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ABSTRACT 

Introduction 

Balloon aortic valvuloplasty (BAV) has been used in clinical practice for over 30 years, 

with little standardisation of the procedure despite a renaissance in interest since the 

introduction of transcatheter aortic valve implantation (TAVI). We investigated the BAV 

procedure firstly to characterise the stroke risk with a focus on repeated balloon 

inflations. Secondly, we investigated the effect of serial balloon inflations on 

improvement of valve function during BAV procedures. Finally we investigated the 

inflation characteristics of valvuloplasty balloons commonly used today.  

Methods 

Transcranial doppler (TCD) was used to detect high intensity transient signals (HITS) at 

each stage of a BAV procedure as a marker of stroke risk in 38 patients undergoing BAV 

during TAVI procedures. A further 17 patients undergoing BAV as a standalone 

procedure had monitoring of intraprocedural haemodynamics to assess the effect of 

serial balloon inflations on valve function and calculated valve area. Finally a bespoke 

bright field microscopy optical measuring set up was devised to accurately measure 

valvuloplasty balloon diameter as a function of inflation pressure.  

Results 

HITS were detected at every stage during valvuloplasty procedures, peaking during 

balloon inflation and wire exchange into the left ventricle. The number of HITS 

associated with balloon inflations decreased with each serial inflation of the 

valvuloplasty balloon. There was no association of HITS with the degree of aortic valve 

calcification. Aortic valve area and transvalvular gradient improved with each 

satisfactory inflation of the balloon during BAV. Finally pressure vs diameter curves were 

generated for 3 commonly used valvuloplasty balloons demonstrating differing 

compliance and consistency in inflation size between serial inflations.  
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Conclusion 

This study demonstrates that there is a risk of embolic stroke at every stage of BAV 

procedures, but that a lower risk is present with each serial inflation should multiple 

inflations be performed during the procedure. We also demonstrate that despite 

adequate balloon inflations, serial inflations of the BAV balloon across the aortic valve 

improve valve gradient and valve area. Finally, the characteristics of valvuloplasty 

balloons have been demonstrated to aid balloon choice and sizing during BAV 

procedures.  

Taken together this study suggests that a strategy of multiple balloon inflations should 

be used to maximise the impact of the procedure, and that this can be achieved without 

an unacceptable exposure to greater risk of stroke.  
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1 INTRODUCTION 

1.1 Introduction 

Aortic stenosis (AS) is the commonest valvular pathology requiring treatment and 

intervention in Europe, and its incidence and importance will increase due to the aging 

population(1). Prevalence increases with age, with estimates from studies 

demonstrating prevalence of up to 9.8% in patients in their 9th decade of life, increasing 

steadily from 0.2% in those aged 50-59(2). Aortic stenosis is progressive and potentially 

fatal, with worsening symptoms developing as the condition worsens. Symptoms can be 

debilitating and necessitate intervention both for prognostic and symptomatic 

improvement (figure 1.1).  

 

 

Figure 1.1. Average course of untreated aortic stenosis reported by Ross and 
Braunwald in 1968. The onset of symptoms predicts average survival. (Adapted from 

Braunwald(3)) 

 

The underlying aetiology and pathology of senile, degenerative aortic stenosis is an 

active inflammatory process akin to atherosclerotic vascular disease that creates fibrotic 
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damage to the valve leaflets restricting their mobility. Other aetiology of a stenotic 

aortic valve includes congenital abnormalities and rheumatic heart disease.  

There is no medical therapy to either prevent, slow progression, or improve the function 

of a stenosed aortic valve. Established treatments involve replacing the valve either via 

conventional surgical techniques or more recently replacing the valve via the 

percutaneous route. These treatments are not suitable for all patients, either due to 

technical difficulties in performing them or in unacceptable risks of complications. There 

are additionally a group of, usually frailer patients, who may have comorbidities limiting 

their life expectancy other than severe aortic stenosis who would not receive adequate 

benefit from these highly invasive interventions.  

The technique of balloon aortic valvuloplasty (BAV) has been in clinical practice for 30 

years and has changed little in that time. It has never been demonstrated to improve 

survival over standard therapy but is well known to improve symptoms. Over recent 

years with the advent of transcatheter treatments for aortic stenosis, interest in balloon 

valvuloplasty has reignited and although this has led to an increase in research 

publications little has advanced the techniques involved. There is no standardised 

technique for the procedure, and subtle variations exist between operators. Herein the 

role of valvuloplasty can be finessed to improve the performance of the procedure and 

minimise risks.  

Through this work a number of considerations in the use of BAV are investigated: 

• the risk of stroke associated with balloon valvuloplasty 

• the technique of balloon inflation  

• technical aspects of balloon performance are measured by bench testing. 

These investigated carry the overall aim of revisiting this established procedure and how 

it can be perfected in the modern era.  
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1.2 Pathology of Aortic Stenosis 

 

1.2.1 Calcific degenerative aortic stenosis 

The historical interpretation of the pathophysiology of degenerative AS was of a passive 

process involving a “wear and tear” phenomenon during which time the valve becomes 

progressively more inflexible due to calcium accumulation and fibrosis of valve leaflets. 

More recent investigations, however, have found it to be a more active and more 

complex process with features in keeping with other atherosclerotic processes. The 

underlying process changes the normal tricuspid aortic valve from a soft and flexible 

structure into one with leaflets that are stiff, calcified, thickened, and thus do not open 

and cause progressive obstruction to blood flow through it.  

The process has been explored following initial observations that similar risk factors 

were associated with aortic sclerosis and stenosis as were seen in patients with 

atherosclerotic disease (4). These risk factors include smoking, hypertension, 

dyslipidaemia, diabetes, and the metabolic syndrome. Furthermore, studies of offspring 

from the original Framingham study showed an increase in these risk factors amongst 

patients with aortic stenosis (and other calcific valvular heart disease) in addition to 

elevated markers of inflammation in these subjects (5).    

It has been proposed that the pathology of calcific aortic stenosis be split into two 

phases in order to appreciate the underlying processes, the first “initiation” phases 

followed by the “propagation” phase (6). The first step in the process is endothelial 

damage to the valve, in much the same way as this allows the propagation of 

atherosclerosis. The mechanical stress imposed on the aortic valve causes the initial 

injury, exemplified by the case of bicuspid aortic valves which inevitably develop aortic 

stenosis due to different flow and mechanical forces acting on the abnormal valve, as 

discussed later.  
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Figure 1.2. Proposed pathophysiology of aortic stenosis adapted from Pawade et al (6), 
top panel represents the initiation phase before the propagation phase begins in lower 

panel. 

 

Damage and injury to the valve allows influx of lipids (including lipoprotein(a) and low 

density cholesterol) that is common to other atherosclerotic processes. As injury 

continues, lipid oxidation begins an inflammatory process that includes influx of 

macrophages, T lymphocytes and mast cells(7). Then follows the formation of areas of 

microcalcification related to areas of cell death, in turn creating sites for further 

calcification and more inflammation beginning a self-perpetuating loop continuing the 

process of progressive inflammation driven calcification. Other findings in this early 

stage of valve stenosis include tissue expression of angiotensin converting enzyme(8), 

increase in adhesion molecules(9), and the presence of inflammatory mediators(10). 
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Following this early phase of inflammation and the beginnings of the stenotic process, 

there starts a process of propagation whereby progressive calcification of the valve 

causes it to stiffen and ultimately stenose (6). In contrast to the initiation phase this later 

process is driven by extensive calcification and active bone formation in advanced valve 

disease(11). The presence of osteoblast-like cells within the valve architecture facilitate 

this and encourage progressive stiffening of valve leaflets to the point of obstruction.  

Overall this process replaces the native valve tissue morphology with that of thickened 

and calcified tissue preventing free opening of the valve and causing stenosis.  

Genetic factors in addition to conventional atherosclerotic risk factors have also been 

demonstrated to be associated with calcific aortic stenosis. Mutations in the 

transcription regulator NOTCH1, for example, are associated with congenital valve 

defects (see later) but also with calcification of the aortic valve in non-syndromic 

subjects (12). It has also been shown that there are familial clusters of calcific aortic 

valve disease, such as in one study in France demonstrating families with higher 

incidence of the disease without a specific genetic defect known (13). Further specific 

mutations have also been demonstrated, such as a mutation in the gene encoding 

lipoprotein(a), demonstrating an association with aortic valve calcification that was 

consistent amongst a variety of ethnic groups(14). Additionally, patients with familial 

hypercholesterolaemia demonstrate early aortic valve calcification and subsequent 

clinical aortic stenosis (15).  

Calcific aortic stenosis can therefore be thought of as an active inflammatory process 

that begins with endothelial damage, and through an initiation phase of inflammation 

akin to atherosclerosis in other tissues and a subsequent propagation phase of 

calcification causes the valve morphology to thicken and stiffen, leading to subsequent 

stenosis and restriction to flow.  
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1.2.2 Congenital including bicuspid valve  

The above discussion regards calcific degenerative aortic stenosis in morphologically 

normal trileaflet aortic valves, however there are important congenital valvular defects 

that cause or predispose to aortic stenosis.  

The commonest congenital cardiac abnormality is the presence of a bicuspid aortic 

valve, with a prevalence of between 0.5 and 2 %(16). This abnormality may occur in 

isolation, but it also associated with aortopathy syndromes and dilatation of the aorta 

in around 50% of patients, regardless of the functional features and competence of the 

valve(17). The usual morphology of the valve is altered such that usually a commissure 

between cusps is fused, thus producing a valve that is asymmetrical with one larger 

leaflet and one smaller leaflet (figure 1.3). This has consequences for flow dynamics 

across the valve and can lead to both incompetence and stenosis.  

 

The development of aortic stenosis in bicuspid valves is due to calcification in a similar 

process to that seen in trileaflet valves as described above, with accelerated 

degeneration and calcification due to altered valve physiology and haemodynamics(18). 

