvine, California) and the balloon-
expandable Edwards SAPIEN valve (Edwards Lifescience, Irvine, California). In
2009, CoreValve Inc. was acquired by Medtronic for over $700 million, thus allowing
rapid global marketing, larger clinical trials, and continuous device refinement to
minimize procedural complications and optimize outcomes. At the time, two
momentous clinical trials which enrolled nearly 10,000 patients—the CoreValve/
Evolut trial and the PARTNER (Placement of Aortic Transcatheter Valves) trial—
demonstrated significant superiority with TAVR compared to medical management in
patients with severe AS with high surgical risk [10]. Thus, prompt approval for TAVR
by the U.S. Food and Drug Administration followed in 2011. By 2014, TAVR was
being performed in over 50 countries, in over 720 centers around the world [11].

In 2016, positive results from the PARTNER II and the Surgical Replacement and
Transcatheter Aortic Valve Implantation (SURTAVI) trials proved the balloon
expandable Edwards SAPIEN XT and Medtronic’s CoreValve self-expanding valve to
be non-inferior to surgery with respect to stroke and mortality even in patients who
were intermediate surgical risk [12]. In 2019, published results from the PARTNER 3
trial revealed that the newer-generation SAPIEN 3 Ultra TAVR valve demonstrated
superiority to surgery in both primary and numerous secondary endpoints in even low
surgical patients [13]. As of 2023, the three-year follow-up outcomes from the ongo-
ing Evolut Low Risk trial paired with the PARTNER 3 outcomes, continue to demon-
strate overall non-inferiority of TAVR to SAVR in low-risk patients [14]. These
promising results continue to be sustained. By 2025, over a quarter million TAVRs are
projected to be performed annually around the world [11]. As more other ongoing
global clinical trials continue to suggest both feasibility and safety of TAVR regardless
of surgical risk, the paradigm global shifts towards perfecting the solution to severe
aortic stenosis are expected to continue.

3. Indications

Today, TAVR is an FDA-approved treatment option for patients with severe native
calcific AS of all risk profiles and for patients with failed surgical bioprosthetic valves.
Preliminary results from clinical trials investigating outcomes in patients with low
surgical risks are ongoing. We determine this risk using the Society of Thoracic
Surgeon (STS) scoring system. A score greater than or equal to 4% (predicted risk of
surgical mortality at 30 days) is the cutoff in today’s practice in determining eligibility
for TAVR. The EuroSCORE II is an alternative scoring system that can be used for risk
stratification. An STS score of ≥8% or a EuroSCORE II >15–20% indicates high risk.

According to the American Heart Association (AHA) guidelines and the European
Society of Cardiology (ESC) guidelines, patients with severe low-flow low-gradient
AS who have a left ventricular ejection fraction of less than 50% should also undergo
TAVR regardless of the presence or absence of symptomatology [15]. If ejection
fraction is preserved in these patients, the AHA issues a class 1 recommendation for
intervention whereas Europe issues a class IIa recommendation. Asymptomatic
patients with severe AS who have a preserved ejection fraction, should only undergo

120

Aortic Valve Disease – Recent Advances



intervention on a case-by-case basis such as in patients with rapid rates of stenosis,
severely elevated serum levels of B-type natriuretic peptide (Pro-BNP), or exercise
intolerance [15–19].

Both North American and European guidelines mutually share the same criteria to
classify severity and type of AS. We define severe high gradient AS a maximum
velocity greater than or equal to 4.0 m/s with a mean transaortic gradient greater than
or equal to 40 mmHg typically associated with an aortic valve area of <1.0 cm2. We
define low-flow low gradient severe AS having a valve area of less than 1.0 cm2 with a
concomitant maximum velocity less than 4.0 m/s and a mean transaortic gradient less
than 40 mmHg. Although both North American and European societies agree on the
indication of TAVR for older and high-risk patients. The European guidelines cur-
rently remain more conservative in their approach in younger patients requiring
bioprosthetic valves. TAVR is generally considered in these patients only after the age
of 75. The AHA however, recommends considerations of TAVR in patients above the
age of 65 [15]. A schematic for diagnosis and treatment of AS adopted from the 2020
AHA guidelines is shown in Figure 3 [16].

Factors that favor TAVR over SAVR include age, frailty, higher surgical risk, redo
surgery, patients with prior radiation therapy to the chest, presence of a porcelain
aorta, and the availability of a healthy percutaneous access sites. Factors that favor
SAVR include younger age, bicuspid aortic valve, multivessel CAD, aortopathy
requiring intervention, and concomitant significant valvulopathy necessitating car-
diac surgery. As of now, there are no recommendations for early transcatheter inter-
vention in patients with moderate AS. Clinical trials such as the TAVR UNLOAD trial
in which we are assessing the safety and efficacy of TAVR in patients with moderate
AS have been initiated and are currently ongoing. The indications for TAVR are
anticipated to continuously evolve in years to come.

4. Contraindications

It is imperative for clinicians to be aware of both absolute and relative contraindi-
cations for TAVR. Absolute clinical contraindications include patient life expectancy
of less than 12 months, myocardial infarction within the last 30 days, stroke within the
last 6 months, patient intolerance to an anticoagulation/antiplatelet regimen, the
absence of a Heart Team and cardiothoracic surgical team, and active bacteremia or
endocarditis. Absolute anatomical contraindications include heavy aortic or left ven-
tricular outflow tract disease and calcification, a short distance between the coronary
ostia and the native aortic annulus, annulus size that is too small (less than 18 mm) or
too large (greater than 29 mm), and the presence of mobile plaques and thrombi in the
aorta and unsuitable access options [20].

Relative contraindications for TAVR include severe left ventricular dysfunction
(EF <20%), inadequate heavily calcified femoral arteries, hemodynamic instability,
severe pulmonary hypertension resulting in right ventricular dysfunction, hypertro-
phic cardiomyopathy, and severe mitral regurgitation.

5. Pre-procedural work-up

Appropriate patient selection via individual risk stratification, optimal valve
sizing, and determining feasibility of different access routes are all factors that are
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carefully and meticulously worked up prior to TAVR. This pre-screening is an ever-
changing multifaceted selection process that utilizes a multidisciplinary approach. A
Heart Team consisting of an interventional cardiologist, cardiac surgeon, clinical

Figure 3.
A schematic for management of AS adopted from the 2020 AHA guidelines (image obtained from Ref. [16]).
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cardiologist, and anesthetist are responsible for actively performing the pre-
procedural screening and work-up. However, because these patients are generally
elder with many comorbidities, physicians from even other specialties often partici-
pate in pre-procedural optimization.

The confirmation of severe AS is done with echocardiography demonstrating a
valve area of <1.0 cm2 mean pressure gradient of 40 mmHg or greater or a maximum
aortic velocity of 4.0 m/s or greater. This step is heavily operator dependent as any
misalignment of the probe can result in underestimation of the pressure gradient and
jet velocity. The measured valve area should be indexed to the patient’s body surface
area ≤ 0.6 cm2/m2 in patients with normal left ventricular ejection fraction. Note that
patients with low-flow, low gradient severe AS may have aortic velocities and valve
gradients that are falsely lower. If these patients demonstrate a reduced ejection
fraction, then we use low-dose dobutamine echocardiography (maximum dose 20 μg/
kg/min) to mimic normal physiological flow and obtain accurate values. If valve area
remains ≤1.0 cm2 and peak velocity exceeds 4.0 m/s, then a diagnosis of true severe
AS is made regardless of the flow rate. If the aortic valve area increases to greater than
1.0 cm2 during dobutamine echocardiography, then a diagnosis of pseudo-severe AS
or moderate AS can be assumed, and the patient should undergo heart failure therapy
and close clinical follow-up.

Transesophageal echocardiography tends to underestimate the severity of AS
when compared to transthoracic echocardiography [21]. In the majority of patients,
transthoracic echocardiography is adequate enough to confidently establish a diagno-
sis of severe AS. However, when there are discordant findings, we look for other tests
to help guide our decision-making. Thus, in addition to echocardiography, we utilize
computed tomography to confirm the severity of AS. Similar to that of coronary
calcium scoring, computed tomography allows us to use the Agatston algorithm to
quantitate the severity of aortic valve calcifications. We utilize calcium score cutoffs
of 2065 in males and 1275 in females for severe AS [22]. Recent studies have revealed
that an elevated pre-TAVR calcium score from computed tomography is an indepen-
dent risk factor for acute stroke, thus providing prognostication capabilities as well
[23]. Computed tomography also provides the added benefit of a three-dimensional
visualization of the valve and left ventricular outflow tract as two-dimensional imag-
ing often results in underestimation of the severity of stenosis. This is largely due to
the fact that the continuity equation which we use to calculate valve area from stroke
volume states that flow passing through the outflow tract equals the flow through the
aortic valve and assumes a circular outflow tract though in reality, the tract is fre-
quently oval. Computed tomography angiography of the chest, abdomen, and pelvis is
generally also done to help confirm valve size but more importantly, to visualize the
patient’s vasculature and determine the optimal entry point for access, if any.

Because the association of coronary artery disease and AS is strong, conventional
guidelines recommended left heart catheterization prior to TAVR in order to assess
presence of unstable coronary disease and determine if revascularization or bypass
grafting should be performed prior to AVR. Depending on heart catheterization find-
ings, the Heart Team may elect to proceed with SAVR versus TAVR. However, recent
studies published by AHA revealed that revascularization TAVR did not result in
improved clinical outcomes and in fact, was associated with an increased risk of major
vascular complications and 30-day mortality [24].

Other conventional preprocedural testing includes carotid duplex ultrasonogra-
phy, pulmonary function testing, and assessing baseline ambulatory function status,
complete blood counts, and renal function. Carotid ultrasonography allows clinicians
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to screen for internal carotid artery stenosis which is believed by many to correlate
with risk of periprocedural stroke. However, some studies have since emerged show-
ing no statistically significant benefit in performing carotid ultrasonography [25, 26].
For now however, it remains a part of preprocedural workup at many centers. Pul-
monary function testing remains a routine part of the risk stratification and STS
scoring of patients undergoing valve replacement as the severity of the patient’s lung
disease continue to show direct correlation to peri-procedural mortality [27].

We universally assess for baseline functional status with a simple outpatient six-
minute walk test during which we assess both speed, gait, and ability to complete the
test. It is a simple and cheap test that helps us further risk stratify patients and to
monitor functional status pre and post procedurally. Among high-risk adults under-
going TAVR, the six-minute walk test does not predict post-procedural outcomes but
does however predict long-term mortality [28].

Renal function is also important to assess as both acute and chronic kidney disease
are associated with adverse events in patients undergoing valve replacement [29]. In
patients who develop acute kidney injuries, studies have shown a four-fold increase in
postoperative mortality [30, 31]. A baseline complete blood count allows to assess
platelet counts and for any anemia. Finally, a preprocedural international normalized
ratio and type and screen are also obtained as part of preprocedural blood work.

6. Contemporary devices

Contemporary TAVR devices consist of balloon-expandable valves, self-expanding
valves, mechanically expanding valves, and delivery systems/sheaths. In the last two
decades, technological advancements have significantly improved devices by incor-
porating and enhancing features that allow for recapture, easier deployment,
repositioning, all while reducing associated complications such as perivalvular leaks
and stroke [32]. As TAVR continues to undergo procedural modifications and indica-
tions, these devices are expected to continue to evolve. As of 2023, there are three
newer-generation valves that are FDA-approved for commercial TAVR in the US: the
SAPIEN 3 Ultra (Edwards Lifesciences), Evolut PRO+ (Medtronic), and Portico
(Abbott Laboratories). Other valves such as the ACURATE Neo/Neo2 (Boston Scien-
tific), JenaValve (JenaValve Technology), Myval THV (Meril Life Sciences), Allegra
(New Valve Technologies) have Conformite Europeenne (CE) markings by the Euro-
pean Union and actively undergoing review for potential US FDA-approval in the near
future.

Balloon-expandable valves are intra-annular valves that include the Sapien system
and the Myval system. They require transient rapid ventricular pacing with concom-
itant valve-balloon inflation. Close monitoring of the pacer lead is imperative in order
to avoid risk of pacing lead perforation. The cons of these valves are that they are not
able to be repositioned. Additionally, sicker patients may not be able to tolerate rapid
ventricular pacing, thus hemodynamics must be very closely monitored. One major
advantage of these valves is that they have a lower frame height thus allowing for
easier coronary access [33, 34]. They have delivery sheaths that typically allow for
better controllable flexibility and steerability, and thus are preferred in patients with
difficult vascular anatomy.

Self-expanding valves are typically supra-annular but newer prototypes that are
intra-annular are now being manufactured. These valves do not require rapid ven-
tricular pacing. They offer the advantage of being able to be repositioned and
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retrievable. The cons of these valves include limited maneuverability. They also tend
to create a greater challenge for coronary access due to their larger frame sizes. Self-
expanding valves tend to have higher rates of pacemaker implantations and
paravalvular leaks (Figure 4) [35].

6.1 SAPIEN 3 Ultra (Edwards Lifesciences)

The balloon-expandable SAPIEN 3 Ultra transcatheter aortic valve is the fifth-
generation valve in the Sapien series and is available in four sizes (20, 23, 26,
and 29 mm). Its design consists of three bovine pericardial tissue leaflets with a

Figure 4.
Various types of contemporary transcatheter aortic valves.
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cobalt-chromium frame. The novel modifications of this device include the polyeth-
ylene terephthalate cuff that has significantly minimized the rate and degree of
paravalvular leaks. The Ultra has a greater frame height than the previous generation,
allowing an even greater reduction of paravalvular leaks [36]. It is neither retrievable
nor repositionable. The Commander Delivery System (Edwards Lifesciences) consists
of an inner balloon on which the valve is crimped prior to advancement. A
transfemoral approach is preferred using a 14 or 16 French (F) Edwards eSheath and
crimper. In cases in which femoral access is not feasible or appropriate, a transaortic
or transapical approach may also be utilized. In such cases, a Certitude delivery system
is needed. This system is compatible with 18 and 21-F sheaths. The 21-F sheath is
reserved for the larger 29 mm valve. The PARTNER trials are the largest clinical trials
that have reported outcomes of the SAPIEN 3 which led to FDA approvals in all four
risk profiles. When compared to the SAVR cohort from PARTNER II, TAVR with the
SAPIEN 3 valve demonstrated lower rates of mortality (7% vs. 12.4%) and stroke
(4.5% vs. 7.9%) at 1-year follow up in low-risk patients [13].

6.2 Myval (Meril Life Sciences)

The balloon expandable Myval heart valve obtained its CE mark in 2019. It consists
of a tri-leaflet made of bovine pericardium on a cobalt alloy frame as well as a
polyethylene terephthalate cuff similar to the SAPIEN 3 that is in place both internally
and externally to reduce paravalvular leaks. It comes in nine sizes (20, 21.5, 23, 24.5,
26, 27.5, 29, 30.5, and 32 mm). The valves should be crimped over Navigator THV
Balloon Delivery System (Meril Life Sciences) prior to advancement through the
introducer.

6.3 Evolut PRO+/FX (Medtronic)

The self-expanding supra-annular Evolut Pro+ is a new generation FDA-approved
valve in the Evolut series and offers the lowest delivery profile for 23–29 mm valves,
capable of treating vessels down to 5.0 mm. Valves from this series have been the most
extensively studied and most commonly implanted. It is available in four sizes (23, 26,
29, and 34 mm). Its design consists of three porcine pericardial tissue leaflets mounted
on a frame made of nitinol. The novel modification of this device is the newly added
porcine external skirt which minimizes paravalvular leaks [37]. Valves of the Evolut
series have been shown to cause greater rates of conduction disturbances and pace-
maker dependency compared to some of the other valves [38]. However, the data
available on the Pro+ thus far has shown lower rates of pacemaker implantation. The
delivery system allows the valve to be recaptured up to three times. In the US Evolut
PRO Study, zero patients experienced moderate paravalvular leak during the same
follow-up period used in the PARTNER II SAPIEN 3 trial, in which moderate
paravalvular leak was seen in 3.4% of patients. In 2022, Medtronic announced their
next generation of Evolut valve—the Evolut FX. They have significantly improved
commissural alignment which we anticipate will allow better coronary flow and access
when needed. The FX also allows for easier tracking as it now has gold markers built
into the frame. These prototype modifications should overall help improve alignment
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and allow for symmetric implantations. Multicenter studies are ongoing but prelimi-
nary data has thus far shown favorable outcomes.

6.4 ACURATE Neo/Neo2 (Boston Scientific)

The ACURATE Neo2 is a self-expanding supra-annular nitinol alloy stent available
in three sizes: small (21–23 mm), medium (23–25 mm), and large (25–27 mm). Its
design consists of porcine leaflets mounted on a large-cell nitinol frame that allows for
easy coronary access. An 18-F sheath is required for transfemoral approach. A simple
two-step deployment provides the operator with greater ease of deployment. The
global SAVI registry revealed very positive outcomes in terms of pacemaker implan-
tation rates and stroke (8.2% and 1.9% respectively) [39].

6.5 Portico (Abbott Laboratories)

The self-expanding intra-annular Portico TAVI system was approved by the FDA
in 2021. It is available in four sizes (23, 25, 27, and 29 mm). Its design consists of
bovine leaflets mounted on a large-cell nitinol frame. The annular and large-cell
design allows for easy coronary access. It is fully re-sheathable. An 18-F sheath is
required and used with its FlexNav delivery system which Abbott claims to need 76%
less insertion force than the Evolut PRO.

6.6 LOTUS Edge (Boston Scientific)

The LOTUS Edge is the second of the LOTUS mechanically expandable valve series
that allows for hemodynamic evaluation and repositioning as needed prior to deploy-
ment. The expansion is mediated by a mechanical controlled system. Mortality rates in
patients who have undergone TAVR with LOTUS were very comparable to the rates
from SAPIEN 3 [40]. The LOTUS edge was FDA-approved in 2019. Since then, the
newest generation (Mantra) has been created as well. At this time however, these
valves have been recalled due to issues with its delivery system, but due to a substan-
tial number of patients in whom the valve was implanted, operators need to be
familiar with the valve and its design.

7. Equipment and personnel

The care of a patient with severe aortic stenosis should be collaboratively under a
Heart Team that consists of a primary cardiologist, an interventional cardiologist,
cardiothoracic surgeon, radiologist, and anesthetist. We discussed the meticulous
workup and pre-screening measures necessary prior to fully committing to a
transcatheter approach. Depending on the comorbidities of the patient, additional
specialists may be invited to help fine-tune and optimize patients prior to undergoing
TAVR. This multidisciplinary team is needed even post-procedurally to ensure proper
follow-up and care should any complications arise.

Centers who wish to pursue TAVR are recommended to have an active valvular
heart disease program with at least two surgeons experienced in valvular surgery.
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A heart catheterization laboratory, high quality radiology and imaging department
should also available. Access to multiple echocardiographic modalities is also neces-
sary. A hybrid operating room is preferred but not mandatory.

The American College of Cardiology, along with partnering societies (AATS, SCAI,
STS, ACCF) clearly delineate the components needed for centers to establish and
maintain a TAVR program. Quality is the primary endpoint. These are assessed with
several various metrics. Due to the learning curves associated with the procedure,
having adequate volume of patients is necessary. It has been shown that roughly 30–45
cases are needed for operators to plateau in their procedure times and success rates
[41, 42]. The slope for major post-procedural outcomes however remains steep for
roughly the first 100 cases [43]. Thus, proceduralists are expected to have documented
involvement with 100 cases with half (50) requiring them to be the primary operator.
Table 1 summarizes current requirements to establish TAVR programs.

ACC requirements for new TAVR programs [45]

There should be documentation of a multidisciplinary approach and of patient access to all forms of
therapy for aortic valve disease (TAVR, SAVR, and palliative and medical care) using an SDM process.
• For all patients with aortic stenosis meeting criteria for valve replacement, there should be

documentation of the following:
◦ Completion of an evaluation by both a cardiac surgeon and a cardiologist with knowledge and

experience in both TAVR and SAVR
◦ Education of patients regarding the treatment recommendations and options by the

multidisciplinary team
◦ Use of an SDM process incorporating patient preference

• For patients undergoing TAVR, there should be documentation of evaluation by 1 surgeon involved in
the TAVR program
◦ For this requirement to fulfill CMS coverage criteria, the NCD should be updated as it currently

recommends evaluation by surgeons for all patients having TAVR

The proposed TAVR proceduralist for a new TAVR program should document the following:
• Prior TAVR experience with participation in 100 transfemoral TAVRs lifetime, including 50 TAVRs as

primary operator
• Being board eligible or certified in either interventional cardiology or cardiothoracic surgery
• Certification of device-specific training on device(s) to be used.

The TAVR sites must have:
• The site must have documented expertise, state of the art technology and dedicated board-certified

imager.
• Echocardiography: TTE, TEE and 3D
• CT Scan and MR imaging

The proposed TAVR surgeon for a new TAVR program should document the following:
• 100 lifetime SAVRs or 25 per prior year or 50 over 2 years and ≥20 SAVRs in the year prior to TAVR

program initiation Board eligible or certified by the American Board of Thoracic Surgery or equivalent

The institution should document the following prior to expanding into alternative-access TAVR (e.g.,
transapical, direct aortic, brachiocephalic arteries, transcaval):
• Completion of 80 TAVRs using transfemoral access with an STS/ACC TVT Registry 30-day risk-

adjusted TAVR all-cause mortality “as expected” or “better than expected”

The institution should document the following concerning its SAVR program:
• ≥2 hospital-based cardiac surgeons who both spend ≥50% time at the hospital with the proposed TAVR

program
• Minimum hospital SAVR volume†: 40 per prior year or 80 over 2 years
• Quality assessment/quality improvement program:
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8. Techniques

The TAVR procedure is commonly performed in a hybrid room that has both
Cath lab and operating room abilities, although some are performing the procedure
in a standard cardiac catheterization laboratory. Primarily driven by visualization
on fluoroscopy correlating to previously performed CT scan. At times, various Heart
Teams will use transesophageal echocardiographic coregistration with fluoroscopy.
There are various accesses used, with transfemoral arterial approach being the
most common one. Approximately more than 95% of cases are completed this way.
The femoral route has also shown lower rates of complications. However, when this
method cannot be used due to severe tortuosity or diseased iliofemoral arterial
vessels, an alternative route can be chosen based on the particular valve being
used, patient’s risk factors, or if a patient has unfavorable iliofemoral artery charac-
teristics [44].

ACC requirements for new TAVR programs [45]

◦ Active participation in the STS National Database or a validated state/multi-institutional consortium
that gathers and reports risk adjusted and benchmarked outcomes

◦ Quality metric: STS 2- or 3-star rating for isolated AVR and AVR plus CABG in both reporting
periods during the most recent reporting year

The institution should document the following resources and experience:
• PCI

◦ Minimum volume: 300 PCI/year
◦ Active participation in the NCDR/Cath PCI Registry or a validated state/multi-institutional

consortium that gathers and reports risk-adjusted and benchmarked outcomes
◦ Quality metric: PCI in-hospital risk-adjusted mortality (NQF endorsed) above the bottom 25th

percentile for the most recent 4 consecutive quarters.
• Vascular interventions

◦ Physicians experienced and competent in vascular arterial interventions
• Pacemaker capabilities

◦ Experienced and competent physicians for temporary and permanent pacemaker placement and
management

◦ On-site services should be available 24 hours/day and 7 days/week to handle conduction
disturbances as a result of TAVR

Quality assessment/quality improvement program requirements:
• Active participation of institution in STS/ACC TVT Registry and STS National Database or a validated

state/multi-institutional consortium registry
◦ Registry submission of all cases using FDA-approved TAVR/SAVR technology, including off-label

uses
◦ Registry documentation that data submissions meet performance metrics for completeness and

accuracy as defined by each registry
• Multidisciplinary team quarterly meetings with documentation of the following:

◦ Review of institutional reports for TAVR (quarterly) and SAVR (semi-annually) from the STS/ACC
TVT Registry and STS National Database or an alternative approved registry

◦ Assessment and proposed actions if site performance for TAVR and SAVR is suboptimal relative to
volume and quality requirements, including national benchmarking of performance metrics

◦ Presentation of selected TAVR/SAVR cases at quarterly mortality/morbidity conferences

Table 1.
TAVR program recommendations and requirements in the United States as of 2018 per official statement by
ACC and its partnering societies. Obtained from Bavaria et al. (obtained from Ref. [44]).
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The alternative common access options include transubclavian access, transthoracic
approach (transapical antegrade and transaortic retrograde), and transcarotid approach.

• Transsubclavian/transaxillary approach is done by a surgical cut-down to the
subclavian artery or percutaneous axillary artery access for insertion of the valve.
The axillary artery’s proximal third (between the medial border of pectoralis
minor and lateral border of the first rib) demonstrates an ideal area for both
surgical and percutaneous methods.

• Transaortic approach is performed by a direct insertion of the valve delivery
system into the ascending aorta via a sheath in the aorta from a lateral
thoracotomy or median sternotomy.

• Transapical approach is best for patients who have severe peripheral artery
disease or heavily calcified aorta/ascending arch. These patients typically are at a
higher risk for stroke or other embolic events.

• Transcarotid approach is done with a surgical-cut of the common carotid artery. It
is important to use neurologic monitoring with this approach.

• Transcaval approach involves the femoral vein and percutaneous electrosurgical
techniques to puncture from the inferior vena cava into the aorta (Table 2) [44].

Access Procedural
success (%)

30 D
mortality

Major and life-
threatening
bleeding

Neurological
events (TIA/

stroke)

New pacemaker
implantation (%)

Trans-
femoral
(3–14)

95–100 2.1–5%‡

5.2–9.7%†

9.3–28.1%‡

3.5–11.4%†

1.4–6.7% (30 days
stroke)

2.3–4.1% (1 year
stroke)

3.4–34.1
5.9–20.1

Trans-
axyllarian
(16)

97.9 5.7% 7.8% life
threatening
36.2% major
bleeding

2.1% 24.7

Trans-aortic
(17–24)

87–100 6.1–13% 0.3–12% 0–3.2% 0–14

Trans-apical
(13, 25–28)

90–96 4.6–14% 3.6–6.1% 1.3–4.1% 5.4–11.0

Trans-
carotid (29)

100 6.3% 4.2% 3.1% (all TIAs,
stroke not
reported)

26.5

Trans-caval
(30, 31)

100 8% 12%
(6% transcaval

related)

5% 16

†Data derived from TVT. Gary. UK TAVI. Observant and France2 registries.‡Data derived from Partner A, Partner B,
Partner II, Notion and SURTAVI trials.

Table 2.
Procedural outcomes per access site [46].
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9. Procedure

9.1 Edwards SAPIEN 3 transcatheter heart valve (THV)

Sterile technique is to be followed during the device preparation and implantation
(Figure 5) [47].

Rinsing procedure:

1.The THV comes in a jar. Examine the valve before opening the device for any
signs of damage. If there are signs of leaking, missing seals, etc. the valve should
not be used for implantation.

2.Place two sterile bowls with approximately 500 mL of sterile saline to fully rinse
out the glutaraldehyde sterilant from the heart valve.

3.Next, carefully remove the THV from the jar without touching the tissue.
Compare the THV serial identification number with the one on the jar lid. Check
again for any damage to the THV.

4.Rinse the THV in first bowl of sterile saline. Make sure the saline completely
covers the THV and the holder. Submerge both and slowly swirl the saline for
approximately 1 minute. Transfer the THV and holder to second bowl. Again,
slowly swirl the saline for another minute. Leave the THV in the second bowl
until needed. This is to keep the THV hydrated and prevent the tissue from
drying. CAUTION: The THV should be the only thing placed in the rinse bowl.
Direct contact should also be avoided during the rinse process [47].

Preparing the device components:

1.Inspect all the components for any signs of damage. Check to see if the Edwards
Commander delivery system is unflexed and make sure the balloon catheter is
advanced in the flex catheter.

Figure 5.
Edwards commander delivery system [47].
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2.Flush out the flex catheter.

3.Remove the distal balloon cover carefully from the delivery system.

4.From the distal end of the guidewire, remove the stylet and put aside. Flush the
guidewire with heparinized saline and insert the stylet back through the distal
portion of guidewire lumen.

5.Cover the flex catheter tip with proximal balloon cover and put the delivery
system in default position. Unscrew the loader cap located in loader tube and
flush it. Place this loader cap on the proximal balloon cover and on the flex
catheter.

6.Advance the balloon catheter into the flex catheter. Remove the proximal
balloon over the balloon shaft in the blue section.

7.Put a 3-way stopcock to the balloon inflation port. Fill a syringe with about
20 mL diluted contrast medium and attach that to the 3-way stopcock as well.

8.Fill the inflation device and then lock it and attach to stopcock.

9.Close the 3-way stopcock to inflation device and then de-air the system using a
500 cc syringe. Release the plunger slowly and have zero-pressure in the system.

10.Close the 3-way stopcock towards the delivery system. Transfer contrast
medium to the syringe based on the delivery system and THV size.

11.Close stopcock to the syringe and remove the syringe. Lock the Inflation device
until THV deployment (Table 3) [47].

Mount the THV onto the delivery system:

1.Place two sterile bowls with approximately 100 mL of sterile saline to rinse the
Qualcrimp crimping accessory.

2.Submerge this accessory in the first bowl and slowly swirl it for about 1 minute.
Repeat this in the second bowl.

THV size (mm) Inflation volume (mL)

20 11

23 17

26 23

29 33

Table 3.
Inflation volume with corresponding THV size.
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3.Remove ID tag from the THV. Attach the crimp stopper to the base and click
into place.

4.Have the crimper in the open position and place the THV in the crimper
aperture.