Figure 1.3. Illustration of a bicuspid aortic valve. Adapted from 
Siu et al (16) 



 20 

Up to 50% of patients who require aortic valve replacement in some series may have 

bicuspid valves congenitally, although the proportion of patients with bicuspid valves 

decreases compared to tricuspid valves as the age of patients undergoing aortic valve 

replacement increases(19). In one report of patients over the age of 80 undergoing 

aortic valve replacement the proportion of patients with a bicuspid valve was around 

one fifth(20), supporting the earlier presentation of patients with bicuspid valves with 

clinically significant aortic valve disease, and further studies of patients has similarly 

confirmed that patients with bicuspid valve disease require intervention for valve 

degeneration at younger ages to the general population(21).  

Clinically significant valvular aortic stenosis also occurs in children, with an incidence in 

one UK study suggesting an incidence of left ventricular outflow tract obstruction of 6.1 

per 10,000 live births, of which true valvular (as opposed to sub valvular or 

supravalvular) obstruction accounted for 71% of these cases(22). The commonest cause 

of congenital AS is a bicuspid valve, with rarer reports of unicuspid valves and 

hypoplastic aortic annulus occurring less frequently(23).   

1.2.3 Other Pathology 

Rheumatic heart disease is an important cause of cardiac valve pathology, particularly 

in the developing world where this inflammatory response as a complication to Group 

A streptococcal infection is more common. Aortic valve stenosis in patients with 

rheumatic valve disease rarely occurs in isolation and mitral valve disease (or both) is 

more common as a sequelae of rheumatic fever. The histological and structural changes 

in valves affected by rheumatic fever are different to those in degenerative calcific AS, 

with inflammatory fusion of valve leaflets a defining hallmark of this form of AS in 

conjunction with calcific changes in the leaflets(24). These valves also demonstrate 

inflammatory changes similar to those seen in calcific stenosis, but this is less significant 

towards overall changes than commissural fusion.  

Patients with end stage renal failure may also be at greater risk of developing significant 

aortic stenosis than those in the general population. Haemodialysis dependant patients 

develop calcific aortic stenosis at a younger age than their counterparts with normal 
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renal function, and once developed aortic stenosis the progression of obstruction is 

more rapid in these patients(25). Mechanisms are thought to involve altered 

metabolism of calcium and phosphate which may play a role in the rate at which the 

aortic valve becomes calcified and thus obstruction occurs.  

1.3 Epidemiology  

 

Aortic sclerosis, that is the initial stage of aortic valve thickening without significant flow 

obstruction (typically a transvalvular velocity of < 2 metres/sec), is seen frequently and 

increases with age. Approximately one quarter of people aged 65 – 74 will have aortic 

sclerosis, and that increases to nearly 50% in their mid-eighties(26).   

The prevalence increases with age, from approximately 0.2 % of the population aged 

under 60, to almost 10 % of the population aged over 80(2). As discussed earlier this 

usually occurs in the context of a morphologically normal valve, however patients at 

younger ages with significant aortic stenosis are more likely to have the common 

congenital abnormality of a bicuspid aortic valve.  

In the developing world the most common cause for aortic stenosis is rheumatic heart 

disease, where aortic stenosis usually accompanies other valve defects such as mitral 

valve disease caused by the same pathological process.  
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1.4 Clinical Features  

1.4.1 Symptoms 

The classical clinical triad in aortic stenosis is the development of heart failure, syncope, 

and chest pain. These features of disease all occur late in its progress, and as such at 

presentation patients may have other or more mild symptoms(27).  

The most common symptom at presentation is dyspnoea(26),  although this at first may 

be subtle and only present on exertion. Patients also often present with reduction in 

exercise tolerance. Rather than classical syncope patients may present with light 

headedness or dizzy symptoms on exertion, and many do present with exertional 

angina. AS is a progressive disease and as such there is usually a period during which the 

disease develops that the patient remains symptom free. 

Dyspnoea in aortic stenosis is common and is as a result of worsening diastolic 

performance of the left ventricle as the LV becomes hypertrophied to reduce wall stress 

(discussed later), and the inability of the left ventricle to increase cardiac output due to 

a fixed obstruction. Overt systolic LV impairment is not usually a feature at presentation, 

although some patients do present with severe LV systolic impairment as a consequence 

of untreated aortic stenosis.   

Syncope and dizzy symptoms (particularly on exertion) have been linked to a number of 

mechanisms that may explain this symptom and ultimately the lack of cerebral perfusion 

that is its cause. The most likely aetiology of these symptoms is hypotension on exertion 

due to vasodilatation and the inability of the heart with severe outflow obstruction to 

increase its cardiac output to compensate for a lack of a total peripheral resistance as 

the stenotic valve creates a scenario of fixed cardiac output(28). Other mechanisms may 

be due to left ventricular baroreceptor stimulation causing reflex hypotension and 

bradyarrhythmia(29).  

Chest pain on exertion (angina) can also be a complaint of patients with severe AS. As 

AS occurs as a result of a combined atherosclerotic and inflammatory process a number 

of these patients have co-existing coronary artery disease that can cause angina. 
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However, angina also occurs in patients with severe AS in the presence of normal 

coronary arteries and as such even when co-existing coronary artery disease is present 

the stenotic valve is undoubtedly playing a role. Angina in patients with normal arteries 

is ultimately due to a mismatch in myocardial oxygen demand and supply, and a number 

of hypotheses have been generated to explain this. These include increased LV mass 

that increases total oxygen demand for the heart, reduced coronary flow reserve, and 

elevated LV end diastolic pressure which reduces the perfusion gradient out of coronary 

arteries. Patients may also be tachycardic to sustain sufficient cardiac output and this 

results in reduced diastolic relaxation time which reduces the time for coronary 

perfusion(30). Chest pain in patients with severe AS is therefore a combination of 

multiple underlying phenomena leading to this symptom.  

1.4.2 Clinical Examination findings 

Clinical examination is key to establishing the diagnosis of severe aortic stenosis. Key 

findings on examination that suggest aortic stenosis are an ejection systolic murmur 

which peaks in mid to late systole, a quiet aortic component of the second heart sound, 

and a low volume pulse with a character that is said to be slow-rising(31).  

When the aortic valve stiffens due to calcification its excursion reduces, thus reducing 

the available orifice area for blood to pass through. A murmur is generated that is 

present during systole of the cardiac cycle. It is heard best over the right parasternal 

region in the area of the 2nd or 3rd intercostal space and is often transmitted to the 

carotid arteries. A loud murmur may indicate severe stenosis (due to increased velocity 

of blood causing an increasing murmur), however in severe aortic stenosis as blood flow 

becomes more restricted and cardiac output reduces the murmur often becomes 

quieter.  

On cardiac auscultation the second heart sound is comprised of a pulmonic and aortic 

component in keeping with closure of these valves at the end of systole, with the 

pulmonary valve closing later in normal health. As the aortic valve becomes stiffer its 

closure is first delayed, and can occur simultaneously with the pulmonic component, 
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before the aortic closure sound is lost completely as the valve becomes more immobile. 

The first heart sound is usually unchanged.  

A slow rising and low volume pulse is often felt in AS. The carotid pulsation rises slowly 

as blood is obstructed leaving the heart and is reduced in volume as the pulse pressure 

is narrowed. At the apex of the heart the apex beat is often prolonged.  

1.5 Investigations for aortic stenosis 

 

Patients presenting with symptoms and signs attributable to AS require investigation. 

Symptoms are not always present, however, and some patients have early stages of 

aortic stenosis detected incidentally while investigated for other pathology. The initial 

and most important assessment tool is by echocardiography, with other investigative 

modalities used but of less importance. Much of the diagnostic approach to aortic 

stenosis is discussed in relevant European and American cardiology guidelines(32,33). 

Investigations allow the severity of aortic stenosis to be assessed accurately and thus 

identify patients with severe aortic stenosis who require treatment.  

1.5.1 Echocardiography 

Echocardiography is the mainstay of investigation for aortic stenosis, transthoracic 

echocardiography is recommended and transoesophageal echocardiography is rarely 

necessary for assessment of aortic stenosis. Echocardiography allows assessment of 

cardiac structure, valve structure, valve haemodynamics, consequences of any valve 

dysfunction, left ventricular performance, and any other valvular pathology. 

The aortic valve in patients with aortic stenosis will usually appear thickened and 

calcified, with multiple views confirming restricted movement of valve leaflets (figure 

1.4). It is also possible to delineate the anatomy of the valve and ascertain whether the 

valve is anatomically tri- or bicuspid (or in exceedingly rare cases uni- or quadricuspid). 

Aortic regurgitation often accompanies severe aortic stenosis, and similarly its severity 

can also be assessed.  
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Echocardiography with Doppler assessment allows evaluation of the flow velocity 

through the stenosed valve, giving the estimated left-ventricular to aortic gradient, and 

using flow velocity through the valve and the left ventricular outflow tract it is possible 

to calculate the valve area (AVA) using the continuity equation (see Chapter 2.2.4: 

Methods, echocardiographic assessment). 

Left ventricular assessment is also important. The left ventricle is often normal in size 

(assessed by internal diameter and end diastolic volume), however concentric 

hypertrophy develops to overcome the obstruction to flow. This is reflected in increased 

wall thickness and also leads to a reduction in longitudinal strain. Diastolic impairment 

of LV function often develops with the hypertrophied ventricle and can also be noted on 

echocardiography.  

Classification of severity of aortic stenosis is discussed below (1.6 Classification of AS).  

 

 

Figure 1.4. Echocardiographic images obtained in a patient with severe AS. A – 
Parasternal long axis view of the aortic valve in systole demonstrating restricted 
leaflet opening and calcification of the leaflets. B – Parasternal short axis view in 
systole demonstrating restricted leaflet movement and calcification. C – stand-

alone continuous wave doppler of flow through the aortic valve, demonstrating a 
peak velocity of over 4 m/s. 
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1.5.2 Invasive assessment 

 

Assessment of invasive haemodynamics was previously performed routinely before the 

validation of Doppler echocardiography for assessing the severity of aortic stenosis. As 

a diagnostic tool it is no longer routinely recommended, except in cases where there are 

inconclusive non-invasive investigations(33).   

Retrograde left ventricular and aortic catheterisation allows pressure to be measured 

within the LV and aorta in order to accurately determine the pressure gradients and 

relationships. This can be performed simultaneously to assess peak to peak gradient, 

peak instantaneous gradients, and mean pressure gradients across the aortic valve. 

Valve area can be derived from these calculations. Left heart catheterisation also rules 

in or out the presence of concomitant coronary artery disease.  

Invasive techniques for assessing aortic stenosis is described in Chapter 2 (2.2.5 Invasive 

assessment of aortic valve area).  

1.5.3 Cross sectional imaging 

Multislice computed tomography (CT) has become more important in the evaluation of 

patients with severe or presumed severe AS since the introduction of TAVI (figure 1.5). 

It is not employed for the routine assessment of aortic stenosis, however there is 

evidence that the degree of valve calcification relates to severity of obstruction which 

can be helpful particularly in evaluating patients with poor LV function(34). European 

guidelines have more recently suggested calcium scoring to help in the determination 

of AS severity (table 1.1). This includes both AS with normal LV systolic function and in 

patients with poor LV systolic function that might lead to low measured gradients but 

the presence of severe aortic stenosis(33). There is also evidence that the level of aortic 

valve calcification on CT correlates to prognosis of patients and so may provide a useful 

tool for risk stratification in patients with severe AS(35).  



 27 

The Agatston score is used to report the amount of calcification, and is a calculated value 

based on the weighted density of calcification (seen on CT) multiplied by the volume of 

the calcified region.  

 

Calcium score by CT 

 Female Male 
Severe AS unlikely <800 <1600 

Severe AS likely 1200 2000 

Severe AS very likely 1600 3000 

Table 1.1. Calcium scores (Agatston score) suggesting the presence of significant AS in 
patients with low flow low gradient aortic stenosis (adapted from Baumgartner et al 

(32)) 

 

In work up for treatment of aortic stenosis CT is important in assessing suitability for 

transcatheter valve interventions. It allows the distribution of calcium to be assessed, 

accurate annular measurements to be made, assessment of coronary artery location, 

and to assess feasibility of various arterial access options(33).   

In the assessment of suitability for TAVI, CT is advantageous over MRI, and although MRI 

is able to assess valve stenosis it is not routinely performed for diagnosis of AS. MRI may 

be used in the assessment of a patient for identification of myocardial fibrosis, which 

impacts on prognosis regardless of AS severity and any planned intervention(33).   
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1.5.4 Stress testing 

 

Exercise treadmill testing may be used to expose symptoms in severe AS in patients who 

may be asymptomatic and can also be used for risk stratification. Similarly exercise 

echocardiography can also be used to assess valve compliance and investigate change 

in valve area, LV function, and pulmonary pressures during exercise in asymptomatic 

patients.  

Dobutamine stress echocardiography is useful in the setting of patients with low flow, 

low gradient aortic stenosis with a reduced ejection fraction (see 1.6). It is possible in 

the setting of patients with reduced left ventricular ejection fractions to differentiate 

between true fixed severe aortic stenosis and those in whom the calculated aortic valve 

area will increase with recruitment of left ventricular function. Typically patients with 

true-severe AS will demonstrate increasing transvalvular gradient with increasing flow 

in response to dobutamine stress, whereas those without severe AS will not show 

increasing gradients with increasing flow and thus have increased calculated valve area. 

Figure 1.5. CT imaging of the aortic valve in a patient with severe aortic stenosis. 
The en face view in the left panel demonstrates heavy calcification of all three 

leaflets. The longitudinal view in the right panel demonstrates assessment of the 
right coronary ostial height in TAVI planning. 
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It is also useful to assess whether patients have contractile reserve in the case of low 

ejection fraction as this has a bearing on prognosis(36).  

1.5.5 Biomarkers 

It has been suggested that as many patients with aortic stenosis are asymptomatic, 

there may be a role for biomarkers in risk stratification and monitoring of patients 

identified with asymptomatic AS. BNP is one such biomarker that has been explored(37). 

In one study BNP as a ratio to normal for age and sex adjusted population was used to 

risk stratify patients, and found that increased BNP in this context was a predictor of 

prognosis in patients with or without symptoms (38). There may therefore be a role in 

the future for assessment of BNP in patients with AS to guide intervention and aid 

monitoring.  

There are no established biomarkers specific for AS, however, and so there is no current 

role for routine biomarker testing or monitoring in the diagnosis or treatment of these 

patients.  

 

 

1.6 Classification of aortic stenosis 

 

It is important to assess the severity of aortic stenosis as intervention is warranted in 

symptomatic patients with severe aortic stenosis and consensus is required to ensure 

equitable treatment between patients. To this end both the European Society of 

Cardiology and American Heart Association recommend echocardiography as the 

diagnostic standard for assessing severity of AS (32,33).   

European guidelines consider aortic valve area (AVA) to be theoretically the best 

measurement to identify severity, however a number of other parameters need to be 

considered. This is due to the presence of occasionally conflicting information obtained 

on investigation in the settings of, for example, altered left ventricular systolic 
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performance. Usual methods of calculating AVA, however, such as by the continuity 

equation are open to potential errors as they rely  on measured LVOT diameter that is a 

2D measurement of a 3D structure and assumed to be uniform in shape and is open to 

operator error. Although generally an AVA of < 1.0 cm2 is indicative of severe AS, 

differences in other parameters mean that this definition must be finessed, and this 

leads to the categorisation by the ESC of aortic stenosis into four groups (33): 

1) “High-gradient aortic stenosis.” In the presence of a calculated valve area of less 

than 1 cm2 and a mean gradient of greater than 40 mmHg, severe aortic stenosis 

is present.  

2) “Low-flow, low gradient aortic stenosis with reduced ejection.” This occurs in the 

context of a calculated AVA or < 1 cm2 in the presence of a mean gradient of less 

than 40 mmHg, an ejection fraction of <50%, and a stroke volume index of less 

than or equal to 35 ml/m2. In this group of patients a dobutamine stress echo is 

recommended to exclude valve area improving to more than 1 cm2 when flow 

across the valve is increased with the aid of dobutamine.  

3) “Low-flow, low-gradient aortic stenosis with preserved ejection fraction.” This 

category of aortic stenosis occurs when despite a low valve area there is a mean 

gradient of <40 mmHg in the setting of a normal LV ejection fraction. These 

patients, who are invariably more elderly, require further investigation to 

complete the diagnosis. This may include alternative echo measurements to 

ensure accuracy, or the use of multislice CT as discussed earlier.  

4) “Normal-flow, low-gradient aortic stenosis with preserved ejection fraction.” 

Patients in this category invariably will have no more than moderate aortic 

stenosis despite a calculated valve area of <1 cm2 in the presence of a gradient 

of less than 40 mmHg. Key to excluding severe AS is the normal stroke volume 

index found on echocardiography in these patients.  

The American College of Cardiology and the American Heart Association define 

progressive stages of AS in a stepwise fashion of progression to severe AS, taking into 
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account the anatomy of the aortic valve, haemodynamics of flow across the valve, the 

consequences on cardiac haemodynamics, and symptoms(32):  

A) Stage A is defined as “at risk of AS.” Characterised by sclerosis of the AV or 

bicuspid anatomy, transvalvular peak velocity of < 2 m/s, causing no symptoms 

or haemodynamic consequence.  

B) Stage B is defined as “Progressive AS.” Characterised by early calcification of a 

bicuspid valve, reduction in systolic motion of a tricuspid valve, or the presence 

of commissural fusion in rheumatic disease. Haemodynamically Mild AS in this 

category has a peak velocity of 2 – 2.9 m/s or a mean pressure gradient of < 20 

mmHg; moderate AS has a peak velocity of 3 – 3.9 m/s or a mean gradient of 20 

– 39 mmHg. Patients are asymptomatic but early LV diastolic dysfunction may be 

seen with normal LV systolic function.  

C) Stage C1 is defined as “asymptomatic severe AS.” Characterised by severe leaflet 

calcification morphologically, with AV peak velocity > 4 m/s, mean pressure 

gradient  40 mmHg, and typically AVA of < 1 cm2. LV diastolic dysfunction is 

present with mild LV hypertrophy and normal LV systolic ejection fraction. 

Patients are asymptomatic.  

Stage C2 is defined as “asymptomatic AS with LV dysfunction.” Patients are 

asymptomatic with the same haemodynamic parameters as stage C1, with the 

exception of a reduced LV ejection fraction of < 50%.  

D) Stage D1 is defined as “symptomatic severe high-gradient AS.” The valve 

anatomy shows severe leaflet calcification and severely reduced opening. 

Haemodynamic variables across the valve are as for stage C. There is diastolic 

dysfunction present in the LV, LV hypertrophy, and they may have pulmonary 

hypertension. The patient has symptoms attributable to aortic stenosis.  

Stage D2 is defined “symptomatic severe low-flow/low-gradient AS with reduced LV 

ejection fraction.” These patients have an AVA < 1 cm2 but with resting peak velocity of 

< 4 m/s and a mean gradient of < 40 mmHg. On dobutamine stress echocardiography 
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the peak velocity increases to  4 m/s while the AVA remains < 1 cm2. LV diastolic 

function is impaired in addition to LV ejection fraction <50% with LV hypertrophy. The 

patient is symptomatic.  

Stage D3 is defined “symptomatic severe low-gradient AS with normal LVEF or 

paradoxical low-flow severe AS.” Resting valve haemodynamics are the same as for D2, 

however the LV ejection fraction is normal and the stroke volume index on echo is low 

at <35 mL/m2.  

In UK practice we use the ESC definitions for aortic stenosis severity assessment, and 

therefore would consider aortic stenosis to be severe when the valve area reaches 

below 1 cm2, helped by other variables including peak velocity of greater then 4 m/s, 

and a mean gradient of greater than 40 mmHg where LV systolic function is normal.  

 

 

1.7 Clinical Consequences of aortic stenosis 

 

1.1.1 Progression of obstruction 

Aortic stenosis is a progressive disease, with progression of obstruction as the disease 

process continues to reduce valve area. Patients will, as above, pass through an 

asymptomatic phase during the initiation of inflammation and thickening prior to the 

valve becoming severely stenosed and symptoms developing.  