5.Make sure the THV is parallel to the Qualcrimp edge. Place both the Qualcrimp
accessory and the THV in the crimper aperture. The delivery system should be
inserted within the THV in the Valve Crimp section by having the inflow of the
THV on the distal end of the delivery system.

6.The THV should be crimped until it is at the Qualcrimp Stop which is on the 2
piece Crimp stopper.

7.Carefully remove the Qualcrimp crimping accessory from the THV and remove
the Qualcrimp Stop therefore leaving the Final Stop in place.

8.Crimp the THV fully until it also reaches the Final Stop. Repeat the crimp of the
THV two more times.

9.Next, pull at the balloon shaft and lock it in the default position.

10.With heparinized saline, flush the loader and advance the THV into the loader
until the tip is exposed.

11.Place the loader cap to the loader, re-flush the delivery system, and close the
stopcock to the delivery system. Remove stylet and flush the guidewire of the
system [47].

THV delivery:

1.Prepare the Edwards eSheath introducer and insert the loader into the sheath.

2.Advance the delivery system through the sheath until the THV is out of the
sheath. Then retract the loader to be at the proximal end of the delivery system.

3.Begin valve alignment in a straight section of the aorta by unlocking the balloon
lock and pulling the balloon catheter back. Engage the balloon lock and position
the THV in between the valve alignment markers.

4.Advance the catheter with using the flex wheel. Confirm the position of the THV
with the aortic annulus. Adjust position as necessary.

5.Begin the THV deployment by unlocking the inflation device. Start rapid pacing;
balloon inflation can begin once the systolic blood pressure is down to 50 mmHg
or lower. Inflate the balloon and deploy the THV. Hold for 3 seconds and make
sure the inflation device barrel is empty. Deflate the balloon and turn off the
pacemaker [47].
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System removal:

1.Retract the device while unflexing the delivery system. Remove the devices
when the ACT level is appropriate. Close the access site [47].

9.2 Medtronic Evolut FX transcatheter aortic valve

See Figures 6–8.

9.2.1 Anatomical criteria

See Table 4.
Inspection and rinsing:

1.Carefully inspect the device packaging for any signs of damage. Remove the
product from the package.

2. Inspect the product for any signs of defects.

Figure 6.
Available valve sizes.

Figure 7.
Delivery catheter system (catheter) [48].

134

Aortic Valve Disease – Recent Advances



3.Remove the locking clips on the rinsing bowls and remove the bowls from the
integrated loading bath.

4.Detach the locking clips from the distal and proximal trays.

5.From the distal tray, raise the tray tab to the tray tab holder on the proximal tray.

6.Add cold, sterile saline to the integrated loading bath [48].

Catheter and loading system preparation:

1.Attach a 10 mL syringe with sterile saline on the proximal end of the handle to
the capsule flush port. Keep the syringe attached until the loading is complete.

2.Lift the distal end of catheter to a vertical direction. Open the capsule to reveal
the paddle attachment.

3.Next flush the capsule flush port. Make sure there is no leakage noted during
flushing. If any leakage is noted, use a new system.

4.While flushing the capsule flush port, immerse the capsule in the cold saline
bath.

Size Aortic annulus diameter Aortic annulus perimeter (π � aortic annulus diameter)

23 mm 17a/18 mm to 20 mm 53.4a/56.5 mm to 62.8 mm

26 mm 20 mm to 23 mm 62.8 mm to 72.3 mm

29 mm 23 mm to 26 mm 72.3 mm to 81.7 mm

34 mm 26 mm to 30 mm 81.7 mm to 94.2 mm

Table 4.
Anatomical aortic annulus diameter and perimeters with corresponding valve sizes.

Figure 8.
Evolut FX loading system [48].
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5.Use a locking clip to position the catheter tip into the loading bath.

6.Put the loading system in the integrated loading bath [48].

Rinsing of the bioprosthesis:

1.Place 500 mL of sterile saline into three rinsing bowls.

2.Carefully remove the bioprosthesis from the packaging by using blunt foreceps.

3.Check the serial number attached on the tag of the bioprosthesis with the serial
number on the container.

4.Remove the serial number tag from the bioprosthesis cautiously.

5.Place the bioprosthesis in one of the sterile rinsing bowls.

6.Carefully mix the bioprosthesis by hand in order to remove the glutaraldehyde.

7.Rinse the bioprosthesis in the second and third rinsing bowls. Leave it in the third
bowl until ready to be used [48].

Loading procedure of bioprosthesis:

1.Immerse the bioprosthesis in the integrated loading bath.

2.Make sure the capsule guide tube is open (unlocked) with the locking collar at
proximal end of capsule guide tube.

3.Advance the capsule guide tube over the catheter shaft and across the catheter
tip.

4.Once across, advance the locking collar to the distal end of the capsule guide
tube until it is locked (closed). Continue advancing until it reaches the distal end
of the capsule.

5.Make sure the backplate is placed in the inflow cone and the uncovered part is
facing up.

6.Place the inflow portion into the inflow cone. Check to make sure the
bioprosthesis frame paddle has a “C” facing up and it is aligned with the paddle
attachment pockets.

7.Place the outflow cone into the inflow cone until it is locked.

8.In the distal end of the inflow cone place the catheter tip guide tube. Place the
distal catheter tip in the catheter tip guide tube.

9.Withdraw the catheter tip guide tube to place the bioprosthesis frame paddles in
the attachment pockets.
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10.Advance the capsule guide tube so the distal part covers the paddle attachment
pockets as well as the top part of the outflow struts.

11.Continue advancing until the capsule catches the bioprosthesis outflow
struts and until the distal end of the capsule guide tube covers the
commissure pad.

12.From the outflow cone, remove the backplate and the catheter tip guide tube.

13.Advance the inflow cone to crimp the inflow portion of bioprosthesis frame.
Move the locking collar to the proximal end of the guide tube.

14.Continue progressing until the capsule comes out 5 mm of the catheter tip.

15.Disconnect the capsule guide tube with the outflow and inflow cone.

16.Next, advance the capsule until the gap closes between the capsule and
catheter tip.

17.Rotate the deployment knob towards the arrows to relive stress.

18.Inspect the capsule to make sure it is not misloaded and dree of bends.

19.Place a 10 mL syringe of sterile saline to the stability layer flush port.

20.Remove the loading stylet from guidewire lumen.

21.Place a 10 mL syringe of sterile saline on the proximal end of the handle to the
wire lumen flush port.

22.Place a 10 mL syringe of sterile saline to the Evolut FX inline sheath flush port
and flush it.

23.Check the loaded bioprosthesis under fluoroscopy before placing in
the patient. After checking, leave the bioprosthesis immersed in sterile saline
[48].

Implantation of bioprosthesis:

1.Achieve vascular access with a primary and secondary access artery. The
primary access will place the Evolut FX device and the secondary access will
place the reference pigtail.

2.Place a central line and insert a temporary pacemaker.

3.Place an introducer sheath into both accesses. Give anticoagulant, maintain ACT
greater than 250 seconds.

4.Advance a pigtail catheter to the ascending aorta and fix the distal tip in the
noncoronary cusp of the aortic valve.
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5.Place an angiographic catheter over a J-tip guidewire in the primary access and
progress to the ascending aorta.

6.Next, exchange the J-tip guidewire for a straight-tip guidewire and advance it
across the aortic valve into the left ventricle. Then advance the angiographic
catheter into the left ventricle.

7.Replace the straight-tip guidewire with an exchange length J-tip guidewire.
Replace the angiographic catheter for a 6 french pigtail.

8.Take out the guidewire and connect the catheter to the transducer. Advance the
pigtail catheter and place into the apex of the left ventricle. Remove the pigtail
catheter with the guidewire in the left ventricle.

9.Advance the device over the guidewire with the delivery catheter flush ports
towards the left side of the patient for better commissure alignment. Place the
catheter tip and capsule through the access site and insert the Evolut FX inline
sheath. Use fluoroscopy to watch the guidewire in the left ventricle.

10.With fluoroscopic assistance, advance the guidewire to the aortic annulus and
advance the device through the valve. With angiogram make sure the pigtail
catheter is in the correct position in the noncoronary cusp of the aortic root. The
bioprosthesis should be at a target dept. of 3 mm in comparison to the valve
annulus.

11.Rotate the deployment knob towards the arrows to deploy the bioprosthesis.
Adjust valve position as needed and position the bioprosthesis in order for the
radiopaque markers to be at the level of the native valve annulus.

12.Confirm the deployment with fluoroscopy or a second radiographic view [48].

9.3 Commissural alignment

ALIGN TAVR was a study done in 2020 which was the first complete evaluation of
the importance of commissural alignment in TAVR. The study compared the effect of
the initial deployment orientation of the 483 SAPIEN 3, 100 ACURATE-neo, and 245
Evolut transcatheter heart valves on the final orientation of commissural alignment.
828 patients from 5 centers were studied who had undergone the TAVR procedure
from March 2016 to September 2019. The patient’s pre-TAVR computed tomography
(CT) imaging and procedure fluoroscopy were studied. The pre-TAVR CT had copla-
nar fluoroscopic views added to it to help determine the commissural alignment. The
severe overlap in between the coronary arteries and neocommisural posts were
defined as 0° to 20° apart. The different types of valves were classified differently.
The Evolut and ACURATE-neo deployment commissural post were defined as center
back (CB), center front (CF), inner curve (IC), and outer curve (OC). The Sapien 2
valve had commissural post at clock position 3, 6, 9, and 12. This study showed that
valve alignment can be optimized. The SAPIEN 3’s orientation did not have an
impact on alignment. While ACURATE-neo commissural post showed less coronary
artery overlap at the CB or IC in deployment versus in CF or OC. The Evoult “Hat”
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had less overlap at OC or CF at initial deployment versus IC or CB. This study showed
the significance of optimizing valve alignments in order to avoid coronary artery
overlap [49].

9.4 To TEE or not to TEE

Commonly the TAVR procedure is performed with a transesophageal echocardi-
ography (TEE) probe in place. However there has been recent studies that suggest a
different approach with similar results. This “Minimalist TAVR approach” is com-
pleted with no continuous TEE and the valve is placed with just angiography. A post-
TAVR transthoracic echo (TTE) is done to allow for signs of early complications and
view any para-valvular leaks. This is then followed by long term echocardiography
completed within 1 month and 1 year to view the function of the prosthetic valve and
see if there were any other changes due to the procedure such as pulmonary hyper-
tension, mitral regurgitation, or tricuspid regurgitation [50].

10. Complications

As in any procedure, complications with TAVR can occur intra- and post-
procedure. Some common complications include: (1) valve function (Paravalvular
leakage (PVL)), (2) vascular access/bleeding complications (injury at arterial access
site and/or vascular closure problems), (3) valve deployment (including
malpositioning, annular rupture), (4) organ injuries (such as stroke, myocardial
ischemia/injury, and acute kidney injury), (5) arrhythmic abnormalities like high-
degree atrioventricular block and atrial fibrillation, and (6) in some cases death.

10.1 Paravalvular aortic regurgitation

Longer-Term complications include PVR. Patients with moderate and severe PVR
had a three-time increase in 30-day mortality. Diagnosis of PVR includes multiple
modalities such as doppler echocardiography, cardiac magnetic resonance, and angi-
ography.

10.2 Vascular access bleeding

Access complications 30 days post procedure have ranged from 11% for high-risk
cohorts [51]. Risk factors include severe tortuosity, percutaneous preclosure device
failure, sheath-to-artery ratio, and presence of circumferential calcification. A
mechanical factor that may increase bleeding risk is use of large delivery catheters. Of
the various techniques, the transapical approach has been associated with related risk
of myocardial tears [52]. Due to new technological advances, newer TAVR devices
now have a 14F inner diameter instead of a 24–26F inner diameter sheaths required in
the first TAVR systems. This has correlated with a decrease in vascular complications
by 11–14%.

10.3 Valve deployment

Transcatheter heart valve malpositioning can occur due to lack of proper visuali-
zation or in inadequate ventricular pacing. Valve migration can also occur. Annular
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rupture is a very rare, unpredictable, and life-threatening complication typically
related to balloon aortic valvuloplasty or balloon-expandable valves.

10.4 Aortic dissection

Aortic dissection is a rare and possibly fatal complication of the procedure.
Approximately 0.6–1.9% incidence rate has been shown after a TAVR procedure. Any
part of the ascending or descending aorta can be involved in the dissection depending
on which access approach was used. If post procedure an aortic dissection is
suspected, aortic angiography can be used. The patient can have various symptoms
and signs including chest pain, abdominal pain, and hypotension. It is important to
note that the treatment of aortic dissection will vary based on the site and type of
dissection. Type A dissections need to be treated with surgery while Type B can be
medically managed [53].

10.5 Organ injuries

Stroke and brain injury: Stroke is a feared neurological complication to suffer from
after a TAVR. Incidence of stroke is approximately 1.6% and can be a source of
morbidity [54].

Myocardial ischemia/injury: Coronary obstruction may occur after a TAVR and can
be treated with percutaneous coronary intervention (PCI), coronary artery bypass
graft (CABG), or valve repositioning/retrieval.

• With native aortic valve procedures—Coronary obstruction can happen rarely
after a TAVR in approximately 0.7% of cases [51].

• With valve-in-valve procedures—Coronary obstruction is more commonly seen
up to 3.5 [55].

Acute kidney injury (AKI): A significant amount of TAVR patients do suffer from
renal insufficiency. AKI have been associated with a worse outcome and approxi-
mately 2.24% of patients required dialysis. A study titled the PROTECT-TAVI (PRO-
phylactic effecT of furosEmide-induCed diuresis with matched isotonic intravenous
hydraTion in Transcatheter Aortic Valve Implantation) had 112 patients undergoing
TAVR who were randomly assigned to intravenous hydration with normal saline
matched with urine output with diuresis (RenalGuard group) versus a control group
of just normal saline. The study showed the rate of AKI was lower in the RenalGuard
group than the control group [51, 55].

10.6 Arrhythmic complications

High grade heart block: Having a history of baseline conduction abnormalities (such
as bundle branch blocks) have been a known risk factor for having a post-procedural
pace maker (PPM) placed. It may also depend on the type of valve placed, Sapien vs.
CoreValve. One study noted, that post TAVR, PPM was placed in 1.8–8.5% of patients
who received the Sapien versus 19.1–42.5% of patients who received CoreValve [56].

New onset atrial fibrillation (NOAF): This is also commonly seen after a TAVR. In
one study it was identified that 31.9% of patients had NOAF in a 46-hour time period
postoperatively [57].
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10.7 Valve-in-valve implantation complications

For patients with a failed bioprosthetic valve, the types of complications are similar
to those patients with native aortic valve stenosis. However, coronary artery obstruc-
tion is more common and paravalvular regurgitation and PPM placement are less
frequent [58].

Due to new transcatheter heart valves that now have external covering sealing
skirts, these new devices have led to a lower rate of PVL from 8.3% of the first-
generation device to 5.4% with the second-generation device and down to 3.4% with
the third-generation device.

11. Adjunctive devices: cerebral embolic protection devices

Cerebral embolic protection devices (CEPD) are used in order to prevent cerebral
embolization during the procedure and thus may help lower the stroke risk with the
TAVR procedure. There are many types of CEPD that have their own set of pros and
cons. Overall the filtration needs to protect the major cerebral arteries throughout the
entire procedure [59].

11.1 Sentinel CEPD

This device is the most studied CEPD and only FDA-approved device for com-
mercial use. It can be implanted through a 6-French sheath through a radial or
brachial access. There are two filters in the delivery system. One filter is to be placed
in the brachiocephalic trunk and the other is placed in the left common carotid artery.
With this the left subclavian artery is not covered. Therefore, there is not a complete
cerebral protection with this device. There have been a few clinical trials comparing
the Sentinel to unprotected groups. The CLEANTAVI and MISTRAL-C randomized
controlled trials showed a reduction in the amount of new ischemic brain lesions in
the protected areas in the Sentinel versus the unprotected groups. The PROTECTED
TAVR trial studied whether TAVR reduces the risk of periprocedural stroke with CEP
use. This was a large, randomized, prospective trial in which CEP was successfully
deployed in 94.4% of patients. The results showed that the incidence of procedural
complications did not differ significantly between patients who underwent TAVR
with CEP versus without CEP. However, there was a 95% confidence interval with the
outcome therefore it did not rule out the overall benefit of use of CEP in TAVR
procedure [60].

11.2 TriGUARD embolic deflector device

This system contains a single-use, biocompatible filter mesh. It can be implanted
through a 9-French transfemoral sheath using fluoroscopy to be deployed in the aortic
arch. This device covers the right brachiocephalic, left common carotid, and subclavian
artery. Therefore, it prevents cerebral embolization by redirecting the debris to the
descending aorta. The device is stabilized in a stable position by being anchored in the
right brachiocephalic artery ostium. The TriGUARD’s safety was initially confirmed in the
DEFLECT 1 trial as it also showed 80% of patients had successful coverage of all three
branches. The second-generation of this device, TriGUARD HDH was invented and then
also evaluated in other studies. The DEFLECT III trial showed less neurological deficits as
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defined by the National Institutes of Health Stroke Scale (NIHSS) and cognitive function
improvement [59]. TriGUARD 3 is an update of the current TriGUARD HDH that pro-
vides easier usage, extensive coverage of all three major branches, and less interference
with the TAVR. This device contains a biocompatible nitinol filter mesh which has a
smaller pore size compared to the previous TriGUARDHDHwhich helps prevent smaller
particles from getting into the cerebral circulation. It can be delivered through an 8-
French transfemoral sheath. This device does not need a stabilizer as there is enough
stability offered through the nitinol shaft and from the circumferential device pressure
from the aortic arch. The REFLECT II trial proved that the TriGUARD group had higher
safety when compared to the unprotected group (15.9% vs. 7%). This study had success-
ful device positioning in 59.3% of the patients [59].

11.3 Point-guard system™ dynamic cerebral embolic protection (Transverse
Medical, Inc, Denver, CO, USA)

This device has a filter mesh in a flexible nitinol frame that can cover all the major
branches of the aortic arch. This is stabilized during positioning through its isolation
zone. Currently this system is not widely available for use as there is not enough
clinical data. The CENTER trial will be initiated to evaluate this system [59].

11.4 Emblok embolic protection system (Innovatice Cardiovascular Solutions,
Grand Rapids, MI, USA)

This system not only offers cerebral protection during TAVR but also protects the
abdominal and peripheral vasculature. The device can be implanted through an 11-
French transfemoral sheath with a pigtail catheter and is then advanced into the aorta.
This device was studied and proven to have successful deployment. The study noted
that no cerebrovascular or cardiovascular events were seen at 30 days follow-up.
However further studies need to be done to see improvement in clinical outcomes
using this device [59].

Overall, the introduction of CEPD was done in order to help lower the risk of stroke
after the TAVR procedure and to help prevent cerebral embolization. However, in
studies involving CEPD, there has not been a significant reduction noticed in stroke
rate. This could be seen due to limiting number of studies and sample size used. The
PROTECTED TAVR trial had a 95% confidence interval therefore it did not rule out the
overall benefit of the use of CEP in TAVR procedure [60]. Nevertheless, CEPD may be
an asset in the future for cerebral embolic protection with technical improvements.

12. Post-procedure management

Post TAVR care includes routine follow-up clinically. This includes getting an
echocardiogram prior to discharge, at 1 month follow-up, then at 6–12 months, and
followed by annually. Echocardiogram is used to watch for long term complications as
well as assess the transvalvular gradient over time.

12.1 Antithrombotic treatment

Antithrombotic therapy post TAVR depends on a few factors such as the simulta-
neous indication of antiplatelet therapy (history of recent coronary artery stent
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placement) and/or the simultaneous indication of anticoagulation (history of atrial
fibrillation). Regardless it is important for patients to be on antithrombotic therapy at
least for the first 3–6 months following the procedure.

For patients without a simultaneous indication of antiplatelet therapy or dual
antiplatelet therapy (DAPT), it is recommended to treat with a single antiplatelet
therapy (SAPT) for life. Typically, this includes Aspirin 75–100 mg daily. If aspirin is
contraindicated for the patient, the alternative is clopidogrel (Plavix) 75 mg daily.

For patients with no indication of anticoagulation, it is recommended to be on
DAPT with Aspirin and Plavix during the first 3–6 months (depending on valve type).
Then followed by lifelong SAPT.

For patients with a simultaneous indication of dual antiplatelet therapy such that
they had a recent coronary artery stenting, the duration of DAPT and the specific
agents depends on the concurrent indication. After that period, it is recommended to
continue with daily SAPT for life rather than anticoagulation.

Generally triple antithrombotic therapy (anticoagulation and DAPT) is typically
avoided due to increase bleeding risks [61].

12.2 Endocarditis prophylaxis

Patients with prosthetic valves are at high risk for endocarditis. Rates are the
highest during the first year of placement and then decrease over time. Therefore, it is
vital to properly educate patients about infective endocarditis. This includes
discussing the importance of regular dental care and antimicrobial prophylaxis before
procedures that may lead to bacteremia. Recommended prophylaxis for penicillin
tolerant and penicillin allergic patients included Amoxicillin and Clindamycin,
respectively [62].

12.3 Durability of valves at 5–10 years

There are not many studies completed so far that show data regarding the long-
term durability of the valve. In a study completed in the UK, using the UK TAVR
registry, looked into patients who underwent TAVR over a span of 5 years. The study
had 241 patients with 149 patients having the self-expandable valve and 80 patients
with a balloon-expandable valve. The patients were evaluated post-procedure and
echocardiographic follow-up ranging from 5 to 10 years. Most of the patients had none
to trivial aortic regurgitation at follow-up. This study concluded that 91% of the
patients did not have structural valve degeneration at 5 and 10 years post- TAVR
follow up [63]. The NOTION trial spans over 10 years and is the longest clinical trial
comparing randomized patients undergoing a TAVR versus SAVR. It was completed
in Denmark and Sweden and enrolled patients between 2009 and 2013. The study
shows patients who had a TAVR procedure had comparable risk for all-cause mortal-
ity, myocardial infarction, and stroke as patients who had a SAVR completed.

12.4 Redo TAVR (ViV TAVR)

Failed TAVRs can be challenging to approach and involve many factors to consider
such as patient’s advancing age, co-morbidities, transcatheter heart valve (THV)
design, and tissue ingrowth. Late degeneration of THVs in patients will likely increase
in the future therefore it is vital to know how to fix this issue. Redo TAVR has shown
to be an effective and safe treatment in these situations [64].
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12.5 Cardiac rehabilitation

Inpatient cardiac rehabilitation (CR) after TAVR has been shown to be strongly
associated with improved clinical performance. One prospective cohort multicenter
study looked at the multicomponent cardiac rehab effects on 136 patients. They took
into consideration of the Frailty-Index, Short Form-12, six-minute walk distance, and
work load on a bicycle. This study showed an improvement on physical activity and
functional capacity after TAVR [65].

13. Future directions

TAVR is an innovative procedure that will always play a significant role in revolu-
tionizing the management of aortic stenosis. This procedure has become more com-
mon and usually the first choice for many patients. There have been many successes in
clinical outcome and cost effectiveness. Although the indication, procedure, and
devices have evolved, we forsee that TAVR will continue to iterate in order to strive
for perfection.
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Chapter 7

Valve-in-Valve Transcatheter
Aortic Valve Replacement:
Challenges for Now and the Future
Manoraj Navaratnarajah, Amit Modi and Sunil Ohri

Abstract

The recent years have seen a huge expansion in the number of bioprostheses
implanted, and this number is likely to increase further in the future. This is likely to
lead to a pandemic of patients requiring reoperation/re-intervention for structural
deterioration of the valve. Valve-in-valve transcatheter aortic valve replacement
(ViV-TAVR) has become a safe and effective alternative to redo aortic valve surgery
and has gained approval for use in high-risk patients with prohibitive operative risk.
ViV-TAVR is a complex procedure requiring rigorous planning, technical expertise
and patient anatomical appreciation. In this chapter, we examine the evidence
supporting the use of ViV-TAVR along with the primary technical issues surrounding
this procedure such as: elevated postprocedural gradients, coronary obstruction and
valve-related thrombosis. TAVR use is also expanding towards an increasingly young
patient profile with extended life expectancy, likely to outlive the implanted
bioprosthesis. We therefore also examine the huge current challenge of establishing
what is the best lifetime strategy for the management of aortic valve disease in
younger patients.

Keywords: transcatheter aortic valve replacement, valve-in-valve, structural valve
deterioration, bioprosthetic valve failure, redo surgical aortic valve replacement

1. Introduction

The global burden of aortic valvular disease continues to rise due to an increasingly
aged population [1]. The traditional treatment of aortic valve disease involved surgical
aortic valve replacement (SAVR). However, with the arrival of transcatheter aortic
valve replacement (TAVR), the therapeutic landscape has dramatically changed.
SAVR is often precluded in patients at a very high risk for surgery, for example,
frailty, extreme obesity, porcelain aorta, severe pulmonary hypertension, severe right
ventricular dysfunction, severe liver disease, severe lung disease, poorly controlled
diabetes and impaired renal function [2]. TAVR’s indication has now been expanded
to intermediate and low-risk patients [3]. This is based on a series of clinical trials
comparing TAVR with SAVR [4–9]. Thus, TAVR is now approved for all patient risk
profiles, representing a therapeutic option for all patients regardless of age [3].
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However, in young, low-risk patients with severe aortic stenosis, current guidelines
recommend shared decision making, centred around patient preferences and beliefs
[10, 11].

Of note, recent years, have seen an ever-increasing number of bioprostheses being
implanted [12, 13]. More than 85% of implanted SAVRs are bioprosthetic [14]. This
will inevitably lead to an enlarging population and potential future pandemic of
patients requiring reoperation/reintervention for structural valve deterioration.
Valve-in-valve transcatheter aortic valve replacement (ViV-TAVR) is a safe and
effective alternative to redo SAVR and is currently approved for higher-risk patients
deemed inoperable.

In this chapter, we examine the literature in detail and study the major reported
technical issues with ViV-TAVR, the evidence supporting its use and the critical issue
of what is the current optimum lifetime treatment strategy for aortic valve disease,
particularly in younger patients. The advent of wider TAVR implantation in increas-
ingly younger patients, having a longer life expectancy than the expected longevity of
the bioprosthesis, has mandated a focused discussion of this issue. This is because the
primary aortic valve intervention significantly influences subsequent valve therapies
and what is best strategy, if indeed there is a single best strategy, is not yet established.

1.1 Structural valve degeneration

Bioprosthetic valve dysfunction is simply categorised as either (A) non-structural
valve deterioration: valve thrombosis or endocarditis, paravalvular regurgitation,
patient-prosthesis mismatch, or (B) structural valve deterioration: irreversible per-
manent degenerative intrinsic valve alterations [15, 16].

Of note, there is a wide variation in structural valve deterioration definition in the
literature, leading to similar variations in reported valve failure incidences. The
majority of SAVR studies define valve failure based on the need for reintervention.
This likely underestimates the true incidence of structural valve deterioration, which
is heavily dependent on manufacturer and prosthesis type.

2021 Valve Academic Research Consortium 3 (VARC-3) guidelines use 3 stages to
define bioprosthetic valve failure: (1) any bioprosthetic valve dysfunction with clini-
cally expressed criteria dysfunction, (2) valve intervention and (3) valve-related
death [16, 17].

The optimum treatment of structural valve deterioration is yet to be defined and is
likely to be bespoke and personalised according to anatomical, original valve- and
patient-risk-related criteria. Approaches broadly compete between (A) traditional or
(B) minimally invasive redo-SAVR and (C) ViV-TAVR valve.

1.2 Valve in valve TAVR versus redo SAVR: the evidence

There are no randomised controlled trials studying the best treatment of structural
valve deterioration. There is also an obvious scarcity of long-term data on ViV-TAVR.
Most studies are less than 5 years’ duration, and there are no head-to-head comparison
studies with redo-SAVR.

At present, ViV-TAVR is the treatment of choice for patients with structural valve
deterioration considered high risk for redo-SAVR. However, redo-SAVR remains the
first choice among patients at low-intermediate surgical risk unless unfavourable
anatomies are present, for example, calcified aortic root or hostile chest.
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Several meta-analyses demonstrate lower incidence of post-operative complica-
tions and 30-day mortality and similar 1-year and mid-term mortality rates for ViV-
TAVR versus redo SAVR [18–20].

Pompeu et al. analysed 12 studies with 16,207 patients, comparing ViV-TAVR with
redo-SAVR, published between 2015 and 2020. In their pooled analysis, ViV-TAVR
was associated with significantly lower rates of 30-day mortality, major bleeding and
shorter hospital stay. However, patients receiving ViV-TAVR were 4 times more
likely to have severe patient prosthesis mismatch [18]. No difference in mortality was
seen at 1 year. Thandra et al. analysed 9 observational studies with 2891 patients and a
mean follow-up of 26 months. They too demonstrated significantly lower 30-day
mortality, bleeding and length of stay but higher post-operative gradients with ViV-
TAVR compared with redo-SAVR [19]. Saleem et al. analysed 11 studies including
8326 patients and showed similar findings. At 30-days, the risk of all-cause mortality,
cardiovascular mortality and major bleeding were significantly lower with ViV-TAVR.
At up to a 5-year follow-up, no significant difference in all-cause mortality, cardio-
vascular mortality and stroke was seen. However, again, ViV-TAVR showed a higher
risk of patient prosthesis mismatch and greater transvalvular pressure gradients [20].
Hirji et al. looked at more than 3000 US patients, comparing ViV-TAVR versus redo-
SAVR using the National Readmissions Database. Using propensity score matching,
VIV-TAVR showed superiority over redo-SAVR in terms of 30-day mortality, 30-day
morbidity, bleeding and hospital length of stay [21].