One series of 170 patients with paired echocardiograms (mean 23 months apart) 

attempted to quantify the rate of progression of aortic stenosis(39). They estimated that 

valve area reduced by 0.10 (+/-0.27) cm2 per annum, equating to a percentage change 

of 7%. The change was more rapid in patients with smaller valve area at enrolment, 

higher gradient across the valve, higher LV outflow tract velocity, and LV end diastolic 

diameter. Progression was found to be more rapid in patient with significantly raised 

creatinine and higher levels of serum calcium.  
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A separate report of 176 patients with similarly paired echocardiograms (although 

further apart at a mean of 48 months) found that heavier calcification of the aortic valve 

at enrolment led to more rapid progression of valve obstruction(40). This study from 

Europe focused on rate of change of velocity across the aortic valve area showing an 

increase in peak velocity across the aortic valve of 0.24 m/s/year. In addition to aortic 

valve calcification being a risk factor for more rapid progression, it was also seen to 

progress more rapidly in patients with coronary artery disease and those older than 50 

years.  

 

1.7.1 LV remodelling and pathophysiology of aortic stenosis progression 

Left ventricular remodelling, diastolic dysfunction and eventual systolic dyfunction is 

inevitable as the left ventricle adapts to overcome obstruction to flow and pressure 

overload within it, by increasing LV mass(41).   

Once obstruction occurs at the level of the aortic valve intraventricular pressure 

increases, with reduced LV compliance and higher LV end disastolic pressure. Systolic 

pressure therefore also increases to maintain stroke volume  As cardiomyocytes are 

terminally differentiated after birth this growth process must therefore rely on 

hypertrophy of existing cells rather than hyperplasia and growth of additional 

cardiomyocytes. To this end, sarcomere units are upregulated to increase contractile 

force and increase cell size(41), with the aim of normalising stress and improving LV 

systolic performance in the face of increasing pressure. In addition to the increase in 

cellular performance and size, interstitial changes are required in supporting connective 

tissue and vascular structures to support increased demand.  

LV architecture changes and hypertrophy in patients with AS is influenced by the 

severity of AS (and thus the extent of obstruction and pressure overload), and also by 

other patient factors including age, sex, and the presence or absence of concurrent 

coronary artery disease or hypertension(27). Hypertrophy can progress in different 

patterns, leading to concentric or eccentric hypertrophy. Eccentric hypertrophy is more 
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common in men, and concentric hypertrophy in the presence of AS may lead to worse 

myocardial function and adverse outcomes compared to a normal ventricle.  

Patients with AS develop a reduction in coronary flow reserve due to two factors of 

reduced vessel density in hypertrophied tissue and increased transmural pressure(42). 

This is key to developing angina symptoms in aortic stenosis, even in the presence of 

angiographically normal epicardial coronary arteries. The reduction in coronary flow 

reserve is particularly important during exercise where the heart can no longer increase 

flow to the myocardium to meet oxygen demand. Furthermore, if repeated ischaemia 

occurs this can lead to cardiomyocyte death and the development of fibrosis thus 

worsening LV performance even further. Improvement in angina is often seen after 

treatment of aortic stenosis with valve replacement(43).   

In addition to systolic impairment of LV performance in AS that is often late in the 

disease process, diastolic dysfunction occurs almost universally in all patients. The ability 

of the heart to overcome pressure overload by hypertrophy leads to impairment of 

relaxation of the ventricle and subsequently increases LV filling pressures and can lead 

to pulmonary hypertension and worsening breathlessness.  

 

1.7.2 Outcomes and prognosis of untreated aortic stenosis 

Prognosis in patients with asymptomatic AS is generally good, although once symptoms 

develop the prognosis of patients with symptomatic severe aortic stenosis is poor 

without definitive treatment (either by surgical valve replacement or TAVI).   

It is commonly assumed that survival after the onset of symptoms hovers around a 

median of around 2.5 years (figure 1.1), but more contemporary data from the PARTNER 

trial comparing TAVI vs medical therapy in inoperable patients with severe AS, the 

mortality at one year for patients treated with standard therapy was over 50% (despite 

many receiving BAV)(44). In a separate analysis of the natural course of AS patients had 

very poor survival of between 0.5 to 2.8 years after the onset of heart failure in the 

context of severe AS(45). 
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1.8 Treatment Options 

1.8.1 Medical therapy 

There have been multiple investigations into medical therapy options for patients with 

aortic stenosis, such as into potential benefits of statins, antihypertensive treatment, 

and phosphate and calcium metabolism modifiers, but no drug treatment has been 

shown to improve prognosis in AS or to slow progression of deterioration(46).  

Despite this, in cases where LV dysfunction occurs this should be managed using 

evidence-based drug therapy in the appropriate way, such as ACE inhibition and beta-

blockade for LV dysfunction. Historically there has been reluctance to instigate or 

continue ACE inhibitors or angiotensin 2 receptor blockers in patients with AS, based on 

an assumption that reducing after load would contribute to significant hypotension and 

cause acute decompensation. This phenomenon is unproven and ACE inhibitors seem 

safe and may even be beneficial for patients with severe AS, particularly with LV systolic 

dysfunction(47). This is in addition to managing risk factors for atherosclerotic disease 

that may contribute to coronary artery disease and thus add to any symptoms present 

from AS.  

1.8.2 Considerations for surgical intervention 

Surgical aortic valve replacement (sAVR) has been the mainstay of treatment for aortic 

stenosis over the last 60 years, and until the advent of TAVI the only definitive procedure 

for AS.  

Underlying the decision for surgical aortic valve replacement is the assessment of 

surgical risk and the likelihood, therefore, of a successful outcome. Contemporary 

guidelines are clear that in patients with low surgical risk and no other contraindications 

to surgery, surgical valve replacement is the treatment of choice (except in patients who 

might be eligible for trials comparing TAVI and sAVR, or with a specific contraindication 

to surgery).  
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In patients judged to be at intermediate surgical risk, the potential risks and benefits 

from sAVR and TAVI should be weighted up by a multidisciplinary team in order to 

determine the likely best treatment.  

Patients at high surgical risk are judged to be more suitable for TAVI in modern 

guidelines, where outcomes are better for TAVI (33)  

Surgical risk is assessed using validated risk assessment scores, most commonly 

Euroscore 2 or STS scores (48,49). These scores are comprised of multiple variables 

including pre-morbid state, age, sex, previous surgery, renal function, and diabetes, 

amongst others. There are other contraindications to surgical treatment not covered by 

risk assessment scores. Common examples of contraindications are the presence of a 

heavily calcified aorta (so called “porcelain aorta”), a hostile chest (such as in previous 

radiotherapy that may make dissection difficult), frailty, liver disease, severe right heart 

dysfunction, or dementia. 

When considering sAVR a decision is made between implantation of an allograft, tissue 

prosthetic valve, or mechanical valve. The ratio of tissue valves to mechanical valves has 

increased over recent years, although there are roles for both devices. Bioprosthetic 

tissue valves are less durable than mechanical equivalents (with life expectancies of 10-

15 years) but negate the requirement for anticoagulation. Mechanical valves may be 

favoured in young patients, where there is no contraindication to systemic 

anticoagulation with a vitamin K antagonist, or where there is a high risk for future 

reintervention. Tissue valves are favoured where anticoagulation is contraindicated, in 

older patients who may not have a life expectancy above that of a tissue valve, or where 

previous complications such as thrombosis have complicated a mechanical prosthesis. 

Since the advent of TAVI as an option for failing bioprostheses, the risks of 

reintervention using transcatheter valves is much less than for re-operation, therefore 

bioprosthetic valves are being considered in younger patients than those in whom they 

may have been used previously.  
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1.8.3 Transcatheter aortic valve implantation 

TAVI has become the standard definitive therapy for patients with severe symptomatic 

AS that are at high surgical risk and is also recommended to be considered versus sAVR 

for patients at intermediate surgical risk (33). It is becoming ever more popular as a 

treatment for AS.  

Whilst TAVI may be performed in patients at high surgical risk, there remain a number 

of contraindications for the procedure. These include factors such as life expectancy 

being short due to other co-morbidities, severe frailty, or co-morbidities that mean 

improvement is unlikely despite having TAVI. Annular size must also be taken into 

consideration as extremely small or extremely large annular sizes may not be treated by 

current commercially available transcatheter heart valves (THV). Patients with active 

endocarditis are also usually excluded from treatment with TAVI, and consideration of 

coronary ostial position and the subsequent risk of obstruction needs to be considered 

as a relative contraindication if coronary obstruction is a likely complication.  

A number of studies have compared TAVI treatment with medical therapy or versus 

surgical valve replacement. The evidence for TAVI over medical therapy (including BAV 

where appropriate) was proven in one group of the PARTNER trial of a balloon 

expandable valve versus medical treatment(50). Patients in the TAVI arm had better 

outcomes for mortality, and cardiac symptoms at 1 year (30.7% TAVI mortality versus 

50.7% in standard treatment arm). These advantages of TAVI were seen at longer follow 

up in the same cohort, demonstrating durability of TAVI as a treatment option(51).  

TAVI was at the time also compared to surgical aortic valve replacement by the same 

investigators(52). Mortality in the two groups was similar with no significant changes up 

to 5 years follow up(53). There were, however, more strokes and transient ischaemic 

attacks at 30 day follow up, but no significant difference at 5 year follow up. While TAVI 

was associated with a greater number of vascular complications than sAVR, there was 

significantly more major bleeding in the sAVR arm.  

In a different study comparing a self-expanding TAVI prosthesis versus sAVR in high risk 

patients(54), mortality was lower in the TAVI group at one and two years (14% at one 
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year in TAVI group vs 19.1% in sAVR group) and there was lower risk of death or major 

stroke at one year in the TAVI group (16% vs 23%). Again, vascular complications were 

more frequent in the TAVI group compared to sAVR, but there were more major 

bleeding events and higher rates of new AF after sAVR.  

Whilst evidence for TAVI was established for patients at high surgical risk further studies 

then provided evidence of non-inferiority of TAVI for patients deemed at intermediate 

surgical risk. SURTAVI compared a self-expanding THV to sAVR and demonstrated that 

although adverse events differed between each group, there was overall non-inferiority 

to TAVI in their intermediate risk cohort(55). PARTNER 2, a trial of balloon expandable 

THV versus sAVR, also reported no difference in outcomes between groups in the 

primary outcome of death or disabling stroke(56).   

More recently evidence has been published comparing TAVI to sAVR in low risk surgical 

patients. In a trial comparing a self-expanding valve to surgical valve replacement in low 

risk patients there was no difference in the end point of death or disabling stroke at 24 

month follow up (57). In the PARTNER 3 trial comparing a balloon expandable THV 

versus sAVR in low risk patients, the end point of death, stroke, or rehospitalisation was 

lower in patients receiving TAVI at 12 months (58).  

There are a number of different THV available or in development and are generally 

distinguished into either balloon-expandable or self-expanding, with a range of sizes 

available in each valve type to treat a range of annular sizes. Whilst most patients are 

suitable for a number of different devices, some factors may lead to selection of a 

particular valve type. For example, in patients with a high risk of annular rupture (such 

as in cases with high levels of calcification at the aortic annulus), a self-expanding valve 

may be preferred to try and minimise this risk. Some THV available are re-capturable 

during deployment, and so may be preferred if coronary ostial obstruction is considered 

a risk during the procedure as they are able to be repositioned. THV are also used for 

treating stenosed or regurgitant bioprostheses, and in this scenario a THV with a supra-

annular valve position may be chosen to allow maximisation of effective valve area. 

Finally, if calcification is seen on imaging to extend into the LV outflow tract, a valve with 

an external sealing “skirt” might be preferred to minimise the risk of paravalvular leak.  
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BAV is often performed during a TAVI procedure, particularly if a self-expanding THV is 

being used, to prepare the valve for implantation of the THV and to attempt to get the 

best result.  

  

1.8.4 Balloon aortic valvuloplasty  

Balloon aortic valvuloplasty was first described for use in the paediatric population for 

congenital aortic stenosis before being used in adults for the first time by Cribier in 

1985(59). Initial improvement in transvalvular gradients have been well demonstrated, 

but equally apparent is the temporary nature of the improvement. Although symptoms 

improve in patients treated with BAV, there is no mortality benefit and the valve tends 

to re-stenose within one year. Several studies demonstrate increases in aortic valve area 

following BAV(60), in addition to improvement in symptoms and LV ejection fraction. 

Studies also demonstrate that many of these patients require reintervention during 

follow up.   

Current indications for BAV are limited in guidelines(32,33). BAV is indicated as a bridge 

to definitive treatment with either TAVI or sAVR in patients with severe and 

symptomatic AS. BAV may be used in these patients to allow improvement in functional 

status, such as if presenting in acute heart failure, to permit time for improvement prior 

to undertaking a more invasive procedure for definitive treatment. Similarly, there may 

be a role for BAV in patients presenting “in extremis” who require a minimal risk strategy 

Figure 1.6. Z-Med 20 x 40 mm valvuloplasty balloon 
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for emergency treatment. BAV is also considered for some patients who require non-

cardiac surgery in the presence of severe AS in order to minimise the risks of that 

surgery. Finally, patients who are judged unsuitable for both sAVR and TAVI due to 

prohibitively high risk can be offered BAV if feasible with the intention of improving 

symptoms in a palliative approach.  

As per any intervention BAV is not without risk. A large review of over 4000 patients 

found that mortality rates decreased from 1985 to 2011, but remained at 4.6% for in 

hospital mortality following BAV(61). Vascular complication rates decreased also, with a 

significant fall from 10.2% prior to the introduction of TAVI to 4% after 2005. Other 

complications and rates found in this review were myocardial infarction (0.8%), stroke 

(1.1%), severe AR (1.1%), and cardiac tamponade (0.9%).  

Since the advent of TAVI patients undergoing BAV and reported on likely carry a high 

selection bias as they will be of poorer baseline condition otherwise would be receiving 

definitive valve therapy (by either sAVR or TAVI). That these patients are higher risk is 

likely to drive higher the rates of complications and poorer outcomes.  

There is little definitive evidence for the mechanisms underpinning the ability of BAV to 

increase AVA and reduce obstruction, and it is likely that there are several mechanisms 

at play. Histological examination of explanted valves that have previously undergone 

BAV show a number of changes compared to valves that have not been pre-dilated 

(figure 1.7)(62). Calcified deposits in the valve that underpin stenosis are fractured by 

dilatation and thus valve compliance and flexibility can be increased at these fracture 

points. In addition to this the valve may fracture in other areas leading to increased 

movement and the generation of hinge points(63). Other changes that are induced by 

BAV are lacerations and tears in collagenised stromal tissue in the valve, and separation 

of fused leaflets along commissures or along uncommon routes.  

The underlying mechanisms of BAV is different to that which is successful in 

percutaneous mitral valvotomy, where splitting of commissural fusion is key (64). In BAV 

splitting of commissures is much less significant in improving valvular function, as the 
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pathological process which stiffens the valve and causes obstruction is generally limited 

to the valve leaflet tissue itself.  

There is no established best practice for the BAV procedure, and many variables exist in 

the way it is performed. BAV balloons are available in an array of sizes and with variable 

materials and shapes (table 1.2) but there is no evidence for benefit of any particular 

balloon over any other. Rapid ventricular pacing is essential for a successful BAV 

procedure, but there is no consensus about how this should be delivered. Furthermore, 

no evidence exists as to the optimum inflation strategy for the balloon during BAV using 

contemporary equipment. Operator judgement is used to decide whether inflations 

have been successful and how many inflations are required to treat a particular patient. 

These leave gaps in evidence that may mean the procedure can be finessed to improve 

its effectiveness and outcomes for patients.  
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Company Product 
Groups 

Balloon 
diameter 
range 
(mm) 

Catheter 
size (Fr) 

Compliance 
(SC/NC) 

Special Features 

B. Braun 
International  
(with NuMED) 

Tyshak 
 
Tyshak II 
 
Tyshak-X 
 
Z-Med 
 
Z-Med II 
 
Z-Med X 
 
NuCLEUS 
X 

4 – 30 
 
4 – 30 
 
8 - 25 
 
2 – 40 
 
4 - 30 
 
8 – 30 
 
18 – 30 

6 – 11 
 
4 – 10 
 
6 - 11 
 
6 - 16 
 
5 - 16 
 
7 - 13 
 
10 – 14 

SC 
 
SC 
 
SC 
 
NC 
 
NC 
 
NC 
 
NC 

 
 
Ultra-thin and low 
profile 
 
High inner lumen 
strength and 
pushability 
Good “workhorse” BAV 
balloon 
Higher Pressure than Z-
Med 
 
High inner lumen 
strength and 
pushability 
Waist in centre to aid 
stability 

Bard Vascular True 
Dilation 
 
True Flow 
 
Vida 

18 – 28 
 
 
18 – 26 
 
18 – 26 

11 – 14 
 
 
11 – 16 
 
8 - 12 

NC 
 
 
NC 
 
NC 

Rapid inflation and 
deflation, tested for 
valve fracture 
procedures 
Maintains forward flow 
during inflation 

Intervalve/Getinge V8 17 – 23 
(waist) 

12 NC Hourglass shaped to 
prevent slippage 

Balt Cristal 8 – 40 7 - 10 SC Low profile, tested in 
radial access for 
smaller balloon 
diameters 

OSYPKA VACS II 
 
VACS III 

4 – 30 
 
5 – 30 

4 – 10 
 
6 - 14 

NC 
 
NC 

Low profile 
 
High Pressures with 
rapid inflation and 
deflation 

Table 1.2. Common commercially available aortic valvuloplasty balloons in the UK.  
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Figure 1.7. Histological appearance of aortic valve leaflets after balloon dilation – adapted 
from van den Brand et al (58). A – small laceration in the dense collagenous tissue stroma 

(*), filled with scar tissue (S). B – Scar tissue (S) filling a fractured calcified nodule (C). C- 
Calcium fragments embedded in young scar tissue. 
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1.9 Current European Guidelines for balloon aortic valvuloplasty for 
aortic stenosis treatment (and how we interpret them)  

 

Guidelines for use of BAV in treatment for severe AS are limited to “may be considered 

as a bridge to surgery or TAVI, or diagnostically.” How we interpret the European 

guidelines for decision making in patients with severe AS is summarised in figure 1.8.  

At our centre we use BAV in 3 main scenarios, similar to the ESC guideline statement. In 

patients presenting acutely decompensated with severe AS leading to heart failure we 

consider BAV as a bridge to sAVR or TAVI to improve valve function for a period of time 

to allow the patient to recover in order to have the best chance of choosing the correct 

destination therapy for that patient (decisions are then made by the heart team 

discussion).  

Another indication for BAV is if there is diagnostic uncertainty about the role of aortic 

stenosis in a patient’s symptoms. For example, if a patient presents with significant left 

ventricular systolic impairment and echocardiographic data suggesting low flow, low 

gradient aortic stenosis, we may choose to perform BAV to see whether the ventricular 

function improves and if symptoms improve. A further example would be in a patient 

presenting with severe AS but with other co-morbidities that might cause shortness of 

breath, for example chronic obstructive airways disease. In this scenario a BAV may be 

performed to then assess any improvement in symptoms to see if higher risk definitive 

valve replacement (either sAVR or TAVI) is likely to lead to an improvement in symptoms 

and function. 

Finally, we consider BAV to be a useful tool for treatment of symptoms in a population 

of patients not suitable for valve replacement. Despite TAVI becoming safer and more 

accessible for higher risk patients, there is a group of patients with severe symptomatic 

AS for whom either the risks of TAVI, or the expected benefit in terms of life expectancy 

from other comorbidities is not acceptable to them or the clinical team. In these patients 

we would use BAV to improve symptoms as a palliative treatment to allow better quality 

of life. Comorbidities that may prompt the use of BAV over TAVI include poor mobility 

and dementia, where relief of symptoms is undoubtedly important. Of course, if 
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significant improvement is seen in patients having undergone BAV it is still possible to 

pursue more definitive treatment at a later date should the heart team be in consensus. 

BAV is therefore still a valuable stand-alone tool for treatment of AS in some patients.  