In the absence of good randomised control trials, later published meta-analyses
draw similar conclusions [22–24]. Raschpichler et al. analysed 15 studies and 8881
patients; 50.2% underwent ViV TAVR and 49.8% redo-SAVR. Short-term mortality
was 2.8% with ViV-TAVR compared with 5.0% with redo-SAVR, and again, mid-term
mortality did not significantly differ (maximum follow-up 5 years). Again, signifi-
cant, prosthetic valve regurgitation was 4 times more likely with ViV-TAVR, and
severe patient prosthesis mismatch was 3 times more likely [22].

Formica analysed 12 studies with 3457 patients. The redo-SAVR group included
1783 patients and ViV-TAVR 1764. Redo-SAVR showed a higher incidence of all-cause
mortality within 30 days with no difference observed between 30 days and 1 year and
at a 5-year follow-up [23].

Bruno et al. analysed 11 studies with 8570 patients, 4224 undergoing ViV-TAVR
and 4346 redo-SAVR. The studies focussed on intermediate-high-risk patients. 30-day
all-cause and cardiovascular mortality were significantly lower with ViV-TAVR. At a
mean follow-up of 717 days, there was no mortality difference between techniques.
Major bleeding and new-onset atrial fibrillation were significantly lower with ViV-
TAVR [24].

1.2.1 Limitations

These meta-analyses include non-randomised retrospective studies and are vul-
nerable to the inherent weaknesses of observational data. Therefore, results are to be
interpreted with caution. In addition, clinically relevant and important valve-
associated factors such as size, design and the precise manner of deterioration were
rarely analysed and are of vital importance.

Other limitations include limited follow-up (<1 year in many studies), small
sample sizes, a lack of randomisation and the inclusion of many retrospective obser-
vational studies. The lack of clear reported selection criteria in many included studies
as well as a wide variation of inclusion criteria among studies are other limitations.
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This gives rise to the obvious negatives of selection and allocation bias. As mentioned
earlier, lack of data relating to degenerated prosthesis type; implanted bioprosthesis
type, for example, stented, stentless and rapid deployment; the type of implanted
TAVR (self-expanded versus balloon-expandable) and TAVR approach route renders
meaningful scientific hard conclusions difficult to make. Randomised control trials
with longer follow-ups and large multi-centre registries are essential to better analyse
and define the differences in survival between these two procedures.

The overall broad conclusion of these large meta-analyses is that ViV-TAVR dem-
onstrates better short-term mortality compared with redo-SAVR, but mid-term mor-
tality is similar. Higher rates of severe patient prosthesis mismatch, high transvalvular
gradients and post-procedural aortic regurgitation are associated with ViV-TAVR.
Given the likely selection/allocation bias in the included studies and limitations men-
tioned earlier, authors universally advocate an adequately powered multi-centre
randomised control trial with sufficiently long follow-up.

In a recent retrospective, propensity score-matched, multi-centre UK study, 911
patients were studied between 2005 and 2021. 125 pairs for analysis were created with
a mean age of 75 years. In-hospital mortality was 7.2% for redo-AVR versus 0% for
ViV-TAVR (p = 0.002). Intensive care unit and hospital length of stay and post-
operative complications were significantly reduced with ViV- TAVR, but rates of
moderate aortic regurgitation at discharge and elevated post-procedural gradients
were increased [25]. Median follow-up was 4.2 years for redo-AVR and 3.1 years for
ViV-TAVR, and no difference in mid-term survival was found in discharged patients.
Table 1 summarising the publications comparing ViV-TAVR with redo-SAVR.

1.3 Bioprosthetic valve failure

1.3.1 Pre-disposing factors

Minimising the chances of bioprosthetic valve failure is critical, and modifiable
factors should be addressed to the maximum if possible, to avoid/retard structural
valve degeneration. Patient characteristics, comorbidities, the type and size of
implanted valve contribute to valve failure. Ochi et al. identified multiple risk factors
for structural valve degeneration. Presence of patient prosthesis mismatch, sub-
coronary implantation technique, absence of anti-calcification preparation, concomi-
tant coronary artery bypass graft surgery, small valve sizes, high post-implantation
gradients and renal disease were all implicated.

Meta-analysis identified younger age, increased body surface area, smoking
and patient prosthesis mismatch as significant drivers of structural valve
degeneration [26].

1.3.2 Patient-prosthesis mismatch

Discussion relating to patient prosthesis mismatch is complex and extensive and is
not the focus of this chapter. However, review of the literature suggests that patient
prosthesis mismatch is likely a critical factor contributing to structural valve degener-
ation [27]. Patient prosthesis mismatch can be and must be mitigated at the time of
initial SAVR by implanting an appropriately sized valve, selecting the optimum valve
design profile and/or surgical intervention to facilitate the implantation of an appro-
priately sized valve. Patients at high risk of significant patient prosthesis mismatch
ideally should be identified pre-operatively, with the application of a targeted
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preventative strategy to reduce the occurrence and severity of patient prosthesis
mismatch. This is particularly important in younger patients and in those with
depressed left ventricular function. Patient prosthesis mismatch is defined as occur-
ring when the effective orifice area of the implanted prosthetic valve is inadequate for
the patient’s body surface area and activity. Patient prosthesis mismatch is defined by
indexed effective orifice area/body surface area and is graded in severity as follows:
none (>0.85 cm2/m2), moderate (0.85–0.65 cm2/m2), and severe (≤0.65 cm2/m2). The
incidence of moderate to severe patient prosthesis mismatch following SAVR has been
reported as high as 65% [28], and patient prosthesis mismatch post-SAVR is more
common than no patient prosthesis mismatch [29, 30]. Increasing patient prosthesis
mismatch grade is associated with a stepwise increase in long-term all-cause mortality
[30]. The seriousness and clinical relevance of moderate patient prosthesis mismatch
is unclear, controversial and still debated. Some studies propose that only severe
patient prosthesis mismatch translates into clinically relevant harmful effects, with
others proposing that even moderate severity is clinically damaging [28–31]. Severe
patient prosthesis mismatch following SAVR has been shown to be associated with an
increased risk of redo-SAVR by some [28] and not others [29, 30], but significantly
raised readmission rates and decreased survival are clearly demonstrated [28–31].

1.3.3 Valve selection and surgical aortic root enlargement

Selection of bioprosthesis and accurate sizing is critical in the initial treatment of
aortic valve disease. The largest valve that can be safely implanted is the general
principle to be followed, and internal orifice diameter is of the primary importance.
This should be identified and appreciated and differs between valve models and
manufacturers for the same labelled valve size. The minimal prosthetic valve effective
orifice area required to avoid patient prosthesis mismatch should be calculated and
then a prosthetic valve model and size that fits into the patient’s aortic annulus/root
selected, which meets the minimum effective orifice area calculated.

A small aortic annulus may necessitate aortic root enlargement or root replacement
during SAVR. During TAVR, the initial valve that provides the largest effective orifice
area and the best haemodynamics is chosen. One advantage of TAVR planning is the
detailed CT aortography and annulus assessment performed pre-intervention, thus
facilitating optimum prosthesis selection. Aortic root intervention during SAVR
should be guided by effective orifice area index and considered when falling below
≤0.85 cm2/m2, particularly in young patients. However, aortic root enlargement is
performed in 10% or less of patients receiving SAVR [32].

Several surgical techniques exist to augment aortic root diameter. Detailed discus-
sion of them is not the focus of this chapter, but more awareness of and emphasis on
the principle of their use at primary aortic valve intervention. Nicks and Manouguian
procedures enlarge the aortic annulus using a posterior extension of the aortotomy.
The Nicks extends through the non-coronary sinus and the Manouguian through the
left/non-coronary commissure with extension onto the anterior mitral leaflet [33, 34].
Closure is usually then enabled with the use of an aortic patch technique. A Konno
procedure is very rarely performed in adults and involves anterior annular augmen-
tation extending onto the right ventricle [35]. Other less common enlargement tech-
niques are also available but are rarely used in everyday practice. Aortic root
replacement during SAVR reduces rates of patient prosthesis mismatch and is safe
with no added risk, but whether it improves long-term outcomes remains unproven
[36, 37].
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Of note, TAVR has been associated with reduced risk of patient prosthesis
mismatch compared to SAVR, especially in patients with small aortic annuli, particu-
larly in patients receiving a valve size ≤23 mm [38, 39]. SAVR with sutureless pros-
thesis has also shown excellent haemodynamics and similar rates of patient prosthesis
mismatch to TAVR [40]. These findings and their exact future clinical relevance
require further exploration and clarification. They re-highlight that valve genre/spe-
cies selection as well as size, too, need careful consideration by all members of the
structural heart team including the surgeon. This represents yet another critical factor
when planning primary aortic valve intervention, particularly in the young and those
with small aortic roots.

1.4 Technical issues associated with valve-in-valve TAVR

1.4.1 Elevated post-implantation gradients

Valve-in-Valve International Data (VIVID) Registry shows elevated post-
procedural gradients and severe patient prosthesis mismatch to occur in 26.8% [41]. It
is more common with balloon expandable devices compared to self-expanding devices
and in surgical valves ≤21 mm. These figures apply to when the bioprosthetic valve
ring fracture technique is not utilised [41]. It is suggested that only severe patient
prosthesis mismatch post-ViV-TAVR may affect mortality [42]. However, it is wise to
aim for as low post-procedural gradients as possible, to enhance valve durability and
patient performance, particularly in patients having extended life expectancy.

Patient prosthesis mismatch is not infrequent following SAVR in patients with
small anatomies and is highly relevant during the planning of reintervention for
structural valve deterioration. Surgical 19 mm bioprostheses are of particular concern
and display high physiological mean gradients (10–25 mmHg) [43].

ViV-TAVR is associated with haemodynamic deterioration with gradient increase
≥10 mmHg between discharge and 30-day follow-up in the STS/ACC TVT registry
[44]. Understandably, patients at the greatest risk for severe patient prosthesis
mismatch following ViV-TAVR were those arriving with structural valve deteriora-
tion following previous SAVR complicated by severe patient prosthesis mismatch
[41, 45]. Severe patient prosthesis mismatch prior to ViV-TAVR displays higher 30-
day and 1-year mortality [46]. Such clear findings again re-highlight the absolute
importance of appropriate, far-sighted primary aortic valve intervention. The critical
importance and complexity of post-ViV-TAVR patient prosthesis mismatch is
reflected by the creation of a patient prosthesis mismatch predictive calculator by the
VIVID registry [47].

Patient prosthesis mismatch following ViV-TAVR is complex and multi-factorial,
and numerous contributing factors have been proposed: (A) pre-procedural—baseline
patient prosthesis mismatch, stented bioprosthesis, small bioprosthesis and stenotic
failure; (B) procedural—intra-annular transcatheter heart valve, deep implantation
and non-fractureable valve and (C) post-procedural—structural valve deterioration,
leaflets thrombosis and transcatheter heart valve-associated prosthesis-patient
mismatch.

1.4.2 Positioning of valve during valve-in-valve TAVR

The choice of a supra-annular valve and a high position of implant have shown
success in reducing the risk of high post-procedure gradients [48]. Better leaflet
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function and haemodynamic results may be achieved using transcatheter heart valve
with supra-annular valve position. Experimental in-vitro study has shown that in
failed surgical 19 mm stented bioprostheses, a supra-annular implantation of a
transcatheter heart valve lowers post-procedural gradients and augments effective
orifice area [48]. A clinical study has shown high implantation depth inside failed
bioprostheses to be a strong independent predictor of lower post-procedural gradients
in both self-expanding and balloon-expandable transcatheter valves [49]. The situa-
tion is complex with variations that need to be appreciated between prosthesis types.
Self-expanding valves display lower post-ViV-TAVR gradients than balloon-
expandable valves especially in pre-existing severe patient prosthesis mismatch [50].

In TAVR, deep implantation strongly predicts patient prosthesis mismatch, with
recommended cut-offs for high positioning for CoreValve/Evolut and SAPIEN 3 being
5 mm and 20%, respectively [51, 52]. Conversely, the optimal height for deployment
for ViV-TAVR prostheses remains undefined. Elevated risk of aortic regurgitation and
valve embolization are concerns surrounding higher valve implantation depth, con-
cerns that affect different prostheses to varying degrees [53, 54].

1.4.3 Bioprosthetic valve fracture

Bioprosthetic valve fracture is proposed as another technique to ameliorate or
prevent high post-procedural gradients [55]. The aim is to increase the true internal
orifice diameter of the transcatheter heart valve to facilitate either a (A) larger
transcatheter heart valve or (B) better expanded transcatheter heart valve to be
implanted, increase effective orifice area and enhance haemodynamic function.

Importantly, not all stented valves allow fracture. For example, experimental
testing reveals Abbott Trifecta and Medtronic Hancock II valves cannot be fractured
[56, 57]. It follows that sutureless and stentless valves are also not suitable for fracture
but can be remodelled using an over-expansion technique [58].

Bioprosthetic valve fracture is performed using high-pressure, non-compliant bal-
loons, such as the Atlas Gold (BARD Peripheral Vascular, Tempe, Arizona, USA) and
TRUE balloon (BARD Peripheral Vascular). A 60 mL syringe plus an indeflator
assembly connected with a high-pressure three-way stopcock is used; under rapid
ventricular pacing, the syringe is quickly emptied to inflate the balloon, then switched
to cranking the indeflator to achieve high-pressure inflation [59].

Bioprosthetic valve fracture can be performed prior to, or after ViV-TAVR, but the
majority is performed after. The timing of bioprosthetic valve fracture, before or after
ViV-TAVR, represents an important question [60, 61]. A larger-sized prosthesis can
be used with bioprosthetic valve fracture before transcatheter heart valve implant,
whereas further expansion of the transcatheter heart valve itself can be performed if
bioprosthetic valve fracture is performed afterwards. Prior bioprosthetic valve frac-
ture allows the implantation of a self-expanding valve reducing sizing mismatch and
allows confirmation of successful fracture prior to implantation [58–61]. However, it
can induce haemodynamic instability from severe acute aortic regurgitation, necessi-
tating post-dilation in order to improve haemodynamics. Correct sizing of the balloon,
a balloon slightly smaller than the constrained segment of the self-expanding
transcatheter heart valve, and positioning the balloon shoulder lower, more ventricu-
lar than the leaflet anchor position, can largely avoid this state of affairs [56].

Bioprosthetic valve fracture after ViV-TAVR is likely to allow greater transcatheter
heart valve expansion and reduces the risk of haemodynamic instability from acute
severe aortic regurgitation. However, possible bioprosthetic valve fracture leaflet
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injury and unknown long-term effects on transcatheter heart valve durability are
concerns. Other potential complications associated with bioprosthetic valve fracture
include: transcatheter heart valve migration, annular rupture, debris embolization,
coronary artery obstruction, leaflet tearing and accelerated degeneration with
decreased transcatheter heart valve longevity [55, 56].

The minimum inflation pressures necessary for valve ring fracture differ
according to the original surgical heart valve type. For surgical heart valve with metal
ribbon ring (i.e. Magna and Magna Ease), the fracture threshold (18–24 atm) is
greater than the surgical heart valve with a polymer ring (i.e. Biocor Epic, Mosaic,
Mitroflow; 8–12 atm). In experimental settings, and most clinical cases, balloons
sized 1 mm larger than the labelled valve size were used, although in clinical
settings, smaller balloons have been used successfully. Balloons larger than the
surgical heart valve internal orifice diameter are also able to fracture the valve, espe-
cially if a transcatheter heart valve is already implanted [62]. Recently, ex-vivo bench
testing has shown that bioprosthetic valve fracture performed after transcatheter
heart valve implantation improves residual gradients [63], but potential early and
accelerated degeneration effects on the transcatheter heart valve remain unknown.
Bioprosthetic valve fracture is a valid technique to be considered in avoiding and/or
ameliorating high post-procedural gradients after a ViV-TAVR, but significant atten-
tion needs to be placed on balloon sizing and positioning to achieve optimal results.
Improved expansion of the transcatheter heart valve leads to increased circularity of
the transcatheter heart valve and therefore increased internal orifice diameter. An
important mechanism thought to improve valve haemodynamic performance during
higher implant, bioprosthetic valve fracture and post-implant dilatation during ViV-
TAVR is the reduction of pinwheeling (Figure 1). Improved expansion of the
transcatheter heart valve leads to increased circularity of the transcatheter heart valve
and therefore increased internal orifice diameter. Table 2 summarising the bench

Figure 1.
Reduction of pin-wheeling effect after biological value fracture.
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testing of high-pressure balloon inflation to cause bioprosthetic valve fracture of
several commercially available valves [56].

1.4.4 Coronary occlusion

TAVR is associated with a coronary obstruction incidence of 1% [64], and during
ViV-TAVR, the incidence rises to 4% [65]. This complication is very serious, associ-
ated with a more than 15 times increase in 30-day mortality (�48% vs. 3%) [66]. The
primary responsible mechanism is thought due to the displacement of native valve
leaflets towards the coronary ostia. The obstruction may be partial or complete, and
obstruction of the left coronary artery is more common (72%) than obstruction of

Table 2.
Summary of bench testing of high pressure balloon inflation to fracture the valve frame of commercial US surgical
tissue valves (ATM 1/4 atmospheres; TRU 1/4 Tru dilation) [56].
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both ostia (20%) or the right coronary artery alone (8%). In a third of cases, coronary
obstruction has delayed onset, occurring in mainly self-expanding devices due to their
continued expansion after deployment. Delayed coronary occlusion is defined as
obstruction that occurs after the patient leaves the operating room. It occurs in almost
two-thirds of patients within 7 days but in a third of patients beyond 60 days. Pro-
posed mechanisms include continuous transcatheter heart valve expansion, aortic root
haematoma and coronary dissection and endothelization of native or surgical
bioprosthetic leaflets or thrombus embolization with delayed obstruction [67].

1.4.5 Risk factors for coronary occlusion and difficult coronary re-access

Several anatomical and valve-related risk factors have been identified for this
dreaded complication. These include a low coronary ostium height and small sinus of
Valsalva size. In addition, the original valve type is important, with ViV-TAVR in
stented bioprostheses with leaflets mounted externally and stentless surgical
bioprostheses associated with a greater incidence of coronary occlusion, compared
with valves with internally mounted leaflets [68].

Other risk factors include those with small anatomies, especially narrow sinuses of
Valsalva and narrow sinotubular junctions, who are likely to have received a small
surgical valve.

The virtual transcatheter valve-to-coronary ostium distance predicts coronary
occlusion, with a shorter distance increasing the risk. An optimal cut-off level of 4 mm
has been proposed [69].

Using the VIVID registry, an anatomical classification of the aortic root and valve
leaflet was designed to assess the risk of coronary obstruction [70]. Three types of
patients were identified: Type I with aortic valve leaflets below the coronary ostium,
Type II with leaflets above the ostium in the presence of wide (IIa) or effaced sinuses
(IIb) and Type III leaflets above or very close to the sinotubular junction with wide
sinotubular junction/sinuses (IIIa), with effaced sinuses (IIIb) and with narrow
sinotubular junction (IIIc). According to this algorithm, some procedural strategy
should be considered in case of a virtual transcatheter valve-to-coronary ostium dis-
tance <4 mm as in Types IIb, IIIb and IIIc [71].

After ViV-TAVR the leaflets of the original surgical prosthesis tilt up, creating a
virtual cylinder. The height of this virtual cylinder is labelled and referred to as the
neoskirt [72–74]. This forms a “barrier” to future coronary access and must be appre-
ciated carefully during ViV-TAVR planning. The size of the sinotubular junction, the
location of coronary ostia in relation to the neoskirt, the type of previous surgical
prosthesis as well as the present THV all influence coronary re-access, adding to the
complexity of ViV-TAVR planning [58].

1.4.6 Interventions for the prevention of coronary occlusion during ViV-TAVR

1.4.6.1 Coronary stenting

In ViV-TAVR procedures with a high risk of coronary occlusion, coronary artery
stenting is valuable. It is imperative that the guide wire used to access the coronary
ostia does not interfere with transcatheter heart valve implantation. Low threshold for
stent deployment has been recommended in high-risk candidates even in the presence
of immediate adequate coronary flow, due to the not infrequent incidence of delayed
coronary occlusion [75]. Numerous sophisticated coronary stenting techniques have
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now evolved and are beyond the scope of this chapter [76–79]. Unfortunately, even
these techniques may be associated with several complications such as the inability to
withdraw the stent, mechanical stent deformation caused by bioprosthesis and inabil-
ity to re-access the coronary arteries in the future. In addition, no data regarding the
long-term patency of these stents are available [80].

Tarantini et al. have proposed an algorithm based on the anatomy of the aortic root
and its relations with different transcatheter heart valves to predict the risk of acute
coronary occlusion and feasibility of future coronary access after ViV-TAVR [72].
Using CT and coronary angiography analysis, they identified a risk plane below which
the passage of a coronary catheter will be impossible after the second transcatheter
heart valve and identified various situations based on a patient’s anatomy and the first
valve implant type, which could guide safe implantation.

1.4.6.2 Basilica procedure

Another technique developed to prevent coronary obstruction is the Bioprosthetic
Aortic Scallop Intentional Laceration to prevent Iatrogenic Coronary Artery obstruc-
tion (BASILICA) procedure [81, 82]. Valve leaflets are lacerated via an electrified
guidewire, thereby facilitating blood flow to the coronary artery. Excellent success
rates and low mortality in high-risk patients for coronary obstruction is demonstrated
during TAVR [81, 82], but results for ViV-TAVR are awaited.

1.4.7 Valve choice and implantation

The type of transcatheter heart valve is extremely relevant, and the use of a
recapturable self-expanding transcatheter heart valve can be beneficial. Clinical and
angiographic assessment of coronary flow after deployment can be performed prior to
complete release or retrieval of transcatheter heart valve performed in the setting of
coronary occlusion to restore flow. Certain newer transcatheter heart valve devices
possess clipping mechanisms enabling grasping of surgical leaflets, thus preventing
coronary obstruction [83]. Intentional implantation of a smaller transcatheter heart
valve or under expansion of a balloon-expandable transcatheter heart valve reduces
the lateral movement of surgical valve posts and leaflets, thereby decreasing chances
of coronary obstruction, as does, low-depth transcatheter heart valve implantation
compared to high-depth implantation, although the risk of elevated post-procedural
gradients may be increased with the latter.

1.5 Valve thrombosis

Sub-clinical leaflet thrombosis is a worry that continues to surround TAVR and
ViV-TAVR. The potential need for anti-coagulation is important to patient choice and
lifestyle. It is defined as the presence of reduced leaflet motion associated with CT
proven hypoattenuating lesions and is associated with a greater risk of transient
ischemic attacks [84]. The effects on patient outcome and long-term valve perfor-
mance remain unclear [85, 86]. A variety of causes are responsible for leaflet thicken-
ing and impaired leaflet motion, including leaflet thrombosis, infection and leaflet
degeneration [16]. Both TAVR and SAVR are affected by a reduction in leaflet motion,
and the incidence is reported as 4% and 13%, respectively [84]. Currently, no robust
randomised evidence exists guiding antiplatelet versus anti-coagulation use after ViV-
TAVR.
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The appropriate treatment of sub-clinical leaflet thrombosis is unclear with
evidence showing that it may regress spontaneously. Up to 25% of patients on
antiplatelet therapy display this phenomenon, with oral anticoagulants showing
efficacy in both its prevention and regression with associated improvement in valve
gradients [86–88].

Whether sub-clinical leaflet thrombosis translates into an increased number of
thromboembolic neurological events is unclear, but it appears to be associated with
elevated valve gradients [89]. ViV-TAVR patients are likely to be at a high risk of
leaflet thrombosis due to lesser haemodynamic performance and suboptimal blood
flow patterns associated with low implant depth and turbulent blood flow patterns
between new transcatheter heart valve leaflets and degenerated valve leaflets [90, 91].
Valve design affects propensity towards leaflet thrombosis, with certain valve types
more prone than others [88]. For this reason, a more stringent anti-coagulation regi-
men has been recommended following ViV-TAVR particularly in patients with ele-
vated thrombotic risk [92]. The issue of possible anti-coagulation for ViV-TAVR is
hugely important especially in patents with extended life expectancy and remains
unresolved. It is likely that the need for anti-coagulation will be a patient specific,
bespoke decision based on anatomical and patient-related risk-factors.

1.6 Cerebral embolism

Transient ischaemic attacks and cerebrovascular accidents are a dreaded compli-
cation of any aortic valve intervention, and cerebrovascular accident remains an
independent risk factor for death after TAVR [93]. Embolisation is the primary
aetiopathogenic mechanism, although the pathogenesis is well known to be multi-
factorial. The rate of silent embolic lesions following TAVR approaches 80%, and
anything that can be done to mitigate this phenomenon is welcome. Despite this,
fortunately the incidence of new, persistent clinical neurological injury is only 3–6%
[94, 95]. Cerebrovascular accident rates continue to decline after TAVR, but attention
is still focussed on strategies to reduce this further [86]. Luckily, the incidence of
major stroke following ViV-TAVR has been reported at less than 2% [41], and recent
meta-analysis shows no discernible difference in 30-day stroke rate and mortality
among ViV-TAVR, TAVR and redo-SAVR [96].

The main proposed factors influencing cerebrovascular accident/transient
ischaemic attack risk include atrial fibrillation, acute and sub-acute thromboembolism
stemming from the transcatheter heart valve, aortic debris and device instrumenta-
tion [81]. Cerebral embolic protection devices are evolving and have been mainly
studied during TAVR on native valves. They have shown efficacy in reducing cerebral
emboli load, without any effect on short-term cerebrovascular accident or 30-day
mortality rates or hospital length of stay [97]. Despite these findings, consideration of
the use of cerebral embolic protection devices during ViV-TAVR planning is impor-
tant, especially where significant instrumentation or technical difficulties are antici-
pated.

1.7 ViV-TAVR in the young

The patient with aortic stenosis and a long life expectancy that exceeds the
durability of a bioprosthesis must be managed very carefully by the heart team, as
“optimal” first intervention is paramount. Future negative and positive effects of any
bioprosthesis must be anticipated and the anatomy of the aortic root appreciated fully
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at first intervention. The heart-team approach is an integral part of valvular discus-
sions in patients with severe aortic stenosis and will likely gain increasing importance
in the future. A distinct shift of focus towards lifetime management is now occurring
after the approval of low-risk TAVR.

Treatment options in younger patients is attracting considerable debate. For those
that elect to undergo SAVR, the options for structural valve deterioration are ViV-
TAVR or redo-SAVR. For those that undergo TAVR, the options for structural valve
deterioration include TAVR explant with SAVR or TAVR-in-TAVR. Of huge impor-
tance, many patients with longer life expectancy or early valve failure may need a
third valve intervention. A multitude of anatomical scenarios are likely to now be
encountered and have to be adjusted for. In patients who are candidates for TAVR-
first, transcatheter heart valve with a short frame and large open stent frame cells may
be better within the context of large aortic roots and high coronary ostia, in patients
with favourable anatomy for future TAVR-in-TAVR implantation [72, 98]. Whereas
in patients with low coronary ostia and small aortic roots, TAVR-in-TAVR will be
more problematic and therefore SAVR-first with bioprosthesis with as large an orifice
as possible plus/minus aortic root enlargement may be better, followed by future ViV-
TAVR [99].

1.7.1 SAVR-first strategy

As discussed in detail earlier, ViV-TAVR is associated with better short-term out-
comes than redo-SAVR [100]. However, the long-term durability for ViV-TAVR is
still unclear. Encouragingly, at mid-term follow-up, <10% of patients display clini-
cally significant structural valve deterioration [101, 102]. Coronary obstruction, diffi-
cult re-access to coronaries, severe patient prosthesis mismatch and unclear need for
anti-coagulation are residual ongoing concerns surrounding ViV-TAVR. The serious
complication of coronary obstruction requires advanced techniques for coronary pro-
tection such as chimney stenting or BASILICA, both of which are not simple and
increase procedural risk [103, 104]. Rates of paravalvular leak are low but signifi-
cantly higher than redo-SAVR [19]. Intriguingly, after ViV-TAVR failure, the poten-
tial for repeat ViV therapy may be possible, if aortic root diameter allows [105].

1.7.2 Summary of factors favouring SAVR-first policy in young, low-risk patients

Young, low-risk patients often have high anatomical risks such as bicuspid aortic
valves, severe annular calcification and low coronary heights. The long-term patient
impact of increased permanent pacemaker use and paravalvular regurgitation, along
with long-term transcatheter heart valve durability, remain unknown.

Leaflet thickening and coronary re-access remain significant concerns surrounding
TAVR.

Valve choice in this group for SAVR also becomes important for the life-time
management of aortic valve disease. The largest SAVR valve should be implanted,
ideally not less than 23 mm with root enlargement if required. Implanting surgical
valves which are prone to fracture for future optimisation of ViV-TAVR is also
relevant for this sub-group of patients. The Edwards Inspiris Resilia valve has
built-intechnology which enables easy expansion of the valve annulus, and other
new generation “TAVR ready” surgical valves will no doubt follow from other
manufactures.
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1.7.3 Redo SAVR

Being more invasive, it is not surprising that short-term outcomes following redo-
SAVR appear inferior to ViV-TAVR [102], but longer-term, major cardiovascular
outcomes appear the same [102]. As discussed earlier, no randomised prospective data
directly comparing the two techniques are available and are greatly needed. Redo-
SAVR is much more invasive than ViV-TAVR but is considered by many as the more
complete intervention. In well-selected patients, excellent outcomes with excellent
freedom from intervention at 10 years is achieved [106–108], with less incidence of
severe patient prosthesis mismatch, leaflet thrombosis and paravalvular leak [19].
Another perceived advantage is that redo-SAVR “resets” the clock and again facili-
tates the possibility of ViV-TAVR as a potential third intervention if needed.