 

Patient identified with 
symptomatic severe aortic 

stenosis 

Decision made by heart 
team or clinician that 

intervention is required 
TAVI or sAVR 

Risk/benefits favour 
definitive treatment 

Unacceptably high procedural 
risk for sAVR or TAVI, or 

significant clinical uncertainty 
around likely extent and 

duration of benefit 

Consideration for BAV 

Significant frailty, or 
other comorbidity 
limiting functional 

status unlikely to be 
improved by BAV 

  

BAV likely to 
improve clinical 

state to facilitate 
definitive treatment 

BAV 

Improvement after BAV 

No Improvement after 
BAV 

Medical 
treatment 

of heart 
failure 

Functional or 
symptomatic 

improvement likely 
following BAV but 

patient not candidate 
for definitive treatment 

  

BAV as 
palliative 
therapy 

Figure 1.8. Simplified decision making algorithm as used at Sussex Cardiac Centre. 
Examples of comorbidities to consider in deciding whether to offer BAV include poor 

mobility status, neurological disease including dementia, presence of other life limiting 
diseases such as malignancy, and patients wishes 
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1.10 Summary 

Aortic stenosis is a common and important valve disease affecting a growing number of 

patients in line with an aging population. Whilst aortic stenosis can be congenital, or 

related to a congenitally abnormal valve, the commonest cause is calcific degeneration. 

Although previously thought to be related to “wear and tear” there is clear evidence 

that progressive stenosis of the aortic valve seen in calcific degenerative aortic stenosis 

is an active inflammatory process with some defined risk factors.  

Serial assessment of patients with aortic stenosis is vital to establish the severity of valve 

stenosis and any symptoms that a patient might develop. Assessment is both clinical, 

looking for signs and symptoms of disease, and using a variety of imaging tools to assess 

the aortic valve structure. The most important investigation is echocardiography, and 

guidelines use echocardiographic data to describe the severity of aortic stenosis. 

Emerging is a role for cross sectional imaging, and in the future biomarkers may become 

important although are not established for clinical use currently.  

Once it has been established that a patient has severe symptomatic aortic stenosis, a 

treatment decision is made in that patient’s best interests in conjunction with a 

multidisciplinary heart team. While surgical aortic valve replacement has been the 

mainstay of treatment, the advent of TAVI has led to patients being treated who would 

not have previously been able to have definitive valve replacement therapy. TAVI 

technology has expanded and patients at lower surgical risks are now also being treated 

with THV.  

BAV has been used since the mid 1980s for treatment of AS. Although there no evidence 

for improvement in mortality versus medical therapy, there is clear evidence of its 

usefulness in increasing aortic valve area and improving symptoms and functional 

status. We use BAV in a variety of ways, including for diagnostic assistance or as a bridge 

to definitive treatment. Treatment of patients to improve symptoms in a palliative 

manner remains a vital indication for the use of BAV, as there exists a cohort unsuitable 

for definitive valve replacement.  
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Despite its use for decades, there is heterogeneity regarding how BAV procedures are 

performed and no consensus over equipment, materials, pacing, or inflation strategies. 

This knowledge gap may lead to the ability to finesse the procedure to improve its 

effectiveness and outcomes.  

1.10.1 Review of current knowledge of balloon aortic valvuloplasty 

A review of current understanding of BAV both from historical data and more current 

research is presented in a dedicated literature review in Chapter 3 of this thesis.  
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1.11 Aims of thesis 

In view of the lack of data around the physiological actions of BAV and the optimum way 

of performing the procedure, this study aims to look specifically at: 

1) The risk of stroke during BAV procedures by assessment with transcranial 

doppler 

a. The risk of stroke measured by transcranial doppler during the entire BAV 

procedure to assess which procedural stages are more likely to generate 

emboli 

b. The effect of serial inflations of the valvuloplasty balloon 

c. The association of stroke risk with aortic valve calcium scoring 

2) The effect of serial balloon inflations on valve haemodynamics during 

valvuloplasty 

a. How transvalvular gradient changes during serial balloon inflations 

b. How valve area changes during serial balloon inflations 

c. To assess whether multiple inflations are necessary for optimising the 

outcome of BAV 

3) The specific inflation characteristics of commonly used valvuloplasty balloons 

a. Measurement of balloon size vs inflation pressure using a reproducible 

method 

b. How compliance of common balloons varies and how this affects sizing 

c. How balloons behave when inflated to pressures used during BAV 

procedures 

 

 



 49 

2 METHODS 

 

2.1 Introduction 

 

To answer the specific aims above I embarked on a series of studies. With regard to aim 

1, stroke risk during balloon valvuloplasty was assessed using transcranial doppler 

detected high intensity transient signals (HITS) in patients recruited to a study titled 

Balloon Aortic Valvuloplasty in the TAVI era (BAViT). Intraprocedural detection of HITS 

as a marker of stroke risk was used to ascertain the risk at each stage of the procedure 

and during serial balloon inflations. 

Regarding my second aim the effect of serial balloon inflations on transaortic gradient 

and aortic valve area was assessed in patients enrolled in the BAViT study. Invasive 

haemodynamic monitoring was used to assess response to serial inflations and to 

establish whether multiple inflations confer any benefits in measured valve area.  

To investigate my third aim of assessing the technical aspects of valvuloplasty balloons, 

in conjunction with the Engineering department at Sussex University I developed a 

bench model to look into the area of balloon compliance in devices used to perform 

BAV.  

In preparing work for this thesis I have explored the technical aspects of the BAV 

procedure and together with engineering colleagues produced bench side assessment 

techniques for, and measurements of, aortic valvuloplasty balloon compliance.  

2.2 Balloon aortic valvuloplasty in the TAVI era trial 

A clinical research trial: “Contemporary use of Balloon Aortic Valvuloplasty in the TAVI 

era: a descriptive study of technique, risks, and outcomes of modern techniques and 

equipment for Balloon Aortic Valvuloplasty - Pilot study (BAViT),” was established to 

answer the questions related to the patient centred aspects of this thesis. The trial was 
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supported by a grant from Boston Scientific UK and sponsored in the NHS by Brighton 

and Sussex University Hospitals NHS Trust. The trial was run as a pilot study.  

The trial was designed as a single centre observational trial to investigate aspects of BAV 

in the modern era where it has been less extensively investigated since the advent of 

TAVI. The aim of the study was to assess potential stroke risk during TAVI using 

contemporary equipment, and to assess changes in aortic valve stenosis during the BAV 

procedure based on each inflation of the angioplasty balloon. The study was performed 

in a real-world situation to reflect current practice.  

2.2.1 Patient Population 

Inclusion criteria were:  

1) severe symptomatic aortic stenosis, where a heart team decision was made for 

BAV as bridge to destination therapy or for palliative treatment, or patients 

undergoing BAV during indexed TAVI procedure. Aortic stenosis defined as: 

a. Aortic valve area by transthoracic echocardiography (TTE) of < 1.0 cm 

b. Mean transaortic gradient of > 40 mmHg by TTE 

c. Peak aortic gradient of > 60 mmHg by TTE 

2) age 18 years or over.  

Exclusion criteria were: 

1) Lack of vascular access to permit BAV 

2) Moderate or severe AR  

3) Active endocarditis 

4) Patient unable to give informed consent 

Procedures were either elective or urgent cases depending on the clinical presentation.  



 51 

Patients undergoing BAV as a standalone procedure were to be included into the arm of 

the study assessing valve area by invasive techniques (see 2.2.5). Those undergoing TAVI 

who had BAV as part of their procedure underwent assessment of embolic risk by TCD 

(2.2.6). Further details in figure 2.1.  

A recruitment target of 40 patients was set (20 in each arm).  

 

Figure 2.1. Flow diagram of patients included into BAViT 

 

2.2.2 Recruitment and assessment 

Patient were recruited via the local heart team meeting or by direct internal referral to 

me with a diagnosis of severe symptomatic aortic stenosis. 

Any discrepancies in results of investigations or clinical examination findings were 

discussed at the local heart team meetings were a decision was made whether patients 

were indeed suitable for BAV treatment. Criteria considered included calculated AVA, 

dobutamine stress echocardiography where available, or aortic valve calcium scores 

where these were available.  

 

 

Patients with 
severe aortic 

stenosis identified 

Patients 
Undergoing TAVI

Assessment of 
embolic risk by 

TCD

BAV as stand-alone 
procedure

Invasive 
Assessment of 

Valve Area
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2.2.3 Echocardiographic assessment 

 

Echocardiography is considered he gold standard investigation for aortic stenosis(33). 

Echocardiography is a safe, rapid, non-invasive test that uses ultrasound waves 

produced and directed from the device at a frequency of 2.5 MHz. Within 

echocardiography different modes are employed to ascertain cardiac anatomy and 

function, these being 1 dimension or M-Mode, 2-dimension, and Doppler. Doppler 

includes the use of pulse wave or continuous wave Doppler to measure velocity of flow 

at a particular point, or colour flow Doppler to visually display blood flow using colour 

superimposed over either a 2D or 1D image.  

Assessment of aortic stenosis was assessed as per BSE and European guidelines for 

imaging of the aortic valve(65). Assessment of aortic valve morphology was performed 

in multiple views. Severity of aortic stenosis was calculated based on peak aortic 

velocity, peak gradient, mean gradient, and aortic valve area. Peak gradient and mean 

gradient are calculated from velocity measurements by the modified Bernouille 

equation. As discussed briefly in Chapter 1, the Bernoulli equation has limitations such 

as assuming laminar flow without friction whereas in these patients flow is often not 

laminar.  

Peak velocity is assessed from the apical 5 chamber view, the apical 3 chamber view, 

and by standalone Doppler probe. Calculation of the AVA via echocardiography uses the 

continuity equation. In order to assess this, additional measurements are required: left 

ventricular outflow tract (LVOT) velocity, and LVOT diameter. LVOT diameter is 

measured in the parasternal long axis 2D echocardiographic window. The basis of this 

method is that volume of flow in the LVOT through a known area is equal to volume of 

flow through the aortic valve, as the heart is a closed system. Despite being commonly 

used there are limitations to this method of AVA assessment. As 3 measurements are 

required errors in any of these can lead to gross changes in the final calculated value, 

additionally the assumption that the LVOT is circular in shape (whereas it is elliptical) 

can underestimate the area of the LVOT. Finally, where there is reduced flow (such as in 
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the presence of severe LV systolic dysfunction) the area calculated can be artificially 

small.  

Echocardiography was performed by personnel trained in echocardiography on 

dedicated cardiac echocardiography devices. Follow up echocardiography where 

applicable was performed by the same operator.  