1.7.4 TAVR-first strategy

1.7.4.1 TAVR explant and SAVR

As summarised above, the TAVR-first strategy in young patients has raised con-
cerns from a wide group of people as doubts remain relating to permanent pacemaker
rate, paravalvular leak rate, long-term durability of the TAVR valves and possible need
for anti-coagulation [109]. These doubts are more striking when the excellent long-
term durability, outcomes and robustness of the anatomical SAVR are used for com-
parison. TAVR explantation rates are increasing. Most cases have been performed due
to unsuitability for the ViV-TAVR procedure and often need extensive surgery and are
associated with mortality as high as 15% [110–112]. Sometimes, longer-term TAVR
explants require extensive aortic endarterectomy and/or aortic root or ascending
aortic replacement. Surgical explantation of SE TAVR valves is more complex and high
risk than balloon-expandable TAVR valves. The self-expanding stent can be incorpo-
rated into the aortic root and require more extensive surgical procedures. Therefore,
TAVR explant mortality rates have been elevated [110]. Surgical expertise is limited in
this unique type of surgery and with time is likely to increase and may lead to
improved mortality rates during surgical re-intervention for primary TAVR [111].

As mentioned earlier, another perceived advantage of this strategy is SAVR as the
second intervention in anatomically suitable patients allows the third potential inter-
vention if needed to be ViV-TAVR in a surgical valve.

1.7.5 TAVR-in-TAVR

TAVR-in-TAVR appears safe, but longer-term data and larger series are needed
[113]. Concerns remain about durability and higher rates of paravalvular leak and
valve thrombosis and the need for anti-coagulation [84]. In addition, it is believed that
many patients will not be suitable for TAVR-in-TAVR because of anatomical con-
straints centred around the risk of coronary obstruction and coronary re-access [98].
The options for coronary protection are more limited with TAVR-in-TAVR and are a
major concern if this strategy is to be employed widely in a large number of younger
patients. Recent development of “balloon-assisted BASILICA” shows promise, but it is
complex and requires more investigation and refinement [114].

One positive finding is that because of its greater ability to overexpand the
transcatheter heart valve, a greater internal orifice diameter is achieved following
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TAVR-in-TAVR than ViV-TAVR in a surgical valve, leading to less incidence of high
gradients [113].

2. Conclusions

Redo-SAVR traditionally was the only treatment modality for failed bioprostheses.
Many elderly patients are not good candidates for a second operation or do not desire
to go through a redo-sternotomy. The arrival of transcatheter technology has
transformed the landscape of therapy for aortic valve disease and structural valve
deterioration. More than a decade after the first reported ViV-TAVR case, this proce-
dure is now consistently performed worldwide in most patients with failed
bioprosthetic valves. ViV-TAVR is safe and effective and now a credible, approved
alternative treatment option for failed surgical bioprosthetic valves in patients deemed
at a prohibitive risk for redo surgery. It is clear that ViV-TAVR is more complex than
TAVR in native valves, with a greater risk of peri- and postprocedural complications.
A super specialised, multi-disciplinary team with high-volume practice, precision pre-
intervention planning, using multimodality imaging is required for optimum results.

With the increasing use of TAVR in younger patients and the increasing use/choice
of bioprostheses for SAVR in younger patients, a future with a not inconsiderable
population with failed bioprostheses is expected. A downward risk-drift for ViV-
TAVR use is also anticipated. Therefore, the real future challenge is identifying what is
the best lifetime treatment strategy for aortic valve disease for the individual, as
primary intervention is of pre-dominant importance in dictating the individual’s sub-
sequent treatment course.

Further, improving ViV-TAVR outcomes is likely to centre around ameliorating
and mitigating elevated postprocedural gradients, coronary obstruction risk and leaf-
let thrombosis. However, efforts focused upon (A) improving bioprosthesis durabil-
ity/longevity and (B) optimising operative strategies for redo-SAVR are equally
important and should be maintained. Providing a good solution for the failed SAVR
and investigation into providing an acceptable technical answer for the failed TAVR
and also for a potential third valve after a failed ViV-TAVR also merit consideration as
part of the lifetime management of aortic valve disease.
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Abstract

Periprocedural stroke is an uncommon but feared complication in patients 
undergoing transcatheter aortic valve replacement (TAVR). Typically embolic, 
it occurs more frequent in the first days (within seven days) after the procedure 
and it is secondary to procedural factors. It has a wide clinical spectrum and it is 
associated with increased mortality and a controversial worse impact on cognitive 
functions. Capture of the debris by different cerebral embolic protection devices 
(CEPDs) during the TAVR were thought to be a safe and effective preventive 
strategy to reduce the risk of stroke. A lot of trials were conducted to demonstrate 
a benefit of CEPDs, but the current evidence is not conclusive on their impact on 
periprocedural strokes.

Keywords: periprocedural stroke, transcatheter aortic valve replacement, mortality, 
cognitive functions, neurocognitive, cerebral embolic protection devices

1. Introduction

Transcatheter aortic valve replacement (TAVR) is a rapidly growing mini-
mally invasive alternative in patients with symptomatic severe aortic stenosis and 
 intermediate or greater pre-operative surgical risk [1–3]. While TAVR is associated 
with a lower risk of complications, shorter recovery and overall effectiveness, 
 periprocedural stroke remains a significant concern [4] with a relevant impact 
on mortality, cognitive decline and quality of life (QoL) [5–8]. The progressively 
expanded recommendation of TAVR for younger or low-risk patients [9–11] 
makes it necessary to consider preventive strategies to reduce the incidence of this 
 devasting complication for TAVR patients. Over the years, several studies have 
investigated the safety and effectiveness of different protection devices whose 
temporary positioning during percutaneous biological valve implantation is still 
controversial.
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2. The risk of stroke in the early phase after TAVR: Why to prevent?

Periprocedural stroke is defined as a neurological dysfunction of at least 24 hours 
and/or visible on imaging within seven days after TAVR [7, 12–15]. In particular, less 
than half of postoperative strokes occur within the first day after the index procedure 
[16, 17]. The cerebral embolization of debris during manipulation of the catheters, 
the calcified native valve and the aortic wall is supposed to be the main pathogenetic 
mechanism. The impact of sedation and anesthesia on cerebral blood flow has a 
considerable additional impact [18]. The debris types comprised arterial wall tissue, 
native valve tissue, calcifications and foreign body material detached from percutane-
ous devices [19, 20]. Neuroimaging in stroke revealed more frequent supratentorial 
cerebral left-side lesions [21, 22]. The middle cerebral anterior (MCA) is the most 
commonly involved artery [22].

Over the years, the impact of vascular access on periprocedural stroke during 
TAVR was not wholly verified. The Transfemoral (TF) approach is the route of choice 
for TAVR. Initially, it was associated with a higher risk of periprocedural stroke than 
transapical (TA) one, supposing that TA-TAVR could allow an accessible and direct 
implantation and avoid the manipulation of catheters and devices in the aortic arch 
[23–25]. However, recent studies did not observe worse outcomes in TF-TAVR than 
in TA-TAVR [26, 27]. Other vascular approaches (trans-carotid, TC; trans-subclavian 
TS; direct trans-aortic, TAO) were compared to the gold standard. However, neither 
TC-/TS [28] nor TAO [29] were associated to lower risk of periprocedural stroke.

The choice of a self-expandable valve (SEV) or a balloon-expandable valve (BEV) 
is another challenging procedural aspect. SEV-related strokes occur during slow 
stepwise implantation, while BEV-related strokes occur during valve positioning [30]. 
The CHOICE trial [31], the REPRISE III trial [32] and the randomized SOLVE-TAVI 
trial [33] were inconclusive because of the cohorts of patients selected, the frequency 
of the follow-up and the neurological assessment. However, recent stronger evidences 
registered that patients who underwent BEV implantation have lower rates of strokes 
or less silent cerebral lesions detected by DWI-MRI [20, 22, 34–37].

During the biological valve implantation, the role of pre- (BAV) and post- (BPD) 
dilatation is also crucial. Pre-dilatation was initially thought mandatory to cross the 
stenosed valve, to prepare the prosthesis, and to decrease the radial counterforces. 
However, the DIRECT and DIRECTAVI trials demonstrated the feasibility of direct-
TAVI approaches without increasing rates of periprocedural strokes [38, 39]. Instead, 
post-dilatation guarantees an optimal frame expansion, reduces paravalvular leak 
(PVL) and avoids the patient-prosthesis mismatch (PPM). This aspect is not irrel-
evant, considering that small aortic valvular areas (AVA) after TAVR or malposition 
predispose to ischemic cerebral embolism due to subclinical leaflet thrombus [40]. 
Despite this, in several studies, BPD seems to double the risk of periprocedural 
strokes [41–44] and nowadays it is considered an independent risk factor of early 
stroke after TAVR [45]. In conclusion, BAV has no apparent impact on stroke rates, 
but reduced pre-dilatation is not justified if BPD increases in a direct-TAVR approach. 
On the contrary, BPD should be minimized more and more, improving the sizing of 
the annulus by cardiac tomography (CT).

The “intrinsic” thromboembolic risk of the patient should also be considered. 
Several factors, including age, female sex, prior stroke or TIA, obesity, diabetes, 
chronic renal failure, and atrial fibrillation, are independent predictors of TAVR post-
operative stroke [17]. Recent data showed that carotid artery disease is not associated 
with increased rates of early stroke [46].
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The incidence of periprocedural stroke is still debated (Figure 1). Initially, in 
the high-risk patients-PARTNER 1 trial [7], neurological events were higher in 
TAVR-group compared to the open-surgery standard of care at one year (8.3% vs. 
4.3%, p = 0.04). The cross-clamping of the aorta was supposed to allow the debris 
removal. However, the selection bias of the high risk group eligible for TAVR seems 
to be related to these results. Conversely, the PARTNER trial 2 [3] and the SURTAVI 
[47] selected non-high risk patients showing a significant lower rate of strokes in the 
TAVR-group. Nevertheless, observational registries are frequently based on self-
reporting events without a strict neurological assessment or monitoring and a central 
adjudication of events. The ADVANCE trial [48] first tried to evaluate the neurologi-
cal outcomes after TAVR thanks to an Independent Clinical Events Committee. It 
showed an incidence of about 1.4% from zero to one postoperative day. Additionally, 
the CoreValve US Extreme Risk and High Pivotal Trials were studied by Kleiman et 
al. with a particular issue about cerebrovascular events (CVEs) [14]. The paper was 
drawn from trials (and not registries or prospective studies) that involved a rigor-
ous method of neurological assessment of patients after TAVR. In the early phase 
(0–10 days after the procedure), the incidence of stroke was found to be at 4%, higher 
compared to previous registries.

However, the real world rate of periprocedural cerebral events (CVEs) may be 
underestimated. The phenomenon of silent cerebral embolism (SCE) may be a partial 
explanation. Silent brain lesions were detected in at least 70% of patients underwent 
DWI-MRI after TAVR [22, 49, 50], but only 27% of lesions evolved into gliotic scars 
at the follow-up [22]. Other reasons for under-reporting are: (a) sedating drugs and 
anesthesia; (b) lack of understanding of symptoms; (c) formation of thrombus after 
depositing of embolus.

In 2020, an STS/ACC TVT Registry analysis [51] included over 276,316 patients 
undergoing TAVR between 2011 and 2019. The authors found that the incidence of 
in-hospital stroke or transient ischemic attack (TIA) has decreased from 2011 (2.1%) 

Figure 1. 
Thromboembolic incidence in larger studies about TAVR.
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to 2019 (1.6%), as well as 30-day stroke rates (2.75% vs. 2.3%). It could be partly 
influenced by the operator experience improved over time. Salemi et al. high-light-
ened that procedures performed by more experienced operators are associated with 
significantly lower risks for post-procedural stroke [52].

The occurrence of significant strokes after TAVR has a meaningful clinical impact 
on mortality and neurocognition. The PARTNER trial [13] was the first to demonstrate 
that patients with stroke after TAVR had a higher mortality rate at 30 days and one 
year than those without. Subsequently, either Huded et al. [16] or Kleiman et al. [14] 
confirmed these results. In addition, in 2023, Castelo et al. affirmed more precisely 
that patients with stroke after TAVR have longer intensive unit care (ICU) stay (12 vs. 
4 days) and higher rates of intra-hospital mortality (21.1% vs. 4.3%) especially cardio-
vascular 30-days mortality (15,8% vs. 4,1%) [45].

A large body of evidence indicated adverse cognitive consequences of cerebral 
brain lesions (clinically silent or overt), either in atrial fibrillation [53] or after cardiac 
surgery [54]. The impact of SCE on cognitive decline has been debated for a long 
time because several studies were controversial. In 2010, Khalert et al. reported that 
cerebral lesions are not associated with the deterioration of cognitive functions [55]. 
On the contrary, in the subsequent Neuro-TAVI trial, Lansky et al. confirmed that 
one in three patients after TAVI had a cognitive decline assessed by the Montreal 
Cognitive Assessment score (MoCA) [49]. In the SENTINEL trial, Kapadia reported 
a correlation between changes in cognition and median silent cerebral lesions volume 
(p < 0.002, 21]. Similarly, De Carlo et al. observed that patients developing SCILs 
had a significant worsening in neurocognitive function at discharge with incomplete 
recovery at the follow-up [22]. However, the small numbers enrolled, the attrition 
rate, the shorter time of reassessment after discharge and the modest magnitude 
change in Mini-Mental State Examination (MMSE) or MOCA at the follow-up do not 
allow a robust conclusion on neurocognitive effects of the early phase stroke after 
TAVR. More extended studies with longer reassessment are needed for conclusive 
findings.

3. Embolic protection devices

TAVR is nowadays going to address even low-risk and younger population [56]: 
widespread and frequent use of embolic protection devices (EPDs) is necessary to 
improve outcomes (such as in-hospital mortality and stroke).

EPDs have been projected to hinder the embolization of different kinds of mate-
rial, released during valve implantation to the brain; the two main classes of EPDs 
allow to deflect or to filter potential debris thus avoiding cerebrovascular events 
(Table 1). They are usually positioned along the aortic arch or into the anonymous 
branch and left common carotid before the valve advancement and release from 
different peripheric vascular access (both femoral and radial routes are viable alterna-
tives, depending on the device) with dedicated catheters; finally, they are retrieved at 
the end of the procedure before vascular closure.

3.1 Deflectors

The first type of devices consists of large porous webs on top of the aortic arch 
and/or descending aorta, enabling embolic material to be deflected down in the 
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thoracic descending aorta thus protecting the brain from ischemic injury. Some 
devices cover just the first two collateral vessels from the arch, whereas others are also 
developed for the left subclavian artery.

Device Fr – Access – protected 
vessels

Latest evidence

TriGUARD
Deflector

8 Fr
Femoral Contralateral
3 Vessels

REFLECT II (2021)
No difference with unprotected procedures for:

• All-cause mortality or any stroke at 30 days

• Worsening NIHSS score at 2 to 5 days

• Freedom from any cerebral ischemic lesions detected on 
DW MRI at 2 to 5 days.

• Total volume of cerebral ischemic lesions detected on DW 
MRI at 2 to 5 days

Embrella
Deflector

6 Fr
Right Brachial or Radial
2 Vessels

PROTAVI C (2014)
No difference with unprotected procedures for:

• Stroke, TIA Major vascular complications life-threatening 
bleeding, AKI, Mortality at 30 days

Increased high-intensity transient signals (HITS) at 
each step of the transcatheter aortic valve replacement 
procedure

Point Guard
Deflector
Filter

10 Fr
Femoral
3 Vessels

Point Guard CENTER Trial (2018)
Ongoing

ProtEmbo
Deflector

6 Fr
Left Radial
3 Vessels

PROTEMBO SF Trial (2022)
New DW-MRI lesion volumes with ProtEmbo were smaller 
than in historical data.

Sentinel
Filter

6 Fr
Right Radial
2 Vessels

PROTECTED TAVR (2022)
No difference with unprotected procedures for:

• All-cause mortality or any stroke at 72 hours

• TIA

• Delirium

Emboliner
Filter

6 Fr
Femoral Pigtail Catheter 
Access
3 Vessels and 
subdiaphragmatic 
vessels

SAFEPASS 2 Trial (2020)

• The overall major adverse cardiac and cerebrovascu-
lar rate was 6.5% for the Embroliner device,  
a 46% reduction compared with the historical perfor-
mance goal

• One hundred percent of subjects resulted m debris 
captured in the Emboliner filter.

Embolk
Filter

11 Fr
Femoral Access
3 Vessels and 
subdiaphragmatic 
vessels

First-in-Man Study Evaluating the Emblok Embolic 
Protection System During TAVR or 20 patients (2020)

• The Emblok embolic protection system appears to be 
feasible and safe during TAVR.

• The device was successfully placed and retrieved in all 
cases and no neurological events were observed

Table 1. 
Main EPDs, technical features and supporting evidences.
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3.1.1 TriGUARD

TriGUARD (Keystone Heart) is one of the most studied EPDs and the first 
 deflector device to receive a CE mark. At the moment, the newest technology avail-
able is the TriGUARD 3 that guarantees an improved device visualization and more 
precise positioning and stability. Through an On The Wire, 8 French delivery system 
the device is introduced in the contralateral femoral artery and accommodates a 5 
Fr pigtail catheter into the lumen; it does not require an additional access site. The 
deflection filter consists of a nitinol frame (74 mm x 98 mm) with a dome-shaped 
web designed to allow adequate blood flow to the brain. It enables the covering of all 
three aortic arch branches ostia.

The older generation devices (TriGUARD and TriGUARD HDH) safety and 
 efficacy (defined as decreased lesion volume as compared to unprotected TAVR) 
were explored through two randomized controlled trials, the DEFLECT I and 
DEFLECT II [57, 58].

The DEFLECT III trial was a multicentre, randomized controlled trial testing 
TriGUARD HDH device against unprotected TAVR in a group of 85 patients. In 
this exploratory study, subjects undergoing protected TAVI had significantly more 
freedom from ischaemic brain lesions, numerically reduced single and maximum 
lesion volumes and better cognitive function in some domains [36]. No statistically 
significant difference was observed for what concerns rates of stroke.

These results were partially confirmed from the prospective, multicentre, single-
blind randomized REFLECT II trial [59] that compared TriGUARD 3 protected 
procedures with unprotected procedures (for a total of 220 patients), finding no 
significant differences between treatment and control arm regarding rates of stroke, 
brain lesions volume and neurological impairment at discharge.

3.1.2 Embrella

This device from Edwards Lifescience is designed to cover all three cerebral vessels 
and it has the advantage of being delivered from a right radial or brachial access 
through a 6 Fr sheath. However, the main study (PROTAVI-C) [60] comparing unpro-
tected and device-protected TAVR failed to show a reduction in cerebral ischemic 
events in EPD treated population, reporting, on the contrary, an increased rate of 
micro-embolization to the brain.

On the other side, the use of the Embrella system was associated with lower lesion 
volume than the control group. Furthermore, every new cerebral lesion disappeared 
on the MRI performed 30 days after TAVR.

3.1.3 Other devices

There are a large number of EPDs that are undergoing testing and safety/efficacy 
studies. We herein mention:

• The Point-Guard (Transverse Medical) provides complete cerebral protection by 
covering all supra-aortic arteries via an embolic material deflection, capture and 
removal. Like similar devices, it consists of a flexible nitinol frame with a filter 
web covering the aortic arch, positioned by a femoral route. It also has a sup-
porting extension basket at the distal end: by sealing and conforming the arch 
anatomy, it addresses the challenge of devices with non-sealing edges. The Point 
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Guard CENTER trial started in 2018 and will be the main multicentre trial across 
the EU evaluating the safety and efficacy of the device.

• ProtEmbo (Protembi) is delivered via a 6 Fr sheath through left radial/brachial 
artery; it provides protection for all three cerebral vessels and has the small-
est pores between the EPDs. Safety and efficacy were assessed through the 
PROTEMBO C trial showing encouraging results: fewer MACEs and smaller 
volume brain MRI lesions were observed in comparison to pre-specified perfor-
mance goals [61].

3.2 Filters

The second class gathers systems of different sizes, positions and access; the 
entrapment of the embolic material and its removal represents the common denomi-
nator between the different devices.

3.2.1 Sentinel

Sentinel was the first capture system to obtain the CE mark and FDA approval, 
respectively in 2013 and 2017. Two sequential mesh develop on a single 6 Fr catheter 
and are positioned into the left common carotid artery (the distal one) and into the 
brachiocephalic artery (the proximal one) from right radial access. The webs are 
connected by an articulating positioning sheath that allows good manipulation and 
rapid delivery (less than 10 minutes) during the procedure. The device comes in only 
one size, thus may not be adequate for some particular aortic and arterial anatomies; 
moreover, the vertebral artery is not protected.

The three main randomized controlled trials evaluating the efficacy of the Sentinel 
system highlighted different and controversial results. In almost every patient in the 
treatment group, embolic debris was captured by the filter.

The MISTRAL-C [37] showed statistically significant reduction in neurocognitive 
deterioration in the EPD group. The CLEAN-TAVI [62] trial randomized 100 patients 
to protected vs. unprotected procedures and demonstrated that the EPD group 
had a decrement in the new-onset brain lesions and reduced volume lesions. The 
SENTINEL [20] trial failed to demonstrate a significant reduction in stroke rates and 
lesion volume.

The last and largest randomized trial about Sentinel efficacy is the PROTECTED 
TAVR [63] study: 3000 patients were randomized in 1:1 fashion to unprotected 
and protected procedure. The rate of disabling stroke was significantly lower in 
the Sentinel group with a relative risk reduction of 60%, although this trial was not 
powered to assess disabling stroke.

3.2.2 Emboliner

Emboliner (Emboline) consist of a cylindrical nitinol mesh filter that circum-
ferentially conforms to the aortic anatomy, covering all three cerebral vessels and, 
through a downstream filter end captures embolic debris directed to kidneys, abdo-
men and lower body. Plus, the Emboliner shares the transfemoral access site used for 
the pigtail catheter, so no additional access or closure is required. After valve advance-
ment and deployement (passing the downstream filter with the prosthesis delivery 
device), the EPD and the materials entrapped between the mesh are removed. The 
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SAFEPASS 2 [64] study analyzed the safety and efficacy of the device between 31 
patients undergoing TAVR compared with an historical performance goal, demon-
strating encouraging results. A larger ongoing study will evaluate if the benefit in 
terms of reduction of stroke and systemic embolism rates is consistent when a pro-
tected procedure is compared to an unprotected one.

3.2.3 Emblok

The Emblok (Innovative Medical Solutions) is the only capture device including 
a radiopaque 4 Fr pigtail catheter, that aids in identifying the non-coronary cusp and 
favoring correct alignment and positioning of the valve. It is deployed in a single 11 
Fr femoral route and covers the ascending aorta and aortic arch [65]. The first 20 
patients that underwent TAVR protected procedure with the device were totally free 
from MACCE at 30 days even if post-procedural MRI showed that 95% of the group 
developed new silent ischemic brain lesions.

4. Summary of evidence

The safety of embolic protection devices in TAVR has been extensively demon-
strated in many trials and studies. However, CEPDs’ efficacy and impact on hard 
clinical outcomes remains a controversial argument of debate. Some of the most 
recent meta-analyses showed indeed conflictual results. Woldendrop et al. on the 
European Heart Journal stated that using CEPDs did not result in a significant 
decrease in the occurrence of silent brain infarcts [50]. In two reviews and meta-
analyses [66, 67] reporting results from randomized controlled trials (RCTs) and 
observational studies, the use of EPDs was effectively associated to fewer short-term 
stroke events. In contrast, other ones [68–70] (predominantly based on RCTs) did 
not show any difference on clinical outcomes or neuroimaging parameters. One of the 
most recent and updated summaries of evidence by Baloch et al. [71] comprehended 
128,471 patients from RCTs and observational studies and highlighted the benefit of 
CEPD in reducing incidence of 30 day disabling stroke in patients undergoing TAVR; 
the majority of studies was based on TriGUARD and Sentinel devices.

5. Conclusions

Stroke is a major concern in patients undergoing TAVR that can affect mortality 
and morbidity. TAVR expanding indication to low risk young patients raises issues 
on prevent or reduce the incidence of cerebrovascular ischaemic events that could 
be pursued through embolic protection devices. Clear univocal evidence does not 
support the routine use of cerebral embolic protection devices during TAVR to 
prevent stroke and improve outcomes. However, it may be useful in patients judged at 
high risk of neurological events; further studies about the ideal patient selection are 
warranted.
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Cerebral Protection Devices 
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Abstract

Transcatheter aortic valve replacement (TAVR) is a common procedure used in 
the treatment of severe aortic stenosis and other cardiac valve diseases. Although this 
procedure has been shown to be effective and safe in improving cardiac function and 
life expectancy in this population, there is an inherent risk of neurological complica-
tions such as stroke and cognitive impairment. In the last years, there has been a 
breakthrough in the development of brain protection devices that minimize the risk 
of brain embolism during the procedure. These devices are designed to capture clots 
and calcium debris that could become dislodged during the valve implant, therefore 
keeping the embolus from entering the nervous system via the supra-aortic vessels. 
Some studies indicate that using brain protection devices during an aortic valve 
replacement could substantially decrease the burden of stroke and other associated 
neurological complications. However, despite the promising expected results, further 
studies are required to sustain the benefit of using these devices, besides with the 
ongoing development in this area it would be fundamental a face-to-face interaction 
between the devices in the current development. Furthermore, although the experi-
ence with these devices is limited and the recent experience indicates they are safe, 
it would be fundamental to identify and take in consideration possible risks and 
complications related to these devices.

Keywords: cerebral embolic protection devices, cerebrovascular events, transcatheter 
aortic valve replacement, stroke, brain injuries

1. Introduction

Aortic stenosis is the most prevalent valve disease in the developed countries. 
Its prevalence increases in the elderly; in this population, transcatheter aortic valve 
replacement (TAVR) is a viable option for subjects with intermediate or high risk of 
cardiac surgery. Despite the development of new generations of TAVR, cerebrovascu-
lar events are one of the most severe and scary complications because of the increase 
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in morbidity and mortality, the risk of stroke at 30 days ranges from 2.7 to 10% [1, 2]. 
Apart from clinical strokes, subclinical strokes, defined by the appearance of new 
ischemic cerebral lesions by MRI, appear in 90% of patients undergoing TAVR [3]; 
however, their clinical significance is still unknown.

TAVR implantation-related strokes are divided into acute or periprocedural 
and late. For prevention, various methods have been identified. In the first group 
(acute), the main factors to take into consideration include optimization of the TAVR 
technique with reduction of embolization of calcified fragments and atheroma, and 
adequate anticoagulation during the procedure. For late strokes, the main factor is the 
use of an optimal antithrombotic regimen after implantation.

The greatest risk of embolization to the brain occurs during the procedure, during 
the positioning or implantation phase of the valve, as a result of manipulation of 
highly calcified structures or atheromatous embolization of thrombi or material [4]. 
Up to 70% of patients experience a stroke in the first 24 hours [5–7] with a consider-
able deterioration in quality of life and a 3–5-fold increase in mortality [8]. Cerebral 
protection devices (CPDs) have the potential to reduce stroke and ischemic brain 
injury associated with percutaneous aortic valve replacement. The results of a recent 
study that analyzed a database with 36,220 patients (525 of them with CPD systems 
and 35,695 without them) found that the use of a CPD was associated with a lower 
incidence of ischemic stroke (1.0% vs. 3.8%, p < 0.002) and lower in-hospital mortal-
ity. Importantly, silent strokes account for a significant proportion of these complica-
tions and are associated with a threefold increased risk of having a stroke, a further 
decline in cognitive function, and a twofold increased risk of developing dementia 
after follow-up for 4 years [9].

Until March 2023, only two authorized devices were identified as DPC, the 
Sentinel device, which is designed to capture emboli or debris detached during TAVI. 
It consists of a dual filter into the left common carotid and brachycephalic artery; 
inside a 6Fr catheter that is accessed through the radial artery, the proximal filter 
is placed in the brachiocephalic artery and the distal filter in the common carotid 
artery (available in United States and Europe) [1] and the TriGUARD 3 (available 
in Europe) is the only device that covers all the arteries of the aortic arch. Being a 
deflector device, it rejects emboli during TAVR placement. This device is advanced 
via femoral contralateral access to TAVI placement and is deployed to protect the 
supra-aortic vessels [10].

2. Risk factors for cerebrovascular events

The risk factors for post-TAVR stroke are divided into early (acute and subacute) 
and late (Table 1).

Indicators of an early stroke encompass features of the patient and the procedure 
itself. Procedure features associated with early stroke risk include a greater number 
of dilations of the aortic valve annulus, a greater degree of valve acceleration velocity 
before implantation (reflecting more severe plaques with more calcium deposits, or 
the need for additional instrumentation to cross the aortic valve and complete the 
procedure), and a greater number of pacing events [11].

In a study carried out in more than 20,000 patients from Europe and Canada, the 
predictors of post-TAVR stroke were evaluated. Age, previous stroke and peripheral 
arterial disease, chronic kidney disease, atrial fibrillation, and diabetes were identi-
fied as risk factors [9].



197

Cerebral Protection Devices in Transcatheter Aortic-Valve Replacement
DOI: http://dx.doi.org/10.5772/intechopen.112661

In a recent analysis of the Transcatheter Valve Therapy (TVT) registry by 
Thourani et al., which included 97,600 patients, the approach with an alternative 
access for TAVR (i.e., use of an access other than transfemoral or direct aortic access) 
was identified to had the highest relative risk for TAVR intrahospital stroke [12].

In the CoreValve studies, factors such as reduced body surface area, severe aortic 
calcification, and frequent falls in the past 6 months were found to be indicators of 
increased risk of subsequent stroke [13].

3.  Current evidence on the use of cerebral protection devices (CPD) in TAVR

An analysis of 108,315 patients undergoing TAVR examined the use of CPD in 
4380 patients (4.0%). The results revealed that adjusted mortality was lower in those 
patients who underwent TAVR with CPD compared with those without CPD (0.5% 
vs. 1.3%, p < 0.01).

In addition, neurological complications, including hemorrhagic stroke and 
ischemic stroke, were also lower in the CPD group compared with the non-CPD 
group (1.4% vs. 2.2%, p < 0.01). Likewise, patients who experienced a stroke after 
TAVR and used CPD were found to have a significantly lower in-hospital mortality 
rate compared with those without CPD (6.3% vs. 11.8%; p = 0.023). These findings 
suggest the possibility that CPDs may prevent more severe and debilitating strokes, 
which in turn could reduce stroke-related morbidity and mortality [14].

A recent meta-analysis demonstrated that the use of CPD was associated with a lower 
risk of mortality related to stroke (odds ratio 0.47; 95% CI, 0.28–0.80), lower risk of 
stroke (odds ratio 0.54; 95% CI, 0.39–0.75), transient ischemic attack (odds ratio 0.47; 
95% CI, 0.31–0.71), and adverse cardiovascular and cerebrovascular events (odds ratio 
0.70; 95% CI, 0.56–0.87). These data suggest that CPD should be considered during TAVR 
procedures to reduce the risk of stroke-related mortality and other complications [15].

An observational study was conducted in 2023 using the TriGUARD 3 ™ 
(Figure 1) device to assess the incidence of stroke and transient ischemic attacks 
(TIA) within 72 hours or at discharge after TAVR implantation. The results revealed 
stroke incidence of 0.8%, suggesting that the use of this device is associated with a 
low frequency of clinically detectable strokes and device-related adverse events [11].

The PROTECTED TAVR study evaluated the effectiveness of cerebral embolic 
protection (CEP) during TAVR in reducing the risk of stroke. The study involved 
3000 patients, the primary endpoint being the identification of clinical stroke within 

• Multiple dilations of the aortic annulus or post-dilatation of the valve.

• Pacing stimulation in multiple times.

• Higher acceleration speed of the native aortic valve (greater calcification).

• Non-femoral vascular access (axillary, transaortic, carotid, transapical).

• Chronic kidney disease.

• Female gender.

• Decreased ejection fraction of the left ventricle.

• Atrial fibrillation.

Table 1. 
Risk factors for stroke in TAVR implantation.
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72 hours of TAVR or before discharge. The study found that the use of CEP did 
not have a significant effect on the incidence of periprocedural stroke; however, it 
reduced the incidence of disabling stroke. The study concluded that among patients 
with aortic stenosis undergoing transfemoral TAVR, the use of CEP had no significant 
effect on the incidence of periprocedural stroke [14] using Sentinel ™ (Figure 2).

4. Conclusions

Stroke related to TAVR represents one of the most common and scary complica-
tions and is an independent risk factor that predicts morbidity and mortality; there-
fore, new strategies have been implemented to reduce its appearance. CPDs represent 
a novel strategy in stroke protection in patients undergoing TAVR. This evidence 
suggests that the use of CPD reduces the number and size of ischemic lesions identi-
fied on magnetic resonance; however, they are not yet established as a protective 
measure in the appearance of embolic phenomena and the reduction of ischemic 
lesions in TAVR patients. None of the devices we mainly studied managed to reduce 
the appearance of stroke; however, there was a reduction in the number of disabling 
strokes, which has an impact ultimately in a possible better quality of life.

Figure 1. 
TriGUARD ™ device.

Figure 2. 
Sentinel ™ device.



Cerebral Protection Devices in Transcatheter Aortic-Valve Replacement
DOI: http://dx.doi.org/10.5772/intechopen.112661

199

Author details

Gian-Manuel Jiménez-Rodríguez1*, José-Luis Elizalde-Silva2,  
Mariana Chaire-Hernandez3, Jesus Diaz-Marin1, Guering Eid Lidt1  
and Gustavo Rojas Velasco4

1 Interventional Cardiac Departement, Instituto Nacional de Cardiología Ignacio 
Chávez, Mexico City, Mexico

2 Cardiovascular Critical Care Unit, Instituto Nacional de Cardiología Ignacio 
Chávez, Mexico City, Mexico

3 Regional Hospital ISSSTE León, Mexico

4 Intensive Cardiovascular Care, Instituto Nacional de Cardiología Ignacio Chávez, 
Mexico City, Mexico

*Address all correspondence to: gianma21@hotmail.com

© 2023 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. 



Aortic Valve Disease – Recent Advances

200

References

[1] Gasior T, Mangner N, Bijoch J,  
Wojakowski W. Cerebral embolic 
protection systems for transcatheter 
aortic valve replacement. Journal 
of Interventional Cardiology. 
2018;31(6):891-898

[2] Kapadia SR, Kodali S, Makkar R, 
Mehran R, Lazar RM, Zivadinov R, et al. 
Protection against cerebral embolism 
during transcatheter aortic valve 
replacement. Journal of the 
American College of Cardiology. 
2017;69(4):367-377

[3] Kahlert P, Knipp SC, Schlamann M, 
Thielmann M, Al-Rashid F, 
Weber M, et al. Silent and apparent 
cerebral ischemia after percutaneous 
transfemoral aortic valve implantation: 
A diffusion-weighted magnetic 
resonance imaging study. Circulation. 
2010;121(7):870-878

[4] Richter I, Abdel-Wahab M, 
Desch S, Thiele H. Cerebral embolic 
protection in patients undergoing 
transcatheter aortic valve implantation: 
Recent advances. Kardiologia Polska. 
2022;80(6):644-650

[5] Adams DH, Popma JJ, Reardon MJ, 
Yakubov SJ, Coselli JS, Deeb GM, et al. 
Transcatheter aortic-valve replacement 
with a self-expanding prosthesis. The 
New England Journal of Medicine. 
2014;370(19):1790-1798

[6] Miller DC, Blackstone EH, Mack MJ, 
Svensson LG, Kodali SK, Kapadia S, et al. 
Transcatheter (TAVR) versus surgical 
(AVR) aortic valve replacement: 
Occurrence, hazard, risk factors, and 
consequences of neurologic events in 
the PARTNER trial. The Journal of 
Thoracic and Cardiovascular Surgery. 
2012;143(4):832-843.e13

[7] Nombela-Franco L, Webb JG, De 
Jaegere PP, Toggweiler S, Nuis RJ, 
Dager AE, et al. Timing, predictive 
factors, and prognostic value of 
cerebrovascular events in a large cohort 
of patients undergoing transcatheter 
aortic valve implantation. Circulation. 
2012;126(25):3041-3053

[8] Eggebrecht H, Schmermund A, 
Voigtländer T, Kahlert P, Erbel R, 
Mehta RH. Risk of stroke after 
transcatheter aortic valve implantation 
(TAVI): A meta-analysis of 10,037 
published patients. EuroIntervention. 
2012;8(1):129-138

[9] Vlastra W, Jimenez-Quevedo P, 
Tchétché D, Chandrasekhar J, De 
Brito FS, Barbanti M, et al. Predictors, 
incidence, and outcomes of patients 
undergoing transfemoral transcatheter 
aortic valve implantation complicated by 
stroke: From the CENTER-collaboration. 
Circulation. Cardiovascular 
Interventions. 2019;12(3):e007546

[10] Demir OM, Iannopollo G, 
Mangieri A, Ancona MB, Regazzoli D, 
Mitomo S, et al. The role of cerebral 
embolic protection devices during 
transcatheter aortic valve replacement. 
Frontiers in Cardiovascular Medicine. 
2018;5:150

[11] Daal SM, Jimenez-Rodriguez GMJ, 
Voskuil M, et al. Clinical outcome of 
transcatheter aortic valve replacement 
with TriGUARD 3™ cerebral embolic 
protection device. Cardiovascular 
Revascularization Medicine. 2023;50:8-
12. DOI: 10.1016/j.carrev.2023.01.008

[12] Thourani VH, O’Brien SM, Kelly JJ, 
Cohen DJ, Peterson ED, Mack MJ, et al. 
Development and application of a 
risk prediction model for In-hospital 



Cerebral Protection Devices in Transcatheter Aortic-Valve Replacement
DOI: http://dx.doi.org/10.5772/intechopen.112661

201

stroke after transcatheter aortic valve 
replacement: A report from the society 
of thoracic surgeons/American college of 
cardiology transcatheter valve therapy 
registry. The Annals of Thoracic Surgery. 
2019;107(4):1097-1103

[13] Kleiman NS, Maini BJ, Reardon MJ, 
Conte J, Katz S, Rajagopal V, et al. 
Neurological events following 
transcatheter aortic valve replacement 
and their predictors: A report from 
the CoreValve trials. Circulation: 
Cardiovascular Interventions. 
2016;9(9):e003551

[14] Kapadia SR, Makkar R, Leon M, 
Abdel-Wahab M, Waggoner T, 
Massberg S, et al. Cerebral embolic 
protection during transcatheter 
aortic-valve replacement. The 
New England Journal of Medicine. 
2022;387(14):1253-1263

[15] Al-Abdouh A, Mhanna M, Jabri A, 
Ahmed T, Altibi AM, Ghanem F, et al. 
Meta-analysis of cerebral embolic 
protection during transcatheter aortic 
valve replacement. The American Journal 
of Cardiology. 2023;192:255-257





203

Chapter 10

Surgical Treatment of Patients with 
Aortic Valve Disease in Association 
with Atrial Fibrillation
Alexandr Zotov, Oleg Shelest, Emil Sakharov,  
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Abstract

The frequency of atrial fibrillation development in patients with severe  
aortic valve stenosis ranges from 4 to 30%. This arrhythmia significantly worsens 
patients’ long-term survival. Currently, it is considered that performing ablation of 
arrhythmogenic myocardial areas during valve surgery does not impact in-hospital 
mortality and does not lead to prolonged hospital stay. According to modern 
recommendations, this procedure should be performed in all patients diagnosed 
with atrial fibrillation if the pericardium is opened. There are numerous ablation 
protocols available. For patients with isolated aortic valve disease, there is no need 
to open the atria during ablation. For the majority of patients with persistent atrial 
fibrillation, isolating the posterior wall of the left atrium, including the pulmonary 
vein areas, is sufficient. This article proposes an original approach to the combined 
treatment of valve disease and arrhythmia using the Perceval-S sutureless valve and 
the Gemini-S clamp-ablator. This approach reduces the time of cardiopulmonary 
bypass, which can benefit high-risk surgical patients.

Keywords: aortic valve, atrial fibrillation, aortic stenosis, sutureless, radio frequency 
ablation, Gemini-S, bicuspid valve

1. Introduction

Atrial fibrillation (AF) is a common arrhythmia, affecting around 1–2% of the 
general population. The prevalence increases with age, reaching approximately 
5–15% in individuals over 80 years [1]. Aortic valve disease, including aortic stenosis 
and aortic regurgitation, has reported a prevalence of around 0.5–1% in developed 
countries, increasing with age [2].

Aortic stenosis narrows the aortic valve opening, limiting blood flow from the left 
ventricle to the aorta. It is primarily a disease of aging caused by calcific degenera-
tion, and it is the most common valvular heart disease in developed countries. The 
prevalence of AS in the elderly population (≥75 years) is estimated to be between 
2.8 and 4.6% [3]. On the other hand, aortic regurgitation, the leaking or backflow 
of blood through the aortic valve, can be caused by various conditions, including 
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aging, hypertension and endocarditis. The prevalence of moderate to severe AR in the 
general population is estimated to be around 0.5% [4].

The co-occurrence of AF and aortic valve disease is not uncommon because 
there are shared risk factors [5]. Research suggests that AF occurs in approximately 
4–30% of patients with severe aortic stenosis, depending on the study population 
and diagnostic methods [6]. AF is also associated with poorer outcomes in patients 
with aortic valve disease, including increased mortality and morbidity [7]. AF in the 
context of AS is associated with a higher risk of stroke and systemic embolism, which 
significantly complicates the management of these patients [7]. The epidemiology of 
AF in patients with AR is less researched. However, given the shared risk factors, it is 
not uncommon to see these conditions together. AF in AR patients is also associated 
with worse outcomes, similar to AS patients [8].

However, specific epidemiological data for the combination of AF and aortic valve 
disease is limited and further research is needed to understand this patient population 
better.

Managing patients with AF and aortic valve disease is complex and requires a 
multidisciplinary approach. Therapeutic strategies often involve a combination of 
rate or rhythm control, anticoagulation and valve intervention [8].

In the 1980s, several scientists developed surgical methods for treating atrial 
fibrillation. Williams proposed a procedure for isolating the left atrium [9]. However, 
this method showed its effectiveness mainly in the “left atrial” form of atrial fibrilla-
tion, leaving other forms less responsive to the procedure [10]. Guiraudon introduced 
the “Corridor” procedure, which involved the surgeon isolating the impulse conduc-
tion path from the sinoatrial node to the atrioventricular [11]. Despite its promise, 
the procedure was limited in restoring an adequate ventricular response to the sinus 
node’s operation, while the atrial myocardium continued to contract asynchronously 
[12]. Both procedures could not comprehensively address three main challenges of 
arrhythmia: asynchronous contractions of the atria and ventricles, an inadequate ven-
tricular response to stimulation, and blood stagnation in the atria [13]. Consequently, 
patients remained in the high-risk group for thromboembolic complications.

In 1987, Cox, based on electrophysiological studies and animal experiments, 
identified “macro-reentry” waves and established their size and the duration of 
circulation in a specific place of the atria [14]. This discovery led to the development 
of the “Labyrinth” procedure, which created a single path for the impulse from the 
sinus node to the atrioventricular by cutting and sewing the atria, thereby interrupt-
ing the circulation of the “macro-reentry” wave while preserving the activation of 
atrial tissues by the sinus node [15]. The first operation on a human heart took place 
on September 25, 1987, ultimately allowing the patient to avoid arrhythmia and the 
intake of antiarrhythmic drugs for 20 years [16].

The maze procedure had its drawbacks due to a high risk of complications. One 
of the lines in the surgical schema was situated near the sinus node, disrupting fibers 
responsible for the stress-induced response [17]. Another line blocked the Bachmann’s 
bundle, significantly impairing interatrial conduction [18]. The procedure was 
carried out exclusively under conditions of artificial circulation, accompanied by a 
corresponding amount of complications [19].

For these reasons, the procedure was modified and technically simplified over 
the following decade. At a median observation period of 5.4 years, sinus rhythm was 
maintained in 97% of patients’ post-surgery [20]. However, the procedure remained 
technically challenging, not easily accessible for mastering, and still accompanied by 
high perioperative risk [21]. These factors laid the groundwork for exploring energy 
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sources that would allow the creation of ablation lines without cutting atrial tissue 
and for seeking ways to minimize surgical access [22]. In 1996, after accumulat-
ing experience from over 200 variously modified maze procedures, the authors 
performed the first operation on isolated AF, utilizing cryoablation technology 
to create patterns that disrupted the circulating “macro-reentry” waves [23]. The 
operation time was significantly reduced, and cryoenergy simplified the procedure 
[24]. Around the same time, experiments were conducted with other energy sources, 
such as radiofrequency and microwave [25]. These various energy sources used to 
achieve transmural lesions of the atrial myocardium following the original procedures 
pattern formed the basis for creating its fourth modification, the “Maze-IV” [26]. 
Radiofrequency energy gained the most widespread adoption [27].

Currently, according to guidelines from the European Association for 
Cardiothoracic Surgery (EACTS), cardiac procedures, including ablation, are divided 
into two categories: primary open atrial operations and primary closed atrial opera-
tions. Aortic valve replacement surgery and coronary artery bypass surgery are 
classified as the second type [28].

The optimal protocol for radiofrequency ablation (RFA) during aortic valve 
surgery is a subject of ongoing research debate. There are multiple approaches to con-
sider, each with its benefits and drawbacks. The decision to perform an entire maze-
IV operation or a non-maze procedure pulmonary vein isolation (PVI), Box-Lesion 
and variations (PVI) without atrial incision depends on patient-specific factors.

The maze-IV procedure is the most complex form of surgical ablation for AF. It 
involves creating a “maze” of lesions in the atria, effectively interrupting the abnor-
mal electrical pathways. The reported success rates are high, with up to approximately 
80% of patients free from AF 1 year post-operatively. However, the procedure is 
time-consuming, and it carries risks of complications such as bleeding and pacemaker 
dependency [29]. The limitation of this procedure is using two types of ablation 
devices to achieve the full line protocol of the original procedure [30]. Ablation 
requires the use of monopolar devices, which cannot always create a homogeneous 
lesion line. If the mitral line of the maze procedure is incomplete, these partial lines 
can result in peri-mitral atrial flutter. Performing a complete maze procedure is only 
possible by using cryosurgery [31]. On the other hand, a PVI procedure without atrial 
incision is a less invasive procedure that involves using the radiofrequency bipolar 
clamp to create lesions around the pulmonary veins, thereby isolating them electri-
cally and preventing AF. The significant advantage of this procedure is its simplicity 
and shorter operative time, which translates into less surgical risk. However, the suc-
cess rate is generally lower than the full maze procedure, particularly in patients with 
persistent AF [32]. Oral et al. demonstrated that complete PVI might not be sufficient 
in all AF patients, suggesting that non-PV foci can contribute to AF in these individu-
als [33]. Other studies have extended these findings and identified additional trigger 
sites within the left atrium, including the posterior wall, the left atrial appendage, and 
the coronary sinus [34]. For these reasons, all patients with persistent atrial fibrilla-
tion should undergo isolation of the posterior wall of the left atrium (BOX-Lesion), 
including the orifices of the pulmonary veins. Resection of the left atrial appendage 
makes it possible to form an additional line passing from the ridge zone to the collec-
tor of the left pulmonary veins [35].

The decision between the three procedures should consider the patient’s individual 
characteristics, including the type and duration of AF, left atrium volume index 
(LAVI), the patient’s overall health status, and the risk of surgical complications. For 
example, in younger, healthier patients or those with persistent AF, an entire maze-IV 
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operation may be more beneficial despite its invasiveness. On the other hand, for 
older patients, those with significant comorbidities or those with paroxysmal AF, a 
PVI procedure without atrial incision may be preferable due to its lower surgical risk.

The optimal protocol for RFA during aortic valve surgery with AF is a tailored 
approach that considers the patient’s characteristics and balances the potential 
benefits of AF elimination against the procedure’s risks. Maze-III and non-maze 
procedures (PVI, Box-Lesion) without atrial incision have their place in the treatment 
of AF, and the choice between them should be made on a case-by-case basis.

2.  Aortic valve replacement and radiofrequency isolation of the posterior 
wall of the left atrium in a high surgical risk patient: How we do it

Patients with aortic stenosis and atrial fibrillation who are considered to be at high 
surgical risk typically exhibit a range of clinical features and comorbidities. Here are 
some of the key factors that are often considered when determining surgical risk:

1. Advanced age: Older patients are often considered at a higher surgical risk due to 
the increased likelihood of comorbidities and reduced physiological reserve [36].

2. Severe comorbidities: Conditions such as severe pulmonary disease, chronic 
kidney disease, and liver disease [37].

3. Frailty: This includes factors such as cognitive impairment, reduced mobility, 
malnutrition, and dependency in activities of daily living [38].

4. Left ventricular dysfunction: A reduced left ventricular ejection fraction (LVEF) 
can increase surgical risk [39].

Cardiopulmonary bypass (CPB) duration plays a significant role in the outcomes 
in this group. The length of CPB has been linked with several potential complications, 
including organ dysfunction, postoperative bleeding and increased mortality. A study 
by Ranucci et al. demonstrated that CPB duration is an independent predictor of 
overall mortality and major complications following cardiothoracic surgeries [40]. 
According to their analysis, every additional 10 minutes of CPB increases the risk 
of overall mortality by 16%, the risk of significant complications by 18%, and the 
risk of postoperative bleeding by 12%. An article by Gansera and colleagues (2007) 
emphasized that CPB duration is associated with the risk of postoperative renal 
dysfunction and thrombocytopenia [41]. This finding reinforces the importance of 
minimizing CPB time in aortic valve replacement surgeries. In another study by Raja 
and co-authors (2005), CPB duration was an independent risk factor for developing 
postoperative acute lung injury [42].

In order to reduce the duration of cardiopulmonary bypass in such patients, we 
employ the Perceval-S sutureless valve, Box-Lesion radiofrequency ablation protocol 
with an additional line in the Ridge zone, and Marshall ligament destruction. The 
Perceval-S valve is an artificial valve made from bovine pericardium, implanted within 
a self-expanding nitinol frame that secures the valve in the implantation site. The valve 
is stored in an antibacterial solution, eliminating the need for pre-rinsing. The valve 
implantation involves three guiding sutures, which are subsequently removed. These 
factors combined allow us to achieve a myocardial ischaemic time of 15–18 minutes. 
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Along with ablation and left atrial appendage occlusion, the total duration of cardio-
pulmonary bypass in our clinic for such procedures averages around 40 minutes.

Indications for the implantation of the Perceval-S prosthesis:

1. Age over 65 years.

2. Aortic valvular stenosis or a combination of stenosis with insufficiency with a 
fibrous ring size of 19–27 mm.

3. Aortic valvular insufficiency with fibrous ring size 19–27 mm.

4. Infective endocarditis without violation of the integrity of the fibrous ring and 
the configuration of the aortic root.

It should be noted that the main contraindications for using the valve are aortic 
root dilation and disruption of the fibrous annulus integrity. Many surgical teams 
have successfully used Perceval-S in cases of bicuspid aortic valve.

3. Operation

The first step involves the Box-Lesion ablation procedure. For RFA, we used a 
Cardioblate Gemini-S ablative device. The procedure is performed under parallel car-
diopulmonary bypass due to hemodynamic instability during pulmonary vein occlu-
sion. The right atrium is cannulated with a two-stage cannula. The aorta is cannulated 
as high as possible from the sinotubular ridge. After initiation of cardiopulmonary 
bypass using a dissector and forceps, the connective tissue in the area of the transverse 
sinus is separated by a blunt manoeuvre between the superior right pulmonary vein 
and the superior vena cava, and the inferior vena cava is mobilized. For the conve-
nience and safety of bipolar clamp-ablator placement, we utilize specialized guides 
that minimize the risk of damaging surrounding anatomical structures. The guides are 
inserted similarly to the “Galaxy” procedure (Figure 1) [43]. The first guide is passed 
through the transverse sinus and removed behind the left atrial appendage. The second 
guide is passed through the oblique sinus of the pericardium between the inferior 
vena cava and the right inferior pulmonary vein. Since the ablation clamp and guide-
wires have a flexible structure, there is no need to rotate the heart at this stage. Next, 
the Cardioblate Gemini-S electrode is attached to the guidewires, and the electrode 
branches are introduced into the oblique and transverse sinuses of the pericardium on 
the left side to perform ablation of the left pulmonary veins and the posterior wall of 
the left atrium (Figure 2). The ablation of the right pulmonary vein orifices and the 
posterior wall of the left atrium is performed similarly (Figure 3). To create complete 
lines, we perform about 10 applications lasting about 10 minutes on each side. After 
completion of the ablation of the left atrium posterior wall, it is mandatory to perform 
an Exit-block test. Gemini-S electrodes allow ablation of the entire posterior wall of 
the left atrium as a single block according to the “box-lesion” scheme in the minimum 
amount of time (Figure 4). Additionally, the infusion of physiological solution into 
the clamp branches enables conducting ablation without charring the myocardium.

The second step involves a prosthetic implantation. Carbon dioxide gas insuffla-
tion is carried out into the surgical wound to prevent air embolism. Valve implanta-
tion is typically performed in a single session of blood cardioplegia. During the 
implantation of a sutureless valve, the aortotomy should be performed approximately 
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3–3.5 cm above the coronary artery ostia to ensure a safe aortotomy closure at the end 
of the procedure without interfering with the upper edge of the valve frame. After 
decalcification, we leave a rim of approximately 3 mm and provide valve sizing. We 
do not open the specific size of the prosthesis until we evaluate the patient’s valve 
and measure its fibrous annulus. It is worth noting that a fibrous annulus larger than 
27 mm is a contraindication for valve implantation.

After valve sizing, the prosthesis is prepared on a separate surgical table. The 
valve must be loaded into the delivery system to accomplish this. A valve holder and a 
collapser are set up on the stand (Figure 5). The collapser compresses the valve on the 
holder. In this state, the valve is presented to the operating surgeon (Figure 6).

B
C

C

D
E

A

Figure 1. 
Flexible guides in pericardial cavity. (A) Ascendence part of the aorta, (B) right atrium canula, (C) flexible 
guides, (D) superior right pulmonary vein, and (E) inferior right pulmonary vein.

Figure 2. 
Performing left-side ablation.
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Following decalcification of the valve and preparation of the prosthesis for 
implantation, we proceed with suture occlusion of the left atrial appendage. At this 
point in the operation, creating an additional ablation line connecting the Ridge zone 
and the left pulmonary vein collector is possible. In patients with persistent atrial 

Figure 3. 
Performing right-side ablation.

Figure 4. 
Final ablation scheme. Trasmural injury marked with a blue line.
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fibrillation, we disrupt the adipose tissue in the Waterston’s groove area and perform 
ablation of this zone with a Cardioblate MAPS monopolar electrode. Then we proceed 
with aortic valve implantation. Guiding sutures are sewn in the nadir of the leaflets. 
Incorrect distribution of guiding sutures can lead to the formation of paravalvular 
fistulas.

The sutures are passed through the valve ears (Figure 7). The valve is positioned 
at the fibrous annulus. The lower portion of the valve is opened first, followed by the 
upper portion. This sequence of unfolding allows us to verify the correct positioning 
of the lower part while it is still visually accessible. After unfolding the upper part, 

Figure 5. 
Perceval-S fixed in collapser.

A
B

C

D

Figure 6. 
Perceval-S prepared for implantation. (A) Valve prosthesis, (B) sheath, (C) smart clip, and (D) handle of the holder.
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any changes in the prosthesis position can only be made through explanation of the 
prosthesis. After removing the holder, the position of the prosthesis relative to the 
fibrous ring and coronary artery ostia is visually evaluated (Figure 8). The final step 
of the implantation is balloon dilation, inserted into the valve lumen to a pressure of 
4 ATM for 40–60 seconds. During this process, warm physiological saline is used to 
irrigate the valve frame for complete expansion of the nitinol frame. The main stage 
of the operation concludes with the formation of a double-row suture on the aortot-
omy. At this stage, it is critically important to visualize each suture to avoid capturing 
the prosthesis frame in the suture.

Figure 7. 
Fixation of the guide sutures.

Figure 8. 
Perceval-S implanted in aortic root.
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4. Features of perceval-S prosthesis implantation in bicuspid aortic valve

Bicuspid aortic valve can pose a significant challenge during the implantation of a 
sutureless valve. The most common variants encountered are Sievers 1 or 2. Abnormal 
distribution of leaflets and commissures around the fibrous annulus circumference 
may lead to improper positioning of guiding sutures. Improper positioning of the 
valve frame can result in the formation of paravalvular fistulas. It is also essential to 
pay attention to the coronary artery ostia, which may have non-standard origins.

For correct valve seating, it is necessary to create guiding sutures around the 
circumference at points of 120–120-120 degrees and pre-calculate the position of the 
valve struts relative to the coronary artery ostia. The valve should not be implanted 
in case of aortic root dilatation. Isolated dilation of the ascending aorta above the 
sinotubular ridge is not a contraindication for implantation.

5. Conclusion

Performing ablation in patients with a concomitant correction of aortic valve 
disease is not associated with increased in-hospital mortality, more frequent pace-
maker implantation or neurological complications and is indicated for all patients 
diagnosed with arrhythmia. Combined open procedures show significantly better 
long-term outcomes than isolated transcatheter aortic valve implantation in elderly 
patients with low surgical risk and persistent atrial fibrillation. An analysis conducted 
by William L Patrick et al. demonstrates reduced mortality, pacemaker implantation 
rates, and hospitalizations due to decompensated heart failure in the long-term period 
for patients who underwent arrhythmia correction and prosthetic valve replacement 
under cardiopulmonary bypass, compared to the transcatheter aortic valve implanta-
tion group (TAVI) group where ablation was not performed [44].

We again emphasize that the choice of ablation protocol depends on the form of 
atrial fibrillation, the patient’s atrial size, and concomitant pathology. According to 
the authors, the ablation protocol presented in this chapter is appropriate for most 
clinical situations.
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Abstract

Aortic regurgitation (AR) is retrograde flow across the aortic valve in diastole and 
is classified from stage A to D based on severity and symptoms. Severe symptomatic 
AR (stage D) is a class I indication for surgical aortic valve replacement per the 2020 
American College of Cardiology/American Heart Association guidelines. Though 
off-label, patients with prohibitive surgical risk may benefit from transcatheter aortic 
valve replacement (TAVR) in appropriately selected patients. However, TAVR is 
challenging in AR due to a lack of leaflet and annular calcification and dilation of the 
perivalvular apparatus, compromising the optimal anchorage of the bioprosthesis 
with a risk of prosthetic valve leak and embolization. Valve oversizing by 10–15% is 
frequently required, with caution not to oversize beyond 20%. Multimodality imag-
ing, including echocardiography, magnetic resonance imaging, and computerized 
tomography, is essential for procedural planning. Registry data shows acceptable 
results for off-label TAVR with newer generation valves such as Medtronic Evolut 
and Edwards Sapien 3 for native AR. The JenaValve designed especially for TAVR for 
native AR is currently undergoing clinical trial. Until the results of randomized clini-
cal trials are available, careful selection of native AR patients for TAVR is paramount 
to procedural and clinical success.