2.2.4 BAV procedure 

Procedures were carried out in the cardiac catheter labs at the Royal Sussex County 

Hospital in Brighton, UK. Two operators performed all procedures, they were blinded to 

the calculated changes in valve gradient but were unblinded to haemodynamic 

monitoring and the perceived effectiveness of each inflation.   

Vascular access was obtained via the right or left common femoral artery depending on 

vessel size and patency assessed on CT angiography for patients undergoing TAVI, or 

unilateral access for patients undergoing BAV alone, the side depending on vessel 

quality assessed using ultrasound. Real time ultrasound guidance was used to ensure 

anterior puncture, and the satisfactory position of puncture was confirmed 

fluoroscopically with injection via a 4F sheath prior to larger bore sheaths being inserted. 

Infiltration of 10 – 20 ml of 1% lidocaine around the site for puncture was performed to 

ensure good local anaesthesia.  

Using the seldinger technique the vessel was accessed and a ProStar (Abbott Vascular) 

preclosure device inserted prior to introduction of a vascular sheath depending on the 

size of the balloon to be used (range 8 – 14F). In patients undergoing TAVI, sheaths 

ranging from 14 – 20F were used depending on the valve to be implanted. Additional 

secondary arterial access was achieved with a 6F Glidesheath (Terumo UK, Bagshott, 

Surrey) in the right radial artery. Venous access for central venous blood sampling 

and/or right ventricular pacing was via the right or left femoral vein with a 5F vascular 

sheath.  

From the right radial artery a 5F pigtail catheter (Cordis) was passed to the left ventricle 

after first crossing the aortic valve with a standard 0.035” J-tip guide wire. Simultaneous 
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pressure tracings from the LV and systemic arterial system were recorded to establish a 

baseline measurement pre-intervention. The aortic valve area and mean gradient were 

then calculated.  

A super-stiff pre-shaped guidewire was then inserted into the LV after crossing the aortic 

valve again from the femoral artery access site, leaving the pigtail catheter from the 

right radial artery in place in the LV to allow continuous simultaneous measurements of 

LV and systemic arterial pressure in patients undergoing BAV alone. Systematic arterial 

pressure monitoring was performed via the femoral sheath side port.  

An appropriately sized valvuloplasty balloon was selected based on operator preference 

and choice, with sizing guided by measurements of annular size based on 

echocardiography and/or CT if available (CT available for all TAVI patients). The 

manufacturer and model of balloon was chosen by the operator as they would for 

normal standard of care.  

The valvuloplasty balloon was passed over the super-stiff wire and positioned across the 

aortic valve under fluoroscopic guidance. Rapid ventricular pacing was used during 

inflation of the balloon to stabilise the position and was delivered via the LV wire(66). 

The balloon was inflated as per manufacturers’ instructions (figure 2.2). In patients 

undergoing BAV alone, once deflated the balloon was withdrawn into the ascending 

aorta to allow haemodynamics to recover during a rest period of 30 seconds before 

repeated recordings were taken of LV and systemic pressure. This was then used to 

calculate the mean gradient, peak gradient, and AVA. The procedure was repeated up 

to a further 3 times as per operator assessment based on haemodynamic parameters 

and the patient’s comfort as per local standard operating procedure.  A 30 second rest 

period was chosen to attempt to provide enough time for recovery of LV function after 

rapid pacing without unduly prolonging the procedure.  

In patients having BAV as part of their TAVI procedure no extra haemodynamic 

measurements were taken. This subgroup of patients had transcranial Doppler 

positioned prior to the beginning of the procedure, with a continuous recording and 

counting of high intensity signals throughout.  
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Central venous blood (required in patients having BAV alone) was sampled for central 

venous saturations at the beginning of the procedure, during the procedure after 

inflations, and at the end of the procedure to calculate cardiac output in conjunction 

with paired arterial blood samples. This allowed calculation of cardiac output using the 

Fick principle, to be used in calculating the AVA.  

Fick was chosen due to local equipment and expertise available, and to minimise the 

procedure time for each patient. Although there are inaccuracies using Fick due to 

assumptions made, as each patient would have CO measured by the same technique 

this would provide a reproducible measure for each patient that can be used to calculate 

valve area.  

In patients undergoing BAV as a standalone procedure, the equipment was withdrawn 

and haemostasis achieved with the preclosure ProStar device. A TR Band (Terumo 

Europe) was used for haemostasis at the radial artery access site, and the venous access 

site closed by applying manual pressure.  

In patients undergoing TAVI the procedure continued for TAVI as per local standard 

operating procedure.   
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Figure 2.2. The BAV procedure. A – aortogram demonstrating position of aortic valve 
and annular size. B – Safari wire positioned in LV with pigtail catheter for 

haemodynamic monitoring, the valvuloplasty balloon is positioned prior to inflation. C 
– Balloon inflation across aortic valve. 

 

2.2.5 Invasive measurement of AVA 

Invasive haemodynamic assessment is used to calculate the aortic valve area(67). This 

requires simultaneous pressure tracings from the systemic arterial system and from 

within the LV, allowing accurate assessment of pressure gradients and valve area (68).  

Mean gradient is the most accurate measure of true aortic valve gradient as the peak to 

peak gradient may not fully reflect the true stenosis. Peak to peak gradient is prone to 

inaccuracy as it is not a measurement performed in real time due to the delay in peak 

arterial pressure occurring in relation to peak LV pressure. This results in the risk of a 
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false peak to peak measurement being taken. Pressure tracing from the peripheral 

sheath must be corrected in time to align with the upstroke of the LV pressure to allow 

accurate calculation of the mean gradient and to correct for the time taken for the 

pressure wave to travel to the peripheral sheath (figure 2.3). 

 

Figure 2.3. Pressure in AS. Invasive pressure traces showing simultaneous measurement 
of LV pressure and aortic Pressure. The shaded area represents the mean pressure 

gradient and is a more accurate assessment of true aortic valve gradient than peak to 
peak gradient difference. Adapted from Nishimura and Carabello (64). 

The Gorlin equation(69) is used to calculate the invasive AVA, and was first derived for 

calculation of the mitral valve area.  

The Gorlin equation is as follows: 

 ( )
MPG

HRSEPCO
AVA




=

3.44  

 Where AVA is Aortic Valve Area (cm2); CO is cardiac output (ml/minute); SEP is systolic 

ejective period (seconds); HR is heart rate (beats/minute); MPG is mean pressure 

gradient (mmHg). 
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Aortic valve area can also be calculated invasively using the simplified formula of the 

Gorlin equation, the Hakki equation: 

ntpeakgradiepeak

CO
AVA

−
=

 

Where AVA is aortic valve area (cm2); CO is cardiac output (L/minute); and peak-peak 

gradient it the difference between peak intracavity LV systolic pressure and peak aortic 

systolic pressure (mmHg).  

Mean pressure gradient and peak systolic pressures are calculated from simultaneous 

recordings of LV and aortic pressure. Cardiac output is calculated using the Fick principle, 

and requires calculation of mixed venous saturations (as above) and haemoglobin 

measurement. Cardiac output was measured by the Fick principle for all patients 

undergoing BAV alone. Thermodilution was not used due to local equipment and 

expertise, and to minimise the time taken for each procedure (in particular minimising 

the steps in the procedure between serial balloon inflations).  

Calculation of aortic valve area by invasive measurements during the BAViT trial are 

performed at the beginning of the procedure (at rest), and after each BAV balloon 

inflation (allowing 30 seconds of rest after each inflation) to assess the change in valve 

area during each sequential inflation of the balloon across the aortic valve. 

 

 

2.2.6 Transcranial Doppler 

In patients undergoing BAV as part of their TAVI procedure transcranial doppler was 

used to assess for microembolic phenomenon that act a validated surrogate marker for 

stroke risk.  

Transcranial Doppler is an ultrasound technique using a frequency of 2 MHz that is used 

to detect doppler signals from vessels within the skull vault, usually the middle cerebral 

artery (MCA) (Figure 2.4). 
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The usual vessels targeted with Doppler ultrasound are the left and right MCAs which 

can usually be detected at a depth of 30 – 60 mm from the surface of the skull in the 

transtemporal window employed during this study. Other windows can be used but due 

to constraints on patient positioning the transcranial window was employed in all our 

participants. Bilateral probes were mounted in a secure head band and targeted to the 

left and right MCA, held in place throughout the procedure by the head support (figure 

2.5). 

A spencer technologies ST3 Transcranial doppler machine together with bilateral probes 

mounted on a Marc 600 headset were used (both manufactured by Spencer 

technologies, Redmond, WA, USA). Analysis was performed using the onboard software 

to automatically count and record HITS detected during continuous monitoring.  

Figure 2.4. Commonly used TCD windows. Reproduced from Sarker et al (155). 
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Power and gain settings were optimised on the TCD machine for the best available 

measurements, and the MCA was located bilaterally using the inbuilt Power M Mode 

function on the Spencer technologies machine.   

The TCD monitor/analyser is able to auto-count high intensity signals (HITS) (sometimes 

referred to as microembolic signals) which met a threshold of greater amplitude by 3 dB 

or more, are random within the cardiac cycle, unidirectional, and are of short duration 

(<300 ms) (figure 2.6).  

 

Figure 2.6. TCD during BAV. Left panel showing TCD signals detected as colour doppler 
and M-Mode. Right panel showing automatic detection of HITS during procedure. 

Figure 2.5. Headset for 
mounting TCD probes 



 61 

 

HITS are associated with risk of stroke and TIA(70), and were continuously monitored 

during the procedure.  The aim was to characterise the number of HITS during the 

various stages of the BAV procedure.  

HITS were measured at the following time points in the procedure: 

1. At Baseline for 5 minutes continuous recording 

2. Insertion of a pigtail catheter into the aortic root to acquire aortograms 

3. Acquiring an aortogram 

4. Crossing the aortic valve using a catheter and wire 

5. Exchanging the wire in the LV for a Safari super stiff wire through the catheter 

6. 1st balloon inflation (including initial balloon positioning) 

7. 2nd balloon inflation 

8. 3rd balloon inflation (if applicable) 

9. Total HITS 

 

2.2.7 Follow up 

Patients who have undergone BAV as part of their TAVI procedure were followed up at 

6 months and 12 months to ascertain any neurological events and other quality of life 

measures.  