Keywords: aortic regurgitation, aortic insufficiency, aortic valve replacement, TAVR, 
transcatheter therapy, bioprosthetic valve, valvular heart disease, valvular leak, 
paravalvular leak, valve-in-valve

1. Introduction

Aortic regurgitation (AR) is defined as retrograde blood flow across the aortic 
valve (AV) during diastole. A normal AV is tricuspid, whereas a bicuspid aortic 
valve could accelerate the degenerative process leading to aortic stenosis (AS) or AR. 
According to Framingham Heart study, AR was observed in 13% of men (n = 1326) 
and 8.5% of women (n = 1539) using echocardiography data [1].
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AR may be acute or chronic. While acute severe AR (e.g., with type A aortic 
dissection) is a surgical emergency, chronic AR progresses gradually, requiring 
serial imaging and appropriate therapy when it becomes severe. There are several 
etiologies of AR. Diseases of aortic valve leaflets, aortic root, annulus, or ascend-
ing aorta may result in AR. AR is subdivided into four clinical stages (A to D) 
elaborated in Table 1 [2–4]. Stage D signifies severe symptomatic AR, and surgical 
aortic valve replacement (SAVR) is a class I indication per 2020 American College of 
Cardiology (ACC)/American Heart Association (AHA) [3]. Asymptomatic patients 

Aortic 
regurgitation 
stage

Clinical Description Echocardiography criteria NYHA 
class

Stage A Patients at risk: bicuspid 
AV, aortic root or ascending 
aorta dilation, aortic 
valve sclerosis, history of 
rheumatic valve disease

None to trace AR I

Stage B Progressive AR: Mild to 
moderate AR due to any 
cause

Mild AR: Central Jet with width < 25% 
of LVOT, VCW <0.3 cm, RVol <30 mL/
beat; RF < 30%, PHT > 500 ms, soft or 
incomplete jet by CW, EROA <0.10 cm2, LV 
size normal
(AR grade I)
Moderate AR: Central Jet width 25–64% of 
LVOT, VCW 0.3–0.6 cm, RVol 30–59 mL/
beat, RF 30–49%, PHT 500-200 ms, dense 
CW jet, EROA 0.10–0.29 cm2, normal or 
dilated LV
(AR grade II-III)

I

Stage C1 Severe asymptomatic AR Severe AR: Central Jet width ≥ 65% 
of LVOT, VCW >0.6 cm, large flow 
convergence, prominent holo-diastolic flow 
reversal in descending aorta, RVol ≥60 mL/
beat, RF ≥ 50%, PHT < 200 ms, dense CW 
jet, EROA ≥0.3 cm2,
LVEF ≥55% and mild-to-moderate LV 
dilation (LVESD ≤50 mm)
(AR grade Grade III-IV)

I

Stage C2 Severe asymptomatic AR Same as stage C1 except with LVEF <55% 
or severe LV dilation (LVESD >50 mm or 
LVESD index >25 mm/m2

(Grade III-IV)
Exercise testing is reasonable to confirm 
symptoms.

I

Stage D Severe symptomatic AR Same as stage C1–2 with normal or 
abnormal LV size and LVEF

II-IV

AR = aortic regurgitation, AV = aortic valve, CW = continuous wave, EROA = effective regurgitant orifice area, 
LV = left ventricle, LVEF = left ventricle ejection fraction, LVOT = left ventricle outflow tract, PHT = pressure half 
time, RF = regurgitant fraction, RVol = regurgitant volume, VCW = vena contracta width.

Table 1. 
Clinical stages of chronic aortic regurgitation.
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with severe AR and left ventricular ejection function (LVEF) < 55% (stage C2) also 
qualify for SAVR if no other cause of left ventricle (LV) dysfunction is identified 
[3]. Symptomatic patients with severe AR have 10–20% annual mortality if left 
untreated. A study by Dujardin et al. demonstrated a mortality rate of 34 ± 5% at 
ten years in patients (n = 246) with moderate to severe AR [5]. They also had higher 
morbidity at ten years follow-up (47 ± 6% heart failure and 62 ± 4% AV surgery). 
A prospective study of valvular heart disease in Europe demonstrated that 7.8% 
of patients with severe AR qualifying for aortic valve replacement (AVR) had no 
intervention due to high peri-operative risk [6, 7]. Such patients may benefit from 
transcatheter aortic valve replacement (TAVR) after carefully assessing procedural 
safety and feasibility. In contrast to AS, TAVR is challenging in AR due to the dilation 
of the perivalvular apparatus and lack of annular/leaflet calcification, compromis-
ing the optimal anchorage of the bioprosthesis. The potential complications include 
improper valve seal, paravalvular leak (PVL), valve embolization, and malalignment 
or malposition of the bioprosthetic valve [8, 9]. This chapter discusses transcatheter 
therapies for chronic native valvular AR.

2. Imaging for aortic regurgitation

The incompetence of aortic valve leaflets during diastole results in the backflow 
of blood into the left ventricle. The regurgitation leads to increased blood volume at 
the end of diastole and elevated stress on the ventricular walls, eventually causing 
compensatory eccentric hypertrophy due to excessive volume.

Transthoracic echocardiography (TTE) is the primary tool to assess the mecha-
nism, severity, secondary impact on LV remodeling, and hemodynamic consequences 
of AR. Moreover, TTE and computerized tomography (CT) are valuable in assessing 
aortic root size. Wenzel et al. demonstrated a proportional relationship between the 
degree of aortic root dilation and AR severity [10]. Even with nondilated aortic roots, 
pure AR is associated with degeneration of aortic walls as evidenced by histological 
and immunohistochemical analyses by Balint et al [11]. According to the 2020 ACC/
AHA valvular heart disease guidelines [3], severe AR is defined by specific criteria: 
Doppler jet width of ≥65% of the left ventricular outflow tract (LVOT), vena con-
tracta width >0.6 cm, regurgitant volume of ≥60 mL/beat, regurgitant fraction of 
≥50%, and effective orifice area of ≥0.3 cm. However, identifying subtle LV dysfunc-
tion in the early stages of the disease is desirable, as severe dilation and reduced LVEF 
indicate a late stage of the disease.

2.1 Speckle tracking echocardiography in aortic regurgitation

With chronic AR, speckle tracking echocardiography reveals that the eccentric 
changes in the LV predominantly affect the circumferentially arranged fibers, leading 
to more severe impairment in global circumferential strain (GCS) compared to global 
longitudinal strain (GLS). Therefore, circumferential strain is a more sensitive marker 
for AR and volume overload compared to longitudinal strain for AS and pressure 
overload [12]. A retrospective study of 314 patients with chronic moderate to severe 
AR demonstrated that reduced GLS independently predicted mortality, with a thresh-
old of −12.5% [13]. Patients with progressive AR and symptoms had significantly 
lower longitudinal strain compared to those with stable disease, despite similar LVEF. 
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In a longitudinal study of 64 patients, reduced GLS, strain rate, and early diastolic 
strain were associated with progressive disease and worse outcomes following surgery 
[14]. Impaired LV radial systolic strain rate was predictive of LVEF post-surgery, 
and decreased baseline GLS or GCS predicted the need for surgery in asymptomatic 
patients [15].

2.2 3-dimensional echocardiography

3-Dimensional (3D) echocardiography is crucial in assessing AR severity. 
While numerous 2-Dimensional (2D) echocardiography parameters can be used 
to quantify AR, it remains challenging due to variations in the scan plane and 
irregularities in the shape of the vena contracta jet. 3D echocardiography, specifi-
cally measuring the vena contracta area (3D-VCA), provides a direct and accurate 
evaluation. Studies have shown that severe AR can be detected with a sensitivity 
of 89% and specificity of 98% using a 3D-VCA cutoff of 32 mm2 [16]. 2D-derived 
parameters such as proximal iso-velocity surface area (PISA) and regurgitant 
volume (RVol) affected by geometric assumptions, angle correction limitations, 
and difficulty assessing multiple jets. Full-volume color Doppler echocardiography 
in 3D has been reported to be more accurate than 2D-PISA, especially for eccentric 
or multiple jets [17]. Moreover, 3D color Doppler echocardiography has demon-
strated high accuracy and reproducibility for AR evaluation, exhibiting a strong 
correlation with cardiac magnetic resonance (CMR) imaging, considered the gold 
standard [18].

2.3 Cardiac magnetic resonance imaging

CMR has emerged as a valuable tool for assessing AR patients. It is the current 
reference standard for evaluating cardiac volumes, mass, and systolic function. 
Furthermore, CMR provides insights into myocardial tissue characterization, offering 
additional prognostic information. It enables both anatomical and functional assess-
ment of the aortic valve and the entire thoracic aorta.

2.4 Computed tomography

In preprocedural evaluations of patients with AR, ECG-gated CT is indispensable 
because it provides precise information about the aortic size and valve morphology, 
among other vital details, for optimal procedural planning. Additionally, CT can help 
exclude the presence of associated coronary artery disease. It is worth noting that the 
asymmetrical nature of the aortic root, especially in cases of a bicuspid aortic valve, 
can lead to underestimation of the actual size of the aortic valve when measured using 
single-plane echocardiography.

3.  Transcatheter aortic valve replacement (TAVR) for native aortic 
regurgitation

TAVR has evolved as a treatment for AS in the United States (U.S.) across all risk 
categories [19, 20]. More recently, TAVR has been increasingly used for off-label 
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indications such as bicuspid AV stenosis, subaortic stenosis, and severe AR [21]. Off-
label TAVR has shown similar 1-year mortality (25.6%) compared to on-label TAVR in 
a study using STS/TVT data [21].

According to 2020 ACC/AHA valvular heart disease guidelines, SAVR is a class 
I indication for pure native AR stage C2-D [3]. However, TAVR has been performed 
as an off-label treatment for AR in patients with prohibitive surgical risk [22]. 
TAVR poses unique technical challenges in pure AR due to lack of annular/leaflet 
 calcification and, in some cases, aortic root dilation. Current data suggests oversizing 
the prosthetic valve by 10–15% with caution and not exceeding 20% due to the risk 
of annular rupture and conduction abnormalities [23–25]. Severe aortic root dilation 
with large annuli may exceed the size of commercially approved bioprosthetic valves 
and make the TAVR riskier and unsuccessful due to the risk of valve embolization. 
Additionally, it may cause more than mild residual PVL due to a lack of proper seal. 
The maximum size of the commercially available self-expanding valve is 34 mm 
(Evolut FX by Medtronic), providing a maximal annular area of 940 mm2 [26]. It is 
larger than the area of the largest commercially available balloon-expandable valve, 
e.g., 29 mm Edwards SAPIEN 3 Ultra or RESILIA valve provides an annular area of 
683 mm2 [27].

Alharbi et al. compared TAVR (n = 912) vs. SAVR (n = 13,808) for pure native 
AR using the US national inpatient sample database from 2016 to 2017 and found 
no difference in in-hospital mortality between both groups. Although the need for a 
permanent pacemaker (PPM) was higher in the TAVR group, these patients had lower 
acute renal injury, cardiogenic shock, respiratory complications, and length of hos-
pital stay despite having worse baseline characteristics compared to the SAVR group 
[28]. Another large-scale study by Arora et al [29] demonstrated 3.3% 30-day all-
cause mortality with TAVR for AR compared with 3.4% in the PARTNER trial for AS 
in high-risk population [30]. Newer-generation devices depicted lower mortality with 
higher procedural success of TAVR in pure AR when compared with first-generation 
devices across observational studies [31–33].

Examples of first-generation TAVR devices include Edwards Sapien XT and 
Medtronic CoreValve. Second-generation valves have an improved design to provide 
better anchoring mechanisms, optimal seal, and superior hemodynamic results. 
Examples of second-generation valves include Edwards Sapien 3, Medtronic Evolut 
R, Evolut PRO, Evolut FX, Acurate Neo, Acurate TA, Direct Flow Valve, J-valve, 
JenaValve, and Portico valves.

3.1 Edwards Sapien 3

The Edwards Sapien 3 valve by Edwards Lifesciences comprises bovine pericardial 
tissue with a balloon expandable cobalt-chromium frame and an inner and outer 
skirt. The outer skirt provides more durability and prevents PVL without excessive 
overexpanding [34]. The valve is designed to be delivered by transfemoral approach 
via 14 or 16 F sheath, depending on valve size, and is available in sizes 20 mm, 23 mm, 
26 mm, and 29 mm. It is not approved for AR but has been used as an off-label indica-
tion in selected high-risk patients [35]. A recent observational study showed a 94.6% 
(n = 35) device success rate and 8.1% all-cause mortality at 30 days using Sapien 3 
valve for pure AR with non-calcified leaflets. The valve migration occurred in 10.8% 
of cases (n = 4) (Figures 1 and 2) [36].
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3.2 Medtronic Evolut

Medtronic Evolut valve consists of a porcine tissue pericardial valve with a self-
expanding nitinol frame. The latest iteration is the Evolut FX system. It is delivered 
transfemorally via 14 F or 16 F inline sheath, and available sizes are 23 mm, 26 mm, 
29 mm, and 34 mm. The delivery system is designed to fully retrieve the valve for 

Figure 2. 
Newer generation Edwards Sapien 3 RESILIA tissue valve with anti-calcification technology (credit: Edwards 
Lifesciences).

Figure 1. 
Edwards Sapien 3 ultra valve comprises bovine pericardium tissue polyethylene terephthalate outer skirt (credit: 
Edwards Lifesciences).
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repositioning. Federal Drug Administration (FDA) has not yet approved it for AR. 
However, it has been used off-label in patients with AR who are not eligible for 
surgery with acceptable results (Figure 3) [32, 37].

3.3 ACURATE valve Neo2

The ACURATE Neo2 valve by Boston Scientific is a porcine tissue pericardial valve 
with a self-expanding nitinol frame. It is available in 23 mm, 25 mm, and 27 mm sizes 
and is inserted transfemorally. In a multicenter European study, [38] the ACURATE 
Neo valve demonstrated good feasibility and early safety in 24 patients with native 
AR. The device success rate was 87.5%, with 4.1% all-cause mortality at 30 days. 
Two patients had moderate PVL and three required implantation of a second device 
for severe PVL and device displacement. The need for new PPM was 21.1% which is 
higher than the other commercially available TAVR valves. Acurate Neo2 is an investi-
gational device restricted to experimental use in the United States (Figure 4) [39].

3.4 ACURATE TA

The ACCURATE TA device by Symetis, Switzerland, is composed of a self-
expanding nitinol frame and is delivered trans-apically (Figure 5). It was explored 
as a treatment for severe native AR in patients with high surgical risk. A small 
single-center German case center series demonstrates the feasibility of transapical 
TAVR with the self-expandable ACURATE TA device in high-risk patients with 100% 

Figure 3. 
Evolut FX 34 mm self-expanding nitinol frame with bovine tissue (credit: Medtronic).
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procedural success and 0% all-cause mortality at 30 days. However, in the current era 
of transfemoral TAVR, the transapical approach may be considered too invasive [40].

3.5 Portico valve system

The Portico valve by Abbot comprises bovine pericardial tissue with a self-expand-
able nitinol frame. It comes in 23 mm, 25 mm, 27 mm, and 29 mm sizes (Figure 6). It 
provides a fully retrievable system.

3.6 J-valve Ausper system

J-valve Ausper system by Jiecheng Medical Technology has been certified by 
China FDA for AR. It consists of bovine pericardial leaflets with nitinol stent frame 
within three U-shaped anchor rings (Figure 7). The earlier device was designed to be 
delivered via transapical access. A large-scale single-center Chinese study for severe 
AS and severe AR showed acceptable safety with 3% and 3.7% mortality at 30 days 
and 6 months, respectively [41]. The newer device can be delivered by a transfemoral 
approach using an 18 F sheath. Available sizes are 21 mm, 23 mm, 25 mm, 27 mm, 
and 29 mm.

3.7 JenaValve system

The JenaValve system by JenaValve technology is designed for patients with severe 
AS, AR, and both [42]. The valve comprises porcine leaflets with a self-expanding 
framework for transfemoral delivery. Sizes in development include 65–92 mm 
(Figure 8). It provides the advantage of calcium-independent anchorage by grasping 

Figure 4. 
ACURATE Neo2 valve with self-expanding nitinol frame (credit: Boston Scientific).
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Figure 5. 
ACURATE TA valve with self-expanding nitinol frame (credit: Symetis).

Figure 6. 
Portico valve with self-expandable nitinol frame (credit: Abbot).
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Figure 8. 
Jena valve with self-expanding calcium-independent anchorage frame.

Figure 7. 
J-valve Ausper with nitinol stent frame (credit: Jiecheng medical technology).
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the native leaflets and moving them towards the periphery, forming a natural seal 
(paper clip-like anchorage) [43]. The prosthetic leaflets are supra-annular. Large cells 
provide easy access for coronary engagement post-procedure. JenaValve is currently 
explored in ALIGN-AR pivotal, multicenter trial (NCT04415047) for severe AR in the 
USA. Key inclusion criteria include severe AR, high surgical risk, and NYHA class ≥ 
II. Exclusion factors are previous prosthetic valves, hemodynamic instability, endo-
carditis, unicuspid or bicuspid valve, and severe mitral regurgitation.

3.8 Direct flow medical

Direct Flow Medical (DFM) valve by Direct Flow Medical, California, comprises 
three bovine pericardial leaflets attached to a frame covered with polyester fabric 
(Figure 9). The frame comprises aortic (upper) and ventricular (lower) rings [44]. 
The size chart includes 25 mm, 27 mm, and 29 mm valves. It is delivered via an 18 F 
transfemoral approach and is commercially available in Europe. A small multicenter 
retrospective European study of 11 patients showed the feasibility of DFM valve 
for severe non-calcific native AR [45]. The device success rate was 100%, with one 
patient requiring SAVR after the downward dislocation of the prosthesis by TAVR. All 
patients had a reduction in NYHA class, and 30-day all-cause mortality was 9% (n = 1 
due to pneumonia).

4. Procedural technique

Appropriate valve sizing is crucial in TAVR for pure AR to allow optimal valve 
anchorage and prevent complications such as annular rupture from oversizing or 
prosthetic valve embolization from under-sizing. Pre-procedural multimodality 
imaging (i.e., TTE, transesophageal echocardiogram (TEE), CT, and CMR) can help 
understand the size of the aortic annulus and aortic root [46, 47]. Fluoroscopy and 
TEE are important intra-operative tools for deploying the prosthetic valve at the 
appropriate position. Valve oversizing is frequently required for optimal apposition of 
the valve to dilated annulus and prevent PVL. Oversizing by 10–15% is recommended 

Figure 9. 
Direct flow medical valve with two rings and polyester fabric skirt (credit: Direct flow medical).
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with caution not to oversize beyond 20% [23–25]. The newer generation valve, 
JenaValve, is designed for pure AR grasps onto native leaflets and can be beneficial in 
the absence of leaflet calcium [43].

5. Future directions

The newer generation valves are undergoing clinical trials for TAVR for treating 
pure AR. As with any procedure, patient selection is key to procedural and clinical 
success. Ongoing prospective trials are listed in Table 2.

6. Conclusion

Symptomatic AR carries a high mortality if left untreated. Patients at high or pro-
hibitive surgical risk may be candidates for off-label TAVR on a case-by-case basis, as 
determined by the heart team. The off-label use of TAVR for AR has shown promising 
results from registry data. The challenges of TAVR for AR include improper valvular 
seal, PVL, valve embolization, and malalignment or malposition of the bioprosthetic 
valve due to lack of calcification and enlarged aortic annuli. Valve oversizing can help 
overcome technical issues but carries the risk of annular rupture. The newer genera-
tion transcatheter valves designed especially for the treatment of pure native AR are 
undergoing clinical trials. Until the results of randomized clinical trials are available, 
careful selection of patients is paramount to procedural and clinical success.
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Abstract

Bicuspid aortic valve (BAV) is the most common congenital valvular pathology 
with an incidence of 1–2% in the general population. It is associated with an ascending 
aortic aneurysm phenotype in 26–50%, and aortic root (+/− ascending aneurysm) 
phenotype in up to 20–32% of patients. Bicuspid aortic valve patients present with a 
spectrum of valvular, ascending, and aortic root aneurysmal pathophysiologies. This 
variable spectrum has mandated the development of an array of surgical procedures to 
be able to tailor an individualized approach to BAV syndrome for a typically younger 
BAV population in which long-term outcomes are especially relevant . This chapter 
will delineate the current evidence-based surgical therapeutic strategies for patients 
with a BAV syndrome of aortic valve stenosis or insufficiency phenotype and aortic 
phenotype pathophysiology and include aortic valve replacement, aortic valve repair, 
aortic valve and supracoronary ascending aorta replacement (AVRSCAAR), Bentall 
procedure, and valve-sparing root reimplantation.

Keywords: bicuspid aortic valve, aortic valve replacement, aortic valve repair,  
aortic root replacement, valve sparing root reimplantation, Bentall, supracoronary 
ascending aorta replacement

1. Introduction

Bicuspid aortic valve (BAV) is the most common congenital anomaly of the 
cardiac valves. It occurs in approximately 1–2% of the general population [1–5]. 
Its incidence is known to be higher in Caucasian males and lower in female or non-
Caucasian populations [6]. BAV syndrome is a heterogeneous disease that can mani-
fest with various valvular, ascending aortic, and aortic root pathophysiologies. The 
bicuspid aortic valve can be functionally normal, or it may be insufficient or stenotic. 
Asymptomatic BAV patients with no other hemodynamic deficiencies have good long-
term survival; however, valvular degeneration, either aortic stenosis or insufficiency, 
may develop with time and require close surveillance [7]. This heterogeneity of BAV 
syndrome has mandated the development of varied surgical procedures to address 
the valvular/aortic root pathophysiologies as delineated in Figure 1 [4]. Therefore, 
definitive management of BAV syndrome requires a personalized approach according 
to patient-specific pathophysiology. Therapeutic management strategies for valvular 
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phenotype and aortic phenotype utilizing a specific algorithmic approach for variable 
aortic valve, aortic root, and ascending aorta pathophysiologies in BAV syndrome can 
provide good long-term functional and clinical results [4] (Figure 1).

2. BAV syndrome pathology and pathophysiology

The bicuspid aortic valve morphology has been characterized by raphe number 
and the position of cusps and raphes [8]. This morphology includes complete or 
partial leaflet fusion. The most common morphology in BAV patients is fusion of 
left and right coronary cusps. The next most common morphology in BAV patients is 
fusion of right coronary cusp with noncoronary cusp [8, 9]. The morphology of the 
bicuspid aortic valve has been described by various classification systems, most nota-
bly the Sievers classification [8–10]. Sievers Type 0 BAV has an incidence of 7% in 
the original Sievers and Schmidtke series and a BAV valve geometry of no raphe and 
2 valve cusps [8, 11]. Sievers Type 1 BAV morphology is the most common and has an 
incidence of 88% in the original series with a BAV valve geometry of a single raphe 
and 2 valve cusps [8, 11]. Sievers Type 2 BAV has an incidence of 5% in the original 
series and is the rarest morphology of the three types in this classification with a BAV 
valve geometry of 2 raphe and 2 valve cusps [8, 11].

Patients with BAV are known to have high rates of various valvular pathologies in 
adult life [7], particularly aortic stenosis (especially in males) [12], aortic regurgita-
tion [13], and infective endocarditis involving the aortic valve [14]. BAV is three to 
four times more frequent in men than in women. Approximately, 50–75% of patients 
with BAV will require aortic valve replacement procedure during their lifetime 
and up to 25% may require an aortic procedure often concurrent with their valve 
 replacement [15].

BAV syndrome pathophysiology is associated with dilation of the aorta [2]. BAV 
may be associated with an ascending aortic aneurysm phenotype in around 26–50% 
patients or a root phenotype in up to 20–32% of patients [2, 3, 16]. These distinct 
phenotypes have been stratified into three categories. Type 1 is dilation of ascending 

Figure 1. 
Bicuspid aortic valve surgical management according to aortic phenotypes.
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aorta along its convexity and can involve root dilation. Type 2 is arch dilation and 
ascending aortic dilation with sparing of the root. Type 3 involves an isolated root 
phenotype and has been associated with a genetic causality [16–18]. BAV associated 
with aortic dilation increases the risk of dissection as the aorta dilates further. In BAV 
patients, aortic dissection has been observed to occur almost 5–10 times more com-
monly than trileaflet aortic valve population [19].

Aortic dilatation and aneurysm formation in BAV patients has been attributed to 
two different mechanisms: hemodynamic stress and the inherent aortic wall tissue 
abnormality. Hemodynamically, shear stress on the aortic wall due to blood flowing 
through a stenotic valve has been hypothesized to cause early dilatation of the aorta 
[20]. Abnormal flow patterns have been noted due to the configuration of the BAV 
even in absence of stenosis [21].

Dysregulation of the aortic wall can also contribute to aneurysmal dilation. Human 
and animal studies have identified that extracellular matrix dysregulation along with 
dysfunctional signaling pathways can contribute to hemodynamic effects observed in 
calcific aortic valve disease and regurgitation [22]. A recent study demonstrated new-
borns with BAV having aortopathy and dilated aorta even in the presence of relatively 
normal velocities across the valve [23] and this suggests inherent aortic tissue dysregu-
lation as a factor which may impact the population of patients with BAV.

3. Embryology and genetics of BAV and associated aortic aneurysm

The aortic valve develops from endocardial cushions within the maturing heart 
tube and begins to form around the fifth week of embryonic development. In normal 
cardiac development, these cushions later divide into three distinct aortic valve leaflets. 
In patients with BAV disease, the cushions either fail to divide or fuse leading to the 
characteristic bicuspid morphology. It has been postulated that multifactorial variables 
including genetic/embryologic factors impact the formation of the bicuspid aortic valve.

There is a recognized genetic component to bicuspid aortic valve disease. It may 
occur sporadically or as an autosomal dominant disorder with variable penetrance 
[24]. And, it has been noted that some family members of BAV patients may present 
with isolated BAV, some with associated aortic (ascending/root) aneurysms and some 
may be carriers with no manifest disease. The spatial and anatomical sequences in 
development of congenital heart disease (CHD) continues to be defined. Outflow 
tract defects specifically those involving the aortic valve have been difficult to catego-
rize as they appear to be multifactorial in origin with many signaling and transcrip-
tional gene anomalies possible for the outcome. Autosomal dominant inheritance 
pattern has been described for BAV specifically involving the NOTCH1 gene pathway 
however, this is not exclusive [25].

The genetic mechanism for a majority of BAV cases remains unknown. Although 
these cases may seem ‘sporadic’ there is still a 10% increase in risk of having BAV 
in siblings and offspring based on epidemiological studies [26]. There is a similar 
rate of incidence of aortic aneurysms in family members with or without BAV dem-
onstrating some role of shared environmental or genetic causes [27]. High number 
of genetic variants, associated with structural variation and mixed inheritance 
patterns of the disease have complicated the discovery of the BAV-associated genes 
[28]. Chromosomal mutations involving 9q have been linked to BAV disease [29]. 
Mutations at various loci on chromosomes 5, 15, and 18 are linked to familial BAV and 
aortic syndromes [24].
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The occurrence of aortic aneurysm and coarctation in patients with BAV underlines a 
possible common genetic pathway for these disease entities. Microscopic examination of 
BAV associated aneurysm tissue has demonstrated non-inflammatory medial degenera-
tion also known as cystic medial necrosis [30]. Dysregulation of the canonical (Smad2/
Smad3) TGF-B signaling genes has been implicated to be a possible common defect for 
BAV and aneurysm formation. TGF-B signaling plays a role in cell migration and valvulo-
genesis that are pivotal in proper valve formation and functioning [30]. Similarly, Loeys-
Dietz syndrome (LDS) is caused by mutations in genes encoding for TGF-B receptors. 
BAV along with thoracic aortic aneurysms are commonly found in patients with LDS.

With these multifactorial variables that impact BAV syndrome presenting as 
familial clusters and variable penetrance, screening is recommended in first degree 
relatives of patients with BAV disease [31]. An echocardiogram is commonly utilized 
to monitor the bicuspid aortic valvular pathophysiology. A CTA or MRA may also be 
utilized for monitoring the bicuspid aortic valve aortic phenotype.

4. Genetic syndromes with BAV

BAV is associated with several complex valvuloaortopathies and specific syndromes. 
Approximately 30–50% of patients with coarctation of the aorta have BAV [32–34].

Turner Syndrome is one of the most common genetic syndromes involving 
patients having a BAV phenotype [34]. The syndrome is associated with X chromo-
some monosomy in females. Approximately 30% of females with Turners can have 
a BAV [35]. The frequency of aortic aneurysms associated with BAV is also known to 
be higher in this group [36]. This observation along with the male predominance of 
BAV has led to the hypothesis that the X chromosome reduction maybe related to BAV 
incidence [37]. Generally short statured females with coarctation of the aorta should 
raise suspicion and lead to surveillance for BAV disease [38].

Loeys-Dietz Syndrome (LDS) is the second most common syndrome associated 
with BAV with approximately 10% of these patients manifesting the BAV phenotype 
[39]. TGF-B pathway gene mutations are known to be associated with the LDS. These 
mutations are common in non-syndromic thoracic aortic aneurysmal disease as well 
demonstrating a possible common pathway. Compared to non-syndromic patients, 
the LDS patients tend to present earlier in their life usually with symptomatic aortic 
regurgitation due to accelerated aortic dilation. Increased arterial tortuosity in major 
blood vessels and male sex have been determined to be associated with a higher risk of 
dissection in these patients [40].

Velocardiofacial Syndrome (DiGeorge Syndrome) is caused by deletions in gene 
22; this syndrome involves cleft palate, immune deficiency, hypoparathyroidism, 
ventricular septal defect (VSD), and conotruncal defects of the heart (truncus 
arteriosus and tetralogy of Fallot). BAV and aneurysmal disease is more prevalent in 
this set of patients compared to the non-syndromic population [41]. The syndrome 
itself is a combination of genetic defects that are found in BAV disease demonstrating 
the multigenetic components that are involved in the BAV phenotype.

5. Surveillance of the aorta in BAV disease

BAV syndrome is a heterogenous disease presenting with variable aortic and 
valvular pathology over a spectrum of age groups. Asymptomatic BAV may be an 
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incidental finding on imaging [32, 33, 38]. Patients with BAV syndrome require 
individualized treatment according to the degree of involvement of the aortic and 
valvular apparatus with patient comorbidities and age considerations. BAV patients 
should therefore undergo routine, periodic surveillance, to delineate the optimal 
timing of therapeutic intervention.

Surveillance for BAV syndrome patients is performed based on the pathophysiol-
ogy of the aortic valve phenotype or aortic phenotype. Surveillance requires serial 
echocardiography for valvulopathy. The growth rate of the aorta in BAV patients 
can be 0.2–2.3 mm/year [16, 42, 43], and serial CTA or MRI should be performed 
to monitor the growth rate. For patients with ascending aortic and root dimensions 
within normal limits, imaging can be done every 3–5 years [35]. For dimensions rang-
ing from 40 to 49 mm, imaging should be performed annually. For BAV patients with 
an aorta measuring 50–54 mm or with family history of aortic dissection or rapid 
growth of the aorta, imaging should be performed every 6–12 months [44].

5.1 Family screening

Current guidelines suggest family screening with echocardiography for all first-
degree relatives with BAV probands. Relatives found to have BAV should have com-
plete evaluation and CTA or MRA imaging [45]. When multiple signs of a disorder 
are present, genetic testing should be conducted for BAV patients especially those in 
their early years of life. Other high-risk features that should lead to genetic testing 
are family history of dissection or sudden death, congenital heart lesions, or other 
aneurysmal disease. Once identified, genetic counseling plays an important role in 
the holistic care for BAV patients. Due to the variable expression of causative genes, 
parents of BAV patients may not have a bicuspid aortic valve. Lifetime follow-up 
and aortic surveillance is also important as the timing of incidence of valve or aortic 
disease may be different amongst different family members.

6. Therapeutic strategies for bicuspid aortic valve syndrome

6.1 Aortic dilatation/aneurysm

The 2022 ACC/AHA guidelines for the diagnosis and management of aortic 
disease delineate the threshold for aortic repair in BAV patients without any other 
comorbidity or valvular dysfunction to be ≥50 mm [44, 46]. BAV patients who 
require cardiac surgery for any other pathology should undergo aortic repair if the 
diameter is ≥45 mm [44].

7. Aortic regurgitation

BAV has become the most common cause of isolated primary aortic regurgita-
tion in the developed world. There may be mixed aortic regurgitation and stenosis; 
however, in approximately 5–10% of patients will have moderate-severe isolated 
primary aortic regurgitation [13]. Pathophysiology for aortic regurgitation in BAV 
usually includes leaflet deformities (size variation, prolapse, fenestrations, thick-
ening or immobility), aortic root dilation (root phenotype), endocarditis or aortic 
dissection.
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Patients with BAV syndrome are a younger population and therefore the long-term 
durability of surgical procedures and minimization of associated complications are 
critical outcome goals [4]. Decisions regarding the therapeutic interventions are 
based on aortic valve phenotype and ascending aortic/root phenotype (Figure 1).

Valve choice is an important decision. Currently, fewer patients are willing to alter 
their lifestyle or take the anticoagulation required for mechanical prosthesis, espe-
cially with TAVR options as a bridge. Equally important, consideration of therapeutic 
options and anticoagulation must be assessed for BAV women of childbearing age [4]. 
For these reasons a better understanding of the optimal surgical technique for BAV 
ascending/root aortic aneurysm disease is critical.

The Figure 1 delineates the anatomic and pathophysiologic criteria utilized for 
decision making.

7.1 Aortic insufficiency (AI) phenotype

Indications for aortic valve intervention for AI and AS are delineated in the 2020 
ACC/AHA Guideline [47]. Surgical aortic valve replacement currently includes either 
bioprosthetic or mechanical valve [4, 10].

There has also been a trend toward more reparative surgical approach for bicuspid 
aortic insufficiency. Primary cusp repair for patients with appropriate cusp pathol-
ogy, although technically more complex than prosthetic aortic valve replacement, 
is becoming an attractive option as it may reduce the risk of Major Adverse Valve-
Related Event (MAVRE) [4, 48]. Long-term outcome and follow-up studies will be 
important to monitor these patients.

7.2 Aortic insufficiency with aortic phenotype

For BAV syndrome patients with Aortic Valve Insufficiency phenotype and aortic 
root phenotype with sinus of Valsalva (SOV) measuring ≥45 mm, the Figure 1 delin-
eates the therapeutic options. The mechanical Bentall procedure has been a gold stan-
dard for multiple root pathologies with low morbidity and mortality [4, 49]. However, 
mechanical valves do not always carry 100% freedom from reoperation or a survival 
similar to age-matched controls [4]. Good long-term results for patients with a biologic 
composite root have been shown in a recent study and a meta-analysis of the Bentall 
procedure and revealed an annual linearized rate for late mortality of 2.02%, reopera-
tion of 0.46%, bleeding of 0.64%, thromboembolic events of 0.77%, and MAVRE 
of 2.66% [4, 50]. This procedure can be performed for BAV aortic root and valvular 
pathologies with good long-term results [4]. A recent study in BAV patients undergoing 
Bentall procedure revealed a 5 and 10-year survival of 93% and 89% respectively, with 
freedom from reoperation of 100% and 1.9% stroke rate at 6 years [4, 51].

For patients with BAV aortic valve insufficiency phenotype and aortic root phe-
notype with a valve that is repairable, a valve sparing root replacement (VSRR) can 
be employed [4, 52, 53]. A study by de Kerchove reported 98.3% 5-year survival and 
100% freedom from reoperation at 6 years in BAV patients undergoing VSRR [54]. 
Similarly, Kari reported 99% survival and 6-year 90% freedom from reoperation for 
BAV VSRR [55]. DeNino et al. demonstrated a lower aortic valve gradient and similar 
postoperative complication rates in the VSRR group compared to bioprosthetic valve 
conduit [56]. A study by Vallabhajosyula et al., in the isolated BAV insufficiency 
subpopulation noted a 5-year freedom from reoperation and survival for Bentall 
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and VSRR at 98% and 100% versus 100% and 98% respectively [53]. These studies 
support the findings that primary repair with VSRR can be selectively utilized to treat 
BAV AI with root aneurysm [52–56]. This decision should be weighed against the 
risk of recurrent AI. The VSRR patients have been shown to have significantly lower 
mortality, stroke, and MAVRE compared to mechanical Bentall [4]. The results of 
recent studies may be utilized to inform young BAV patients interested in biologic 
conduit or repair options, especially those averse to taking anticoagulation and open 
to transcatheter valve options in the future. Long-term 15-to-20-year data will be 
important to better understand the role of biologic versus mechanical valves in BAV 
aortic root complex focused procedures. In patients with a non-repairable valve, 
Bentall procedure remains the standard of care [4].

7.3 AS and AI with mild-moderate root phenotype

For both BAV aortic stenosis and aortic insufficiency valve phenotype and mild-
moderate root phenotype with ascending aneurysm and moderate dilatation (SOV 
40–45 mm), the fate of the retained sinus segment and the effect of valvular pathol-
ogy on post-operative sinus growth had been undefined. It has been proposed that the 
sinus segment in BAV aortopathies is at risk for future aortic events. Therefore, it has 
been advocated, by some, for removal of all aortic segments in patients with aortopa-
thies despite moderate dilation [4]. A recent swing in the pendulum has occurred 
advocating for retention of the sinus of Valsalva for moderate root aneurysms [56, 57]. 
This change results from studies reporting a slower growth rate for the sinus segment 
and a less aggressive aortic event rate for the preserved moderately dilated aortic 
root [4, 56–58]. Peters et al. found the sinus segment growth rate was only between 
0.27 mm and 0.5 mm per year requiring an average of 29.1 years for the sinus segment 
to become aneurysmal after AVRSCAAR Please do not use an abbreviation without 
first defining it [58]. For patients with either BAV aortic stenosis and aortic insuf-
ficiency with ascending aneurysm and moderate dilatation (40–45 mm) AVRSCAAR 
can be performed as a therapeutic option with good long-term results (Consort 
Diagram Figure 1) [4, 56–58].

7.4 Aortic stenosis

Aortic valve stenosis occurs in approximately 50% of adult patients with BAV 
valve phenotype that requires aortic valve replacement [12, 59]. Progression to critical 
aortic stenosis pathophysiology resulting in therapeutic intervention in BAV patients 
often occurs at a younger age than patients with trileaflet aortic valves.

7.5 Aortic stenosis valve phenotype

For patients with aortic valve phenotype, but no aortic aneurysm phenotype, 
aortic valve replacement with a prosthetic aortic valve is the therapeutic option 
(Figure 1). Additional trials are needed to delineate the optimal anatomy, sizing, and 
implantation techniques for TAVR [60, 61].

The Ross procedure (pulmonary autograft to replace the aortic valve and homo-
graft to replace pulmonic valve) can also be considered as an option to replace the 
stenotic aortic valve. In patients with the appropriate pulmonary and aortic annular 
anatomy, good long-term durability has been noted [62].



Aortic Valve Disease – Recent Advances

248

7.6 Aortic stenosis with root phenotype

In patients with BAV aortic stenosis phenotype an unrepairable valve and aortic 
root phenotype with a sinus of Valsalva ≥45 mm, a mechanical or bioBentall proce-
dure is a therapeutic option (Figure 1). This involves replacing the aortic valve and 
ascending/root aorta as a composite and reimplanting the coronary arteries to the 
tubular graft. This can be either mechanical or bioprosthesis (BioBentall).

For patients with BAV aortic stenosis phenotype an ascending aortic aneurysm 
and moderate sinus of Valsalva (SOV) dilation (40–45 mm), aortic valve replacement 
and supracoronary ascending aortic replacement (AVRSCAAR) can be performed 
thereby preserving the root. Studies have shown that the aortic root remains stable 
over long-term [4, 56].

Figure 1 delineates the surgical procedure for AS phenotype and the associated 
aortic phenotypes.

8. Management of BAV in pregnancy

Patients with known BAV should be counseled regarding the risks of heritable 
disease, risk of aneurysm dissection or rupture during pregnancy, and complications 
of valve related disease. Valve related management is achieved keeping in mind the 
risk of anticoagulation during and after pregnancy. Pregnant patients with BAV and 
aneurysm disease are at a higher risk of spontaneous aortic dissection or rupture [63]. 
Pregnancy associated hemodynamic changes are associated with this increased risk 
along with the inherent intima media weakness attributed to BAV patients. The high-
est risk is during the 3rd trimester or postpartum [63]. Aortic aneurysm >40 mm and 
increase in aortic size during pregnancy have been demonstrated to be common fac-
tors in patients who had Type A dissections pre- or post-partum [64]. Contemporary 
management of BAV and ascending aortic disease has reduced the significant mater-
nal and fetal risk associated with these entities. Contemporary guidelines suggest 
surveillance of any aortic dilatation in pregnant patients with echocardiography every 
month during pregnancy if the diameter is >40 mm and every 12 weeks if there is 
dilation of the aorta but the diameter does not exceed 40 mm [65]. Current guidelines 
recommend avoidance of pregnancy if the known aortic diameter is >50 mm in BAV 
patients [65, 66]. Blood pressure control is the mainstay for general management 
in pregnant females with any thoracic aortic dilation. Surgery during pregnancy is 
generally avoided due to the high maternal and fetal risk involved; however, it would 
be indicated in severe valve dysfunction if transcatheter approaches are not an option.

9. Conclusion

1. BAV syndrome presents variable aortic valve phenotype and aortic phenotype.

2. Bicuspid aortic valve patients present with a spectrum of valvular, ascending 
aortic, and aortic root aneurysmal pathologies.

3. This variable spectrum has mandated the development of an array of surgical proce-
dures to be able to tailor an individualized approach to BAV syndrome for a typically 
younger BAV population in whom long-term outcomes are especially relevant.
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4. Patients with bicuspid aortic valve syndrome require personalized management 
based on the level of involvement of the aorta and age at presentation. Care can 
be provided an utilizing an algorithm-based approach delineated in Figure 1.

5. For patients who undergo isolated valve surgery for BAV related structural valve 
disease surveillance is important for ascending aortic disease in the future.

6. Family surveillance of known BAV patients requiring surgical care is also impor-
tant with consideration of heritable characteristics of this disease.
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the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Chapter 13

Perspective Chapter: Complication 
Using TAVR – A Patient
Philip Hutchens

Abstract

This is the story about a person now in his 80s. He was born with a congenital 
aortic valve defect. Over his lifetime, the diagnosis and treatment of heart disease 
improved dramatically. Recently, the author corresponded with a number of patients 
undergoing heart valve replacements today and found all to be concerned about how 
long they would live and complications they would have with a replacement valve. 
The author’s experiences should help put valve replacement recipients’ minds at ease 
and help physicians address their patients worries and concerns. He describes proce-
dures from the patient’s perspective for implanting a pacemaker, getting an ablation, 
and being evaluated for a TAVR. The author is living in the third year with his replace-
ment valve. He is on his 40th year with a pacemaker. He found modern medicine and 
physicians to be miraculous in many ways and is grateful for the added years given to 
his life.

Keywords: TAVR, aortic heart valve defects, pacemaker, ablation, echocardiogram, 
catheterization

1. Introduction

Recently, I corresponded with a 71-year-old physician who had just received a 
replacement aortic valve using a Transaortic Valve Replacement (TAVR) procedure. 
Instead of being happy for a successful procedure, the physician complained about 
the procedure. First, he complained about the cost – that he estimated at about 
$140,000, even though his procedure was fully covered by his insurance. He said that 
$140 K could treat a lot of people in a third world country for a lot of different medi-
cal conditions. He added, “I feel guilty having the money spent on me when so many 
others are going without medical attention.” A part of me admires his desire to help 
others. However, another part of me feels his reasoning was a little like my mother 
telling me when I was a child to “Eat your peas. There are children starving in China.” 
Even as a child, I reasoned to myself that eating my peas, or not eating my peas, would 
not affect starving children in China. My older brother and I finally confronted our 
mother on her peas-exhortation, and she soon quit with the message. Had the com-
plaining physician declined the TAVR procedure, I doubt it would have resulted in any 
more patients being treated in a third world country: at least not directly.
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Second, the complaining physician said, “I do not expect that a new valve will 
extend my life more than three to six months.” He made this inaccurate and rather 
startling statement even though he had no other underlying health concerns or condi-
tions. Obviously, the cardiovascular system was not his specialty. A recent aortic valve 
durability study showed valves doing well after 8 years in younger patients (under 
65 years of age), regardless of whether the valve was a surgical aortic valve replace-
ment (SAVR) or a Transaortic Valve Implantation (TAVI – also referred to as a TAVR) 
[1]. This is an important finding for older folk because replacement valves tend to last 
longer in older patients than in younger patients.

I was corresponding with this physician because I, also, had been evaluated for 
an aortic heart valve replacement using a TAVR procedure. I wrote about my aortic 
valve experience in a popular medical journal, and as a result of that article, I have 
corresponded with several TAVR recipients or prospective recipients. All of us seem to 
have some concern about how long we might live with a replacement valve. The good 
news is that TAVR aortic valves are made from the same biological tissue as surgically 
replaced valves and should last about as long as a Surgical Aortic Valve Replacement 
(SAVR). Just this past week I talked with a 90-year-old retired physician whose 
94-year-old sister had been living with a SAVR for 25 years – the same valve for all 
25 years, and she still was having no issues with her valve.

A few months ago, I corresponded via email with a retired military officer who 
was soon to have a replacement aortic valve at age 69. He, too, was worried about how 
long his valve would last. He was scheduled to have a TAVR procedure, and he asked 
me about how long a replacement valve would last. He was hoping to live into his 90s. 
He had been reading on the internet and had come to believe that replacement valves 
do not last too long. He asked me about what might happen if he needed a new valve 
in about 10 years. I reminded him that I was not a physician but that I had been read-
ing about new procedures involving “re-valving” or “valve in valve” procedures. He 
then wanted to know what would be done if he had a valve-in-valve procedure around 
age 80 but then needed a third replacement valve at around age 90. I discussed the 
durability of today’s valves, and that is where our correspondence ended. However, I 
was impressed with his optimism and zeal for a longer life.

About a year ago, I corresponded via email with a psychologist whose 59-year-old 
brother was scheduled for an aortic valve replacement using the TAVR procedure. 
Primarily, she was concerned about the safety of the procedure, and her brother 
primarily was concerned about how much shorter his life would be with a replace-
ment aortic valve. I explained to her the process a TAVR patient would go through as I 
understood it, and that seemed to put her mind at ease. In follow-up correspondence, 
she described how well her brother was doing and that he was back at work full-time 
following his procedure.

I have come to believe physicians should avoid discussing the length of time some-
one might live when talking with patients about a valve replacement. Instead, I believe 
it is better to discuss how much improved valves are and how durable they are. For 
example, I was 80 years old when I was being evaluated to determine if I was a viable 
candidate for a replacement valve. Since the average longevity for males in the U.S. 
is about 78 years of age (or less), why discuss with me how much longer I might live 
with or without the need for a replacement valve? I had already passed the average age 
for longevity. The good news is that there have been tremendous advances over the 
past 50 years in the treatment of diseased aortic heart valves. That’s the story I believe 
prospective heart valve recipients need to hear. If patients are not reassured about the 
high quality of today’s valves, then we may tend to start looking for ourselves on the 
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internet about longevity with replacement valves, and we may be subject to gaining 
a lot of misinformation and outdated information. Bad information can lead to poor 
decisions regarding our health and cause us unnecessary stress. Additionally, it stands 
to reason that physicians will be better at their treatment of patients if they have a 
better understanding of what the patient is going through. We’ve all heard stories 
about physicians who were ill and reported they were better at their profession after 
their illness and recovery – after they had gone through the experience of being a 
patient. Physicians are used to being in control, and you lose most of your control 
when you are a patient for a replacement heart valve. My intent in writing this chapter 
is to show a little bit about what it means to be a patient based on what I went through 
with my aortic heart valve. In Section 2, I share my early experiences with my con-
genital heart valve defect. In section three, I share my experiences with pacemakers 
and my evaluation for a valve replacement. Also, I share the possible kinds of issues 
facing any heart valve recipient.

The process of replacing someone’s aortic heart valve always will have worries and 
possible complications. My story about the complications I went through with my 
aortic heart valve follows.

2. My aortic heart valve history (the first four decades)

I was born in 1940 with an undiagnosed aortic heart valve defect. When I was 4 
years old, my granddad gave me a two-wheeler bicycle. I considered myself to be a 
pretty good athlete based on my interactions with my buddies in the neighborhood, 
but I quickly noticed that I did not have the stamina to ride my bike up hills. However, 
all the other kids in the neighborhood had no trouble riding up hills. I knew some-
thing was wrong, but being a little kid, I thought very little about it.

In 1951, General Dwight David Eisenhower (Ike) was elected President of the 
United States. I was 10 years old. Ike served two terms as president from 1953 until 
1961. My grandfather was a devout supporter of Ike, and his devotion to Ike caused 
me to pay special attention to Ike’s health, especially from 1955 until Ike’s death in 
1969. In 1955, Ike had a massive heart attack. In the 1950s and 1960s, there was little 
being done for cardiac infarctions. Nevertheless, a legendary and highly respected 
physician by the name of Paul Dudley White was rushed to Ike’s side [2]. White was 
a pioneering cardiologist and advocate for preventive medicine. Ike’s cardiac team 
prescribed long term use of anti-coagulants (non-traditional treatment at the time). 
In addition, White prescribed light exercise, cessation of Ike’s heavy smoking, and a 
revised diet. White remained Ike’s cardiologist, and over the remainder of his life, Ike 
had at least four other myocardial infarctions, a stroke in 1957, and 14 other cardiac 
arrests. Ike’s case is an amazing example of a strong-willed leader who benefited from 
having complete trust in his cardiologist. White successfully used his public forum 
as Ike’s cardiologist to educate the public about heart health. Little did I know at the 
time, but Paul Dudley White’s path and my path would 1 day cross.

Early in my freshman year in college, 1958, I decided to try out for the college’s 
freshman basketball team (I was 17 years old). In those days, freshmen were not 
allowed to join a varsity team. The physician conducting the physical was concerned 
about my heart and referred me to a heart specialist before he would approve me 
joining the team. The referral cardiologist listened for quite a while to my heart with 
his stethoscope and suggested it might be best if I did not play competitive sports. 
However, he wrote a permission slip for me to play if I felt strongly about it. He told 
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me that I had a loud aortic valve murmur, but he could not tell what the cause might 
be. He felt it better not to stress my heart with the rigors of competitive basketball. I 
played college basketball for one semester and then dropped out. I would sometimes 
need to leave the court and throw up, and frequently I did not feel well after vigorous 
exercise.

Later in my freshman year in college, but now 18 years old, I had my tonsils 
removed. The physician performing the tonsillectomy also listened to my heart. He 
told me he had heard many heart murmurs in his career, and he felt certain I had a 
bicuspid valve. He told me I would not live much past my early 40s and that I should 
plan my life accordingly. Today, his warning might seem overly harsh and misguided, 
but remember, that was 1959. The first mechanical replacement valves did not take 
place until the 1960s [3]. The physician was advising me based on what treatments 
were known to him to be commercially available at the time.

Growing up, our family was attended by a General Practitioner (GP), but that 
physician never mentioned a heart murmur to my parents or to me. I asked him about 
my heart murmur when I was 22 years old, and he told me lots of people have heart 
murmurs and he did not think it was overly significant. A couple of years later I saw 
another GP, and he referred me to a cardiologist who listened intently to my murmur 
and suggested I just wait and see what might happen and recommended I take no 
further action for the time being. However, occasionally I would have angina or 
angina-like discomfort, and that discomfort was always worrisome to me.

In 1967, now 26 years old, I moved from the West Coast to the East Coast and 
started being treated by an Internist specializing in the treatment of heart disease. 
The internist sent me to a local clinic for an x-ray in the hope that it might show 
calcification on the aortic valve if such calcification in fact existed. The results of 
the x-ray did not clarify much about my condition. The x-ray showed extensive 
calcification in the heart, but it could not be determined exactly where it existed in 
my cardiovascular system. However, the radiologist believed that the calcification 
likely was in the aortic valve area. Remember, MRIs and CT scans were not yet in use 
at that time [4].

I told my internist about my chest discomfort, and he prescribed nitroglycerin 
sublingual tablets to ease my discomfort. He told me to always carry the tablets with 
me and to dissolve one under my tongue whenever I had angina discomfort. I put a 
couple of the tablets in a small envelope and carried them with me in my wallet for 
several months. I used them a couple of times and did not like the way I felt when 
using the drug, and besides, I did not notice any improvement in my angina. After 
a couple of years, my internist told me it would no longer be necessary to use the 
nitroglycerin tablets.

When I was 28 years old, my internist sent me to a major hospital (near where I 
was living) for a heart catheterization. That procedure did not go well. I was taking a 
full aspirin at the time (on a daily basis) for my migraine headaches and because my 
internist thought that aspirin also might be helpful for my heart. The hospital did not 
give me any instructions about ceasing the aspirin before the catheterization. In fact, 
I had heard that a possible side effect of the catheterization could be a blood clot. So, 
I mistakenly took two full aspirins on the morning of the procedure. The two physi-
cians performing the procedure gave me blood thinner, and after they wheeled me 
back to my room, I internally bled an estimated two pints of blood into my groin and 
leg. The hematoma on my groin, and the black and blue discoloration of my entire 
leg did not clear up completely for about 5 months. The good news for me, however, 
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was that the cardiologists performing the procedure did not see any need for further 
medical intervention involving my heart condition.

When I was 30 years old, my Internist referred me to another Cardiologist at a 
different major university hospital in the area where I was living. The Cardiologist 
performed a heart catheterization (my second). The next morning after the cath-
eterization, the Cardiologist asked me if he could present my case at his rounds, and 
I agreed. Around 11 a.m. I was wheeled out of my hospital room, down a corridor 
and through a door leading directly onto the stage of an auditorium with about 300 
people in attendance. The cardiologist was presenting data from my catheterization to 
the audience when I arrived in the theater. There were two other physicians sitting in 
chairs on stage, but they were located off to the side of the stage. One of the two other 
physicians appeared noticeably older than the physician sitting beside him on stage. 
Clearly, the cardiologist who performed my catheterization was center-stage and 
appeared to be fully in command of the audience. I was very surprised. I had expected 
“rounds” to mean I might meet and discuss how I was feeling with maybe a handful 
of young physicians. The cardiologist briefly introduced me to the audience, and then 
he continued with his explanation of the blood pressures in my heart chambers and 
connecting blood vessels as determined by the catheterization.

At first, he spoke about how he had found no blockages in the arteries feeding 
my heart muscle, and that made me feel pretty good. He then began to discuss the 
calcification he had found on the aortic valve. Again, reviewing the pressure numbers 
from the catheterization, he said that he was recommending that I immediately be 
scheduled for a replacement valve. Remember, I’m 30 years old and being told in front 
of an audience of 300 people that I need open heart surgery. My jaw dropped. With 
great aplomb and apparent satisfaction with his diagnosis, the cardiologist took a seat 
in an empty chair next to the older physician still sitting onstage. The older physician 
then rose to address the audience.

His comments were brief. He said, and I will never forget his words, “This 
patient may surprise you. I do not recommend surgery at this time.” No sooner had 
he uttered that statement than all hell broke loose on the stage and in the audience. 
Apparently, it is rare for one physician to contradict another physician, and espe-
cially in front of an audience of 300. There were murmurings and wild conversa-
tions throughout the audience. The cardiologist who had been presenting my case 
jumped up and began yelling about how he had been misunderstood. Someone, 
who I did not see, walked up being me and whispered in my ear, “You listen to Dr. 
White, he’s God to you.” Bingo! All of a sudden, it became clear to me that the older 
physician on stage was none other than Paul Dudley White, the physician who had 
attended President Eisenhower. The cardiologist who had performed my catheter-
ization was jumping around on stage like a wild man and ordered that I be removed 
from the stage and taken back to my room immediately. A nurse quickly pushed 
me in my wheelchair out the backdoor of the stage. I do not know how ordered was 
restored, but it was a wild time for all involved. I doubt there has been anything like 
it since.

The cardiologist who performed my catheterization visited me in my room later 
that day. He repeated to me that I needed a replacement value urgently, and that I 
should not listen to Dr. White because he was old and did not understand modern 
medicine. I told the cardiologist that I had decided to postpone the heart valve 
replacement, and I went home the next morning. The cardiologist wrote a letter to my 
internist and told him I needed valve replacement surgery and told him I should get 
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a Multigated Acquisition Scan (MUGA) every 3 months to check for changes in my 
ejection fraction or to check for any other changes in the heart functions.

Dr. White’s advice not to rush into surgery clearly influenced my decision to put 
off surgery. Also, there were a couple of other reasons that informed my decision not 
to replace my aortic valve at that time. One, I was working for a publishing organi-
zation, and while we did not publish medical journals, we were the recipients of a 
regular medical journal that I read religiously when it crossed my desk. The journal 
frequently contained articles about heart valve surgery with pictures of failed “ball-
cage” or “ball in cage” valves removed from cadavers. Frequently, a metal prong from 
the cage was broken, or in some instances the ball was missing. I could see why it 
would not be a good outcome for a piece of metal to be loose inside the cardiovascular 
system let alone for the ball to break free and travel through an artery until it became 
stuck. Surgical replacement using tissue valves had been introduced at this time, but 
they would not last very long primarily because it was not known how to adequately 
preserve the tissue valves. Another reason I decided to delay surgery was that I had 
read an article written by a surgeon who said to “remember that absent strongly 
compelling evidence to the contrary, the best heart valve is the one you are born with.” 
In any event, I knew about all the shortcomings of replacement valves at that time and 
was both relieved by Dr. White’s advice and most willing to follow his advice.

My decision to delay surgery was made overnight as I lay on my hospital bed. 
However, from that time forward I thought of my life as being pre-and-post heart 
valve surgery. I was convinced that I would need surgery at some point and that that 
point might not be too far away. Assuming the likelihood of surgery not being too far 
off impacted all decisions about my personal life for the rest of my life.

In the early 1970s, I began my MUGA scans every 3 months. These scans 
required the injection into a vein in my arm of a radioactive chemical called techne-
tium-99 m-pertechnetate (Tc-99 m). I would lie on my back and a special camera 
would take pictures of my aortic valve as the blood pumped through it. At the end of 
the exam table were bicycle pedals I could pump to elevate my heart rate. For some 
exams I pumped the pedals and other times I did not [5].

My ejection fraction (EF) was always around 60%. This meant that 60% of the 
blood in my left ventricle would pump out each time my heart took a beat. A normal 
heart will have an ejection fraction of about 50–75%. This meant that my EF was 
perfectly normal. There was one anomaly: when I pumped the bike pedals and my 
heart rate increased, my EF did not increase. The only way my heart could deliver 
more blood when needed was by pumping faster. My EF never rose above 60%. For a 
normal heart, the EF goes up with increased heart rate. However, this was not a factor 
in determining whether or not to replace the valve. The MUGA scan every 3 months 
went on for several years with no change in my EF, and my internist eventually 
decided to scan every 6 months, and the six-month scans went on for several years 
with no change in my EF. Eventually, my internist agreed with Dr. White and ceased 
all scans. After every scan I was told to go home and drink plenty of water to flush the 
radiotracer out of my system; and I did as I was directed.

In case you were wondering, the echocardiogram (echo) was just beginning to 
be used in the early 1970s [6]. An echocardiogram is totally noninvasive: there is no 
radionuclide injected into the blood. In the early 1970s, the pictures from an echo were 
not as clear as they are today. In addition, the results from an echo were not as accurate 
as the results from a MUGA especially involving EF data. Use of the echo has grown in 
popularity, and over seven million echocardiograms are now performed annually in 
North America. However, the MUGA scan is still widely used today as well.
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3. Pacemakers to the rescue

When I was 43 years old, I had some periods of time when I just did not feel well, 
and I felt like my heart was skipping beats at times and getting extra beats at other 
times. The results from an electrocardiogram caused my internist to outfit me with 
a Holter monitor for 24 hours. The results of the Holter monitor test showed I had 
developed intermittent left bundle branch block. Although it was impossible to tell for 
sure what was causing the left branch block, it seemed very likely that calcification in 
the aortic valve was pressing on the nerve going to my left ventricle and causing the 
nerve to periodically misfire. My internist referred me to a major hospital in the area 
for evaluation for a pacemaker. The cardiologist at the hospital insisted I needed both 
a valve replacement and a pacemaker. When he saw that I was not willing to undergo 
valve replacement, he recommended a pacemaker be implanted but insisted I would 
need a replacement valve within 2 years at the longest.

I got my first pacemaker when I was 44 years old. It was implanted by a semi-
retired surgeon who told me he got too tired standing during open heart surgeries but 
that implanting pacemakers was perfect for him because he did not need to stand very 
long during the procedure. I laid on the operating table and he gave me an injection of 
pain killer in my upper right chest. Then he entered the superior vena cava vein going 
from my right arm into my heart, and he strung the pacemaker leads through the vein 
into my heart. Once the wires were in place, he made an incision on my chest, forced 
open a “pocket” under my skin, connected the pacemaker wires, and slid the pace-
maker into the pocket. Final steps in the procedure were the stitches and placement of 
a bandage over the wound, and I was sent home the next day.

The pacemaker was set at 55 beats per minute, and this rate was to cause me 
problems for many years to come. I found out many years later that the natural pace 
of my heart was 57 beats per minute. However, the pacemaker setting proved to be 
too close to my natural pace. Pacemakers are designed to wait and see if the heart 
will beat on its own. If the heart does not beat, then the pacer sends a signal for 
the heart to beat. My pacer was a dual pacer, so that the pacer would send a signal 
both to the top of the heart and to the middle (and lower sections) of the heart as 
needed. My upper sinus mode always worked well, but the signal had difficulty 
going through to the lower chambers of the heart. The heart has a sinus node both at 
the top and middle of the heart, and sometimes my pacer would send a signal for the 
lower sections of my heart to beat just as the natural signal from my heart was send-
ing a signal. Thus, I frequently got double beats in the lower sections of my heart. 
Remember, all of this is happening in a fraction of a second, because the average 
heart will naturally beat 50 or more times per minute. Getting my pacemaker set-
tings in concert with my natural beat settings was an issue for my physicians starting 
with that first pacemaker.

A few days after getting my first pacemaker, I needed to fly on a business trip 
from the East Coast to the Mid-West. The first evening of my business trip, my right 
arm swelled up to about double size. I called my internist back on the East Coast, and 
he directed me to the Emergency Room (ER) of a hospital near me. Two ER physi-
cians examined me and could not tell what was causing my arm to swell. Out of an 
abundance of caution, they put me on a mild dose of antibiotics and told me to see 
the surgeon who had implanted the pacemaker as soon as I returned home. Besides 
being swollen, my arm had a slightly reddish color to it, but I was not in any pain. 
Back home and during my visit to the surgeon, he quickly advised that the wires from 
my pacemaker into my heart had blocked the vein returning blood from my right arm 
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to my heart. We decided to make no medical intervention, and after about 6 weeks, 
my cardiovascular system grew new veins around the blockage and my arm size and 
coloration returned to normal. You can still see a lot of “extra” veins in my right chest.

I had one other scare with my first pacemaker about 10 days after it had been 
implanted. I was attending a professional basketball game with my sons. We were 
watching the game when my name was announced over the loudspeaker system of the 
stadium saying I was to contact my pacemaker physician immediately. I went to the 
stadium office and called the physician at the hospital as directed. The physician told 
me they had been reviewing my pacemaker data and felt they had made some incor-
rect settings on the pacemaker and wanted me to come in right away so they could 
correct the settings. The next morning, they made a number of changes in the pacer 
parameters. My understanding was that they changed the time the pacemaker would 
wait to see if the heart was getting a natural signal to beat. I could not feel any differ-
ence. They left the pacemaker beats per minute at 55.

My first pacemaker was needed by my heart only intermittently and remained in 
place for about 16 years. By then, I had semiretired and was scheduled to take a vaca-
tion trip from the East Coast of the United States to Australia. Although the battery 
had some charge remaining, my internist felt it best to swap out the old pacemaker 
for a new one and not take any chances on a pacemaker failure being so far from 
home and in a foreign country. I got my second pacemaker when I was 59 years old. 
Apparently, I was becoming more dependent on the pacemaker, because my second 
pacemaker lasted less than 5 years.

When I was 62 years old, the internist who had been tending to my heart issues for 
35 years, retired for health reasons. He was having a rough time with his hip replace-
ment. His first hip replacement was recalled, and after his second surgery, he got an 
infection and had to have the second hip removed. He needed to be home in bed and 
on antibiotics for a month awaiting a third hip surgery. Interestingly enough, he told 
me before he retired that he would have been a better physician had he been a patient 
earlier in his life. He felt he had lost control over all of his medical care, and he did not 
like the feeling of losing control.

A friend recommended a cardiologist to me who was taking new patients. This 
gentleman made a strong effort to go over my heart valve history, and he was espe-
cially interested in any discomfort I might be having in my chest. I told him that 
occasionally I had angina-like discomfort when I exercised, especially when it was 
cold, and especially after I had been sitting at my desk at work for a long period of 
time and then walked several blocks to the subway to go home at night.

This new cardiologist ran a few tests in his office and told me I had a blocked 
artery in my heart. He showed me a picture from his in-office tests confirming the 
blockage. He said he could not be certain which artery was blocked, but he was sched-
uling me for a heart catheterization to determine how much blockage existed and 
where. He told me that most likely I would be needing bypass surgery. He, personally, 
did not perform catheterizations, but he recommended a colleague of his, and the 
next week, I was in the hospital with his colleague performing my third catheteriza-
tion. The technician assisting in the procedure said to me after the procedure: “In my 
twenty years of medicine, I have never seen anyone with larger and more wide-open 
coronary arteries than yours. You will not be needing bypass surgery anytime soon if 
ever.” A few days later, back at my new cardiologist’s office, he said he had misread the 
test data. He said he did not know that the fraction of a second delay in the pacemaker 
sending a signal for the lower chambers of my heart to beat would cause the tests 
to be invalid. He apologized profusely for having me undergo a totally unnecessary 
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catheterization. He unceremoniously dropped his office test results in the trash can 
next to his desk. He placed the catheterization results in my file as he explained that 
whatever chest dis-comfort I was having was not due to blocked arteries.

I received my third pacer when I was 64 years old. The placement of my third 
pacer did not go entirely as planned. I was not sedated for the procedure. The physi-
cian implanting the pacer and the technician assisting him started arguing about the 
size of the pocket and who would close my wound after the replacement pacer was in 
place. One of them pushed on the pacer when it was in my chest and the leads coming 
out of the pacer bent around the edge of the pacer. The technician stormed out of 
the procedure room and the physician closed the wound. Unfortunately, there was a 
significantly raised area around the pacer where the lead wire for the pacer was bent 
around the pacer and pushing up my skin above the pacer. The area became puffy in 
just a couple of days. My pacemaker physician had gone on vacation, and I was sched-
uled for a business trip from the East Coast to the West Coast. I consulted a different 
physician, and he believed the puffiness would eventually subside, and it did subside 
after several weeks. My third pacer lasted about 5 years.

I still have my third pacemaker in my right chest even though it is now inert, and 
the lead wires still push the skin up around the pacemaker. The reason for leaving 
the pacemaker in place is interesting. When I got my fourth pacer, I was 69 years 
old, and the leads to the old pacer were deteriorating. I was still semiretired and had 
moved from the East Coast back to the West Coast, and my new pacemaker cardiolo-
gist decided to put in a whole new pacer system on the left side of my chest – new 
pacemaker and new leads into the heart. He told me that one worry they always 
have when implanting pacemakers and wires is that an infection might occur on 
the pacemaker itself or on the wires. If he removed the old pacemaker on the right 
side at the same time he installed a new pacer system on the left side, and if I got an 
infection, he would not be able to tell whether the infection was on parts of the old 
wires still remaining in the right side of my chest, or if the infection was on the new 
system on the left side of my chest. Removing old wires, especially when they have 
been screwed into the heart muscle can be life threatening, and in cases like mine, 
the old pacer is usually removed, but the wires going into the heart are left in place. 
Hence, he made the very wise decision to leave the entire old system in place (pacer 
and wires) even though the old pacer was turned off when the new system was 
implanted.

The new pacemaker system on my left side required the new leads to go through 
the vein from my left arm into my heart. The procedure was similar to what I had 
gone through when I got my first pacer, it was just on the opposite side of my chest. 
The most significant difference was that this physician insisted upon me being under 
anesthesia for the procedure. Also, this was the first time I was told that I had become 
“pacemaker dependent.” I was told not to worry, however, because the pacemakers 
were space-age technology. I did not find the space-age language comforting given 
all the problems that can and had occurred in space. A couple of my friends asked if 
it was difficult for me to live with the knowledge that if my pacer stopped working, I 
would die in a matter of seconds. Those questions were not reassuring to me as well. 
In the long run, I just had to shut out of my mind any worry about whether a pace-
maker might stop working.

As mentioned, I received my fourth pacer when I was 69 years old. However, my 
luck was improving regarding battery life. My new pacemaker physician, working 
with the pacemaker company representative, decided to set my beats per minute at 50 
in order to try and eliminate my double beat problems. That adjustment did work for 
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a number of years. My fourth pacer lasted for 7 years, and I received my fifth pacer 
when I was 75 years old. The double beat issue still was not a problem.

As mentioned, I had moved from the East Coast back to the West Coast, and my 
new cardiologist advised that in addition to my aorta issues, I had a prolapsed mitral 
valve. He explained that when someone, like me, has a large amount of blood flowing 
back into the left ventricle of the heart because the aorta valve does not close prop-
erly, that it puts pressure on the mitral valve and eventually may cause it to become 
prolapsed. He believed this was my situation. This is the first time I had been told I 
had a prolapsed mitral valve.

When I was 79 years old, I had an incident where I felt like I was going to pass out. 
The incident lasted for about 12 seconds. I saw my pacemaker physician a few days 
later, and fortunately, the newer pacemakers make a recording of any unusual dis-
turbances in heart rhythm. This was not my first episode of feeling faint. I remember 
talking to a different physician years earlier about feeling faint, and he told me it was 
probably the pacer sending a wrong message to my heart. He told me to go into a limp 
position whenever I had that feeling, and I remember going limp on a few occasions in 
the past. The faint feeling always went away in a few seconds.

My pacemaker physician informed me that I had suffered a short run (14 seconds) of 
ventricular fibrillation (VF). He consulted with my cardiologist, and I checked into the 
hospital that night. The next morning, my pacemaker physician removed my fifth pace-
maker and implanted a new combination pacemaker and defibrillator. I was informed 
that VF is a rapid life-threatening heart arrhythmia. It is sometimes referred to with a 
married male patient (like me), as “the widow maker.” It can be that serious because 
when the heart is in VF, it cannot pump blood throughout the body. Fortunately, all my 
runs of VF had been short lived and self-corrected. It is when the VF continues for more 
than a few seconds that it becomes most dangerous. With the new combination pace-
maker and defibrillator, I am now protected against the “widow maker.”

While I was still 79 years old, I began having more extra beats and a return of the 
double beat problem – a worsening of a condition I had off and on since my early 40s. 
It was determined that I not only had extra beats but that I had atrial flutter as well. 
Atrial flutter occurs when the heart’s electrical system tells the heart to beat faster. My 
pacemaker physician, in consultation with my cardiologist, recommended I undergo 
an ablation using a radio frequency procedure to burn out the extra signals. The 
ablation procedure itself is amazing to me. I was treated by a physician who special-
ized in such procedures. Using a grid that overlays the heart, the physician was able to 
determine where in my heart the extra signals were originating. A Radio Frequency 
(RF) catheter was inserted through my right groin femoral artery and into my heart. 
In my case, it turned out that the extra beats were coming from one spot in the annu-
lus of the right atrium. The signal would originate in a nerve in the annulus and then 
travel in a circle around the annulus and cause the same originating nerve to fire again 
in a continuous loop. The physician burned or ablated the nerve where the extra beat 
was originating. In addition, he ablated another spot on the annulus just in case the 
originating nerve was not completely ablated. He did this to prevent any unwanted 
electrical signal from going in a circle and starting the extra beats to repeat as in the 
past. As it turned out, this was a smart move by the physician because subsequent 
tests showed the original unwanted firing of the nerve was still taking place on an 
intermittent basis. Now, however, the signal was blocked by the second ablation, and 
the repeated beats ceased. I still get an occasional extra beat, but nothing like before. 
Also, the physician was able to locate the source of the atrial flutter, my right atrium, 
and ablate the offending nerve. The atrial flutter has not returned.
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My pacemaker physician set my new pacer at 70 beats per minute (bpm). This 
faster bpm stopped the double beat issue, and any serious problem with double beats 
has gone away. At first, I felt like my heart was racing. After all, I had been set at 
50 bpm for many years, and I could tell the difference. My physician said to try the 
rate of 70 bpm for 3 months and we would go from there. For a while, I felt like my 
heart was working overtime and I seemed more tired. By the time 3 months rolled 
around, I was feeling better, and the double beats had largely subsided. Only occa-
sionally now do I get extra beats that are bothersome. My bpm remains at 70.

4. The right time for a heart valve replacement

While still 79 years old, my cardiologist was beginning to be concerned that the 
time was getting right for a replacement aortic valve. I was having more angina-like 
discomfort in my chest when I went for my daily walks. The echocardiogram (echo) 
showed that my ejection fraction had dropped from its previous reading of 55 to 45. 
Also, the valve opening had narrowed, due to calcification, to a dangerously narrow 
number using echo readings. Finally, the valve had become stenotic, that is, it was not 
opening and closing as it had previously. However, to my way of thinking, my cardi-
ologist seemed slow to pursue valve replacement. He put me through a whole series of 
tests, including my fifth catheterization (not counting the ablation). In a discussion 
with him about the procedure, he explained that a team of three physicians, includ-
ing himself, had been put together to access my situation. All three physicians had 
concerns about how successful an aortic heart valve procedure might be in my case. 
Some of the following parts of my story that follows at times involve my assumptions 
and projections about what happened, so none of the physicians involved can be held 
to account exactly for my views as stated below.

The surgeon on the team had determined that surgery was not an option. I met 
with her, and I do not recall her using the term “inoperable,” but someone may have 
used it at least once. In any event, my understanding was that she ruled out surgery 
due to the extensive calcification of the valve. This is concerning because a part of her 
role is to be present during the TAVR procedure in case something goes wrong, and it 
becomes necessary to move me from the procedure room directly into the operating 
room. So now I’m uncomfortable knowing that if something goes wrong during my 
TAVR procedure that surgery is not a promising backup plan. However, the surgeon 
did agree that a TAVR procedure was the best option for treating my condition. Not 
doing anything about the valve was not a good option either. One physician estimated 
I had only 6 months to a year to live given the condition of my valve and the deterio-
rating condition of my heart as shown in the echo results.

In addition to the team’s concern about surgery not being an option, the team had 
five other concerns about implanting a new aortic valve in my heart using the TAVR 
procedure. Any one of the five would be a good reason for not performing the proce-
dure, so I’ll discuss each of the five and explain why each was problematic in terms of 
a favorable outcome.

4.1 The size of my existing aortic valve was unusually large

My team planned to use a replacement valve they regularly used for such procedures, 
but the largest valve made by their preferred maker of TAVR valves was 20 percent 
smaller than my valve opening (i.e., the largest valve was only 80 percent in size of 
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what they preferred). Using the right sized valve is critically important to the success 
of the procedure. If the replacement valve is too large for the patient’s aortic valve 
opening, it could severely damage the heart muscle and even cause death right there 
on the table. If the replacement valve is too small (my case), it could slide out of posi-
tion and have a fatal outcome.

A process called hemodynamics [7] helps hold the stent supporting the valve in 
place in the aorta. As a normal heart pumps blood out through the aortic valve, it 
does so with a fair degree of velocity and force, but there is not a lot of pressure on 
the valve itself because the cusps are open, and the blood is flowing right through the 
open valve. Likewise, when the valve closes, there is not a lot of backflow pressure 
because the backflow of blood is not being pumped, it is simply stopped from flowing 
back into the heart. Still, replacement valve slippage is a concern.

Also, a process known as reendothelialization (where cells lining the blood ves-
sels grow in and around the stent) helps hold the valve in place [8]. Finally, the metal 
valve frame or stent will be pressing out against the old tissue valve which is squeezed 
between the stent or frame of the valve and the lining of the aorta, and this will help 
hold the valve in place. Despite all this, a valve can slip out of place, and therefore, 
proper size is important. The nearest thing I can compare the importance of valve 
size to is clothing, a new pair of shoes for example. Even when we buy “our size” in a 
different shoe it can be too long, or too short, or too wide, or too narrow, or have the 
wrong arch support or just not feel right. For these reasons, we usually try on a new 
pair of shoes before we buy them to make sure they are the right size. The same goes for 
a pair of gloves and other clothing items. The outcome of an improperly sized replace-
ment heart valve may come with more deadly consequences. During a catheterization 
procedure, physicians carefully measure the size of the old valve opening in choosing 
the proper replacement size. Interestingly, the replacement valves are not made to 
order. They are premade in a very limited number of sizes and are either available from 
the maker or stocked in the TAVR Centers where implantation will be taking place.

My team knew that another maker of aortic heart valves happened to make a 
larger size valve that would be much better for my situation. The team contacted 
the maker of that replacement heart valve and described my case to the maker and 
explained why the team wanted to implant the larger valve in my heart. The maker of 
the larger valve declined to allow their valve to be placed in my heart fearing that my 
situation was too dangerous for a replacement valve to be successful.

If the team was to go ahead and attempt my aortic valve replacement procedure, 
they would need to use a valve they regularly used and had access to even if the valve 
was too small. There were a couple of advantages in the team’s favor. The valve they 
usually used had a section in the middle of the frame that allowed for expansion of 
the valve using a balloon catheter. In other words, once the valve had been deployed in 
my heart, they could then insert a balloon catheter into the valve and expand it out-
wards in the middle of the valve. However, they could not make up being 20 percent 
too small. In addition, the valve comes with a “skirt” designed to expand and lessen 
blood around the outside of the frame. The “skirt” could prove helpful should they go 
ahead with the procedure. Finally, the team reasoned that the extensive calcification 
would likely hold the valve in place even if all else failed.

4.2 My aortic valve had an unusual shape prone to leakage

As opposed to being round or somewhat oval shaped, like most aorta valves, my 
valve is elongated and shaped more like a football. My team was worried that if they 
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put a round replacement valve inside an elongated space that there would be an unac-
ceptable amount of blood leaking back into the heart around the frame of the valve. 
This is commonly referred to as regurgitation or aortic insufficiency (AI). My team 
did not want to operate and create a new major issue due to an unacceptable amount 
of blood leaking back into the heart with each heartbeat.

4.3 The cusps of my valve were deformed

The newer and higher quality echo device at the hospital where my cardiologist 
performed my last echocardiogram to help determine if I was a candidate for a TAVR 
for my aorta valve, finally showed the deformity of my valve from birth. Typically, 
the aorta valve has three cusps that open and close with each heartbeat. I only had two 
cusps. The third cusp was missing. I was not a classic bicuspid valve case. In addition, 
my two cusps were fused together, so I really had only one double-sized cusp that was 
opening and closing with each heartbeat. Instead of the valve opening and closing 
normally, it was moving more like a small door opening and closing in a large door 
frame. The team was concerned about how compliant the large and fused cusps might 
be when the replacement valve was deployed.

4.4 My aortic valve had extensive calcification

My team was especially concerned about how pliant the calcification in the aortic 
valve would be. They were worried that if it was too hard that it might damage the 
heart muscle when the replacement valve was deployed. However, as previously 
mentioned, the team thought the calcification might help hold the undersized 
replacement valve in place.

4.5  My aortic valve had a piece of heart muscle blocking the implantation of a 
replacement valve

The last echo showed a piece of heart tissue protruding into the aorta valve right 
where the replacement valve would be placed. Proper positioning of the replacement 
valve is critical for success. You do not want it too far inside the left ventricle, and you 
do not want it too far into the aorta itself. In fact, during the TAVR replacement pro-
cedure, the team has to agree that the valve is properly placed, and they have to agree 
to implant it. Unfortunately, the piece of tissue was right in the way. The replacement 
valve can be moved slightly, but only slightly, and there was no way to avoid the extra 
tissue. It might distort the frame of the valve, or it might push into the heart muscle 
and cause issues. The team would have to put the replacement valve over the extra 
tissue and hope for the best should they decide to go ahead with the procedure.

Given all the above: my unusually large aortic valve opening; my football shaped 
valve; my missing cusp and my fused cusps; my extensively calcified valve; and the 
piece of tissue blocking implantation of a replacement valve, it was fully understand-
able that my team was having second thoughts about replacing my valve. Obviously, 
they did not want a patient to die on the table, nor would they want to be accused of 
being reckless in going ahead with a risky procedure. However, I did not appear to 
have too long to live. As mentioned earlier, my EF was dropping, and it had dropped 
from its long held 55–45%. the opening area of the valve for the blood to flow out of 
the heart was narrowing to a critical point (due to calcification), and the valve had 
become stenotic (described to me as a lack of movement due to calcification forming 
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around the cusp). The risks against a successful procedure were significant, and the 
risks were discussed with me. I could live out my life as best I could, maybe even 
have a few years if lucky, or I could have a replacement valve, maybe live many more 
years, and maybe live a much more satisfying life than otherwise would be the case 
(i.e., feel better and be more active). The choice was mine. The team was willing to 
go ahead if I wanted them to do so. I chose a replacement valve, and I was assigned to 
a scheduling nurse to arrange for the procedure. The scheduling nurse had to reserve 
the procedure room, schedule all three physicians on my team to be there, of course 
get me there, and schedule the assistants and assure all necessary supplies are in place, 
including some replacement valves, and schedule the operating room in case I needed 
to be moved from the procedure room into surgery. She was able to set it all up for a 
procedure date in about 4 weeks.

5. Do not forget the dental work

Unfortunately, on the day of the scheduled procedure, I woke up with a significant 
tooth ache. I tried to call the scheduling nurse and my doctor for guidance, but no one 
was answering their phone. I went to the hospital and went through the preparatory 
steps, but the procedure wound up being canceled. I was told it would not be a good 
idea to proceed if I had an infected tooth and there was any danger of the infection 
spreading to my new valve. I was told to get my dental work done and then resched-
ule. Interestingly enough, I began to feel like I had a little more energy. I even com-
mented to my wife, “maybe I don’t really need a replacement valve after all.” I would 
later find out why I was having a little more energy, and I will report on that matter in 
a section below.

There was another issue of concern. My procedure was scheduled during the 
height of the COVID-19 pandemic. My wife could not accompany me to the proce-
dure. She dropped me off in front of the hospital and wished me luck. It is difficult to 
imagine how stressful a procedure like a heart valve replacement is for loved ones. All 
medical members need to be mindful to stay in touch with the listed contact for the 
patient.

I thought my teeth were in good shape. I regularly visited my dentist, had my teeth 
cleaned, and had dental work completed as necessary. It turned out that the tooth that 
was aching on my scheduled procedure day was cracked down to the root and needed 
to be extracted. That was followed up with an implant and crown. Additionally, I had 
one other tooth that needed a root canal; another tooth needed a bone graft, and one 
other tooth needed to be re-filled because the previous filling was leaking. All the 
dental work took about 3 months, and the scheduling nurse was not able to get me 
rescheduled for another couple of months. Five months after my original procedure 
date, I again reported to the hospital for TAVR.

6. The actual procedure

The actual procedure started out in an interesting fashion as I was lying on the 
procedure table. One technician set up the echo machine and flashed an image of my 
aortic valve on a large elevated screen. The first thing that the technician and I both 
noticed was that a huge section of my aortic valve had torn loose and was being held 
by just a thread of tissue. On the echo, the large piece of torn valve looked like a flag 
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flapping in a hurricane. It moved out straight with every heartbeat and appeared 
as though it could tear loose at any moment. Who knows what my fate would have 
been had that large piece of valve torn loose. At least I now knew why I had a little 
more energy. My heart no longer needed to pump blood through a tiny opening in my 
stenotic valve. The opening was now bigger and apparently my heart was not strain-
ing as much. The physicians had not yet entered the room, and the technician’s and 
my eyes met in response to seeing the big piece of valve torn loose and hanging by a 
thread. She looked at me and said, “Oh, you’re in the right place.” That was some of 
my last recollections in the procedure room as the anesthesiologist had entered and 
was administering my anesthesia.

It’s amazing to me to think that a large replacement heart valve could be col-
lapsed down to the thickness of a lead pencil, be inserted into my heart through my 
groin artery, and then blown up to full size. The frame of the valve, or stent, is a 
metal mesh made from cobalt and chromium. It is strong yet flexible. The tissue in 
my replacement valve was bovine (i.e., made from tough pericardium tissue from 
a cow’s heart). The manufacturing of a bovine aortic replacement valve requires 
hundreds of stitches to form the leaflets of the replacement valve. The tissue is 
treated with a chemical that sterilizes the tissue, kills any live cells, and preserves the 
tissue for endurance purposes. It is treated with an anti-calcium building solution 
to reduce the chance of future stenosis. Finally, it is tested for quality assurance, 
because the leaflets will be opening and closing around 70 times a minute for many 
years to come.

The bovine valve is very different from using a pig (porcine) replacement heart 
valve. When using a pig valve, the entire valve is harvested and implanted as a whole 
valve. Some people argue about which is best, but the bottom line is that they are both 
good.

Everything went as planned during the procedure until my team implanted the 
valve into the heart. At that point, the metal frame of the valve bent around the calci-
fication in my heart and about half of my blood was leaking around the outside of the 
valve and then leaking back into my heart after every beat. My team was now finding 
out why they had been reluctant to perform the procedure. They were not sure what to 
do. I was alive, and if they did nothing more, I probably would live another 6 months 
to a year. However, I would most likely be wheelchair bound and have no energy for 
daily activities. If they tried further intervention, I could die on the procedure table, 
and they certainly did not want that. Also, they ruled out taking me to the operating 
room. My cardiologist remembered from our prior discussions that I had told him I 
did not want to live as an invalid. I had always been active, and I wanted to return to 
my normal active life.

Based on my previously stated wishes, they decided to insert a balloon catheter 
into the valve and try to force the frame into a normal straight shape. Apparently, 
the tension was palpable. Too much force and the heart could rupture, and I would 
be gone on the spot. Using a balloon catheter, they were able to expand the collapsed 
frame of the valve back into a straight alignment. There was no damage to my heart. 
The calcification had been pressed out of the way. Some blood leakage existed, but it 
was minimal. They abandoned any plans they might have had of expanding the valve 
to minimize any leakage around the outside of the frame. It was working, and they 
decided to leave well enough alone. Using a smaller valve turned out to be fortuitous. 
Later, my cardiologist told me I was very lucky. There was a lot happening during the 
procedure that could have gone wrong but did not. I went home a new person the next 
day following the procedure.
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7. COVID-19

Despite all my precautions, I contracted COVID-19 just short of 2 years follow-
ing TAVR. At first, I was not too sick, but after day four I did not feel at all well for 
another week. I tested positive for 12 days. My general practitioner (GP) felt it was 
not necessary for me to be treated with antiviral medication. In hindsight, antiviral 
medication might have both speeded and eased my recovery. I had received all the 
recommended vaccines and boosters, and that no doubt helped me avoid serious 
illness of hospitalization. My cardiologist told me the replacement valve was likely 
important to my being able to fight the virus. My biggest complaint post-Covid-19 has 
been a loss of energy, but my energy level finally began returning to normal about 5 
months since I stopped testing positive for COVID-19.

8. Conclusion: life after a TAVR replacement aortic heart valve

I visit my pacemaker physician every 4 months. I am told that of all his patients, I 
have been living the longest with a pacemaker – almost 40 years. Unfortunately, his 
next patient living the longest with a pacemaker is a 42-year-old man who received his 
first pacer when he was 6 years old. I say unfortunately, because it makes me feel very 
lucky to not need my first pacer until I was 44 years old.

I am now in my third year following TAVR. I would describe my life as normal, or like 
it was before I became symptomatic with heart issues. In fact, if anything, I have a little 
more energy now with less discomfort when I exercise. I walk twice a day (about two miles 
total). I have been able to vacation on the Central Coast of California for up to a month at 
a time. This is my favorite vacation. I do not feel that the money spent on my procedure 
was wasted nor do I feel guilty about the cost of the valve and implantation procedure that 
was fully covered by my insurance (i.e., in the neighborhood of $150 K). I fully realize that 
life is uncertain and that I was lucky. However, I give thanks every day for the skill of my 
medical team and their staff and for the extra days (now years) I have been given.

I received my TAVR 50 years after Paul Dudley White said I might surprise the 
cardiologists in the room who wanted to operate, and that he could not recommend 
me for valve replacement at that time. I thank Dr. White for his clinical expertise and 
experience. I sincerely hope that hearing my version of my heart valve experience will 
aid and be of comfort to other patients and physicians in the future.

© 2023 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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