Patients who have undergone BAV as a stand-alone procedure will have follow up at 30 

days, 6 months, and 12 months, for quality of life assessment (focusing on symptoms of 

heart failure/limitations of activity) and assessment of outcomes. Furthermore, these 
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participants will have echocardiography assessment of their aortic valve at these time 

points to assess restenosis.  

2.2.8 Outcomes assessed 

The primary outcomes assessed to address my aims were: 

1) Aortic valve area change with each inflation 

2) Aortic mean gradient change with each balloon inflation 

3) Number of HITS detected by TCD at each procedural stage 

For patients undergoing BAV as a stand-alone procedure other outcomes assessed 

included aortic valve area at follow up appointments, relief of symptoms, and NYHA 

functional class. Safety endpoints and outcomes to be recorded during follow up in this 

group were death, procedural complications, admissions to hospital, embolic events, 

and further aortic valve interventions.  

For patients undergoing BAV during their TAVI procedure other outcomes assessed were 

neurological events at follow up visits, and NYHA functional class. Safety endpoints are 

as per the other group.  

2.2.9 Statistical Analysis 

As this was a pilot study, it was not powered to adequately assess differences between 

groups but to provide results to demonstrate trends and to further provide hypotheses 

for powered future studies. 

Data was collected and analysed using Microsoft Excel and GraphPad Prism version 8.2.1 

for MacOS.  

Descriptive statistics are presented in table format and presented with mean and range 

for continuous variables where normally distributed. Normality of data was calculated 

using GraphPad Prism and for non-normally distributed data medians are presented in 
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descriptive statistics. Medians are presented with interquartile range and 95% 

confidence intervals where appropriate.  

Paired student t tests were used to compare data in groups that was normally 

distributed, and Wilcoxon matched pairs tests were used to analyse non-parametric 

data. Pearsons correlation was used to assess correlation of data.  

2.3 Bench testing of balloon compliance 

To date little to no data exists on balloon compliance with regard to the difference types 

of balloons used in BAV. Therefore, to investigate for any significant variability between 

balloons a collaboration with biomedical engineering colleagues at Sussex University 

was established. The aim was to describe the inflation behaviour of valvuloplasty 

balloons at pressures used for BAV.  

The first step was to determine the pressure generated from a standard balloon 

inflation, and therefore a simple closed circuit set up was created to measure the 

inflation pressures during BAV procedures. Three BAV operators in our single centre 

performed a dummy inflation using real world technique and the pressure generated 

was measured using a standard PTCA catheter in-deflator (Encore 26, Boston Scientific, 

USA). This revealed pressures routinely up to 6 ATM during standard balloon inflations, 

these pressures were then used in the bench side testing.  

A non-contact optical system was developed to allow assessment of balloon size at 

progressive inflation pressure, based on bright field microscopy (BFM) (figure 2.7 and 

2.8). BFM is a simple optical microscopy technique where a sample is back lit with a light 

source and the transmitted light is focused onto a camera for viewing electronically or 

further optics to allow direct visualisation.  

The balloons under test were clamped vertically, employing a tension spring to restrict 

movement and ensure perpendicularity to the microscope optical axis. The BFM is based 

on an Olympus PLN 4X WD~18.5mm, NA 0.1, a tube lens (f~180mm) and a FL3-U3-

13S2M-CS camera mounted on top of a custom-made linear stage having a coarse 

resolution of ~ 3.3µm. Balloon expansion was performed using a Boston scientific Encore 
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26 inflation device. The balloons are made up of an outer shell with an internal catheter 

tube (Ø~2mm). By focusing the microscope on the internal tube, then moving the linear 

stage (i.e. moving the optical lens) to refocus on the balloon outer wall, the inner tube 

to outer wall dimension (see figure inset) can be accurately measured using the linear 

stage digital readout and equates to the balloon radius The balloon was inflated up to 

six times recording the pressure and radius at each stage of inflation to plot accurate 

balloon dimensions. Balloon inflations were performed via a Boston Scientific Encore 

balloon inflation device filled with 20 mls of saline at room temperature.  

 

 

Figure 2.7 Experimental set up of balloon, inflation device, and optical measuring rig. 
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Figure 2.8 Experimental set up using bright field microscopy to assess balloon size compared 
to inflation pressure. (Reproduced from Quantification of aortic and pulmonic valvuloplasty 

catheter dimensions using brightfield microscopy, Rodrigo Aviles Espinosa, Henry Dore, 
Timothy Williams, and Elizabeth Rendon Morales). 
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3 SYSTEMATIC REVIEW OF THE LITERATURE RELATING TO 
BALLOON AORTIC VALVULOPLASTY AS A TREATMENT 
OPTION FOR SEVERE AORTIC STENOSIS 

 

3.1 Introduction 

Balloon aortic valvuloplasty (BAV) for the treatment of aortic stenosis was first described 

in 1986(59). Technological advancements over 30 years have evolved the treatment of 

aortic stenosis, and the addition of transcatheter aortic valve implantation (TAVI) to the 

repertoire of options has led to increasing numbers of BAV procedures being 

performed(71) as standalone procedures and as a key step in the TAVI procedure. This 

upsurge in interest in BAV has done little, however, to modify technique and evidence 

continues to show short term improvements in valve haemodynamics and patient 

symptoms, but no benefit to long term survival(72).  

To date there is heterogeneity in the outcomes presented and methodology of studies 

investigating BAV.  

Therefore, a systematic search was performed to look specifically at the available 

evidence for BAV with regard to study methodology, contemporary outcomes 

measures, and common complications. 

Particular focus was paid to the reporting of balloon inflation technique and to the 

outcome of stroke, both pertinent to this research work.  

3.2 Methods 

 

3.2.1 Search Strategy 

 

MEDLINE and EMBASE databases were searched for journal articles with keywords 

“balloon aortic valvuloplasty,” “aortic valvuloplasty,” and “BAV.” Searches included the 

time period from the inception of BAV in 1986 to August 2018. Studies were excluded 
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if: fewer than 25 participants, studies in paediatric populations (age <18 years), studies 

focusing on congenital AS., animal models, and studies with no English translation 

available. Studies with duplicate results were only included once.   

 

Title, key words, and the abstract for each identified study was then examined for 

relevance by two independent reviewers. Studies were included at this point if they met 

the minimum number of participants and described outcomes of BAV procedures 

performed. Studies were included if patients went on to have another aortic valve 

intervention but at a distinct time point separate from the index BAV procedure, and 

were also included if reporting outcomes from BAV despite comparing differing 

techniques or patient groups. The full text of papers felt to be relevant were obtained 

and examined by the same independent reviewers. The reference lists of these studies 

were also searched for other sources. Any discrepancies between the two reviewers 

were resolved by the lead author.  

 

3.2.2 Data Extraction 

From examination of full text articles the following data was extracted where available: 

citation including author and journal, number of patients, patient demographics and 

characteristics, intent of BAV procedure, complications including stroke, mortality, valve 

haemodynamics including transvalvular gradient and valve area, and follow up time.  

3.3 Results 

3.3.1 Studies Included 

In total 82 studies (TABLE 1) were included in our qualitative analysis (REFS). 544 studies 

were screened at abstract level leading to the retrieval of 120 full text articles of which 

46 were excluded (figure 3.1). 8 studies were identified though searches of references 

and included in our final results. 
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Studies were excluded where outcomes from samples were obviously duplicated, but 

not where the same sample was used to report different outcomes, such as with longer 

follow up duration or separate reports of complications and valve haemodynamic 

outcomes.  

 

 

 

 

Relevant studies 
identified through 
database search 

n = 544 

Records retrieved for full 
text review 

n = 120  

Records excluded 
after abstracts not 
meeting inclusion 

criteria 
n = 424 

 

Additional studies 
from reference 

search 
n=8 

Full-text articles 
excluded  

n =  46 
Duplicated results, 

n=2 
Low sample size, 

n=21 
Paediatric 

Studies included in 
qualitative results 

n=82 

Figure 3.1. Flow chart of search strategy 
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3.3.2 Changes in reports over time pre and post TAVI introduction 

 

Studies were published between 1987 and 2018 (figure 2). The majority of studies 

meeting our inclusion criteria were published after the first TAVI procedure was 

performed in 2002. 24 studies were published prior to 2002, with the 78 others 

published after this time period, with a lack of studies published between 1998 and 

2004.  

 

3.3.3 Characteristics of included patients and treatment intention 

Studies selected are displayed in table 3.1 along with age and sex of participants. Mean 

ages in included studies ranged from 72 – 93, with the number of participants in each 

study ranging from 25 to 3168 in a large multicentre registry. There was a wide range of 

sex split with studies reporting from 24% male participants to 69%.  

25 studies did not explicitly specify the reason for the BAV procedure in their cohort. Of 

those that did specify the reason for BAV, the main intention of each study was a 
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composite of palliation of symptoms or a bridge to either decision, surgery, or TAVI (36 

studies). The intention was palliation or improvement in symptoms alone in 19 studies 

included, the remaining 2 studies included patients having BAV as a bridge to definitive 

intervention.  

3.3.4 Studies describing technique for BAV 

35 studies identified gave details of the technique employed during the procedure 

including the number of inflations (table 3.2). The number of Inflations reported ranged 

from 0 in failed procedures to > 12, with varying balloon sizes. 10 different balloon types 

are reported in studies found, with varying sizes from 10 – 25 mm diameter balloons 

employed. There was variation in the reporting split between total and mean number 

of inflations.  

1 study identified stratified outcomes based on the number of balloon inflations. 

Despite studies reporting the number of balloon inflations the majority of these did not 

describe the final number of inflations performed.  

 

3.3.5 Key outcome parameters relating to BAV technique 

3.3.5.1  Changes in valve haemodynamics 

66 publications were identified reporting changes in valve haemodynamics, with the 

majority reporting results of invasive haemodynamic assessment (table 3.3). 51 studies 

reported invasive assessment of haemodynamics, a further 13 studies relied on 

echocardiography, and 2 studies reported a combination of these. All but 4 of these 

studies included data regarding pre and post BAV aortic valve area, with all of these 

reporting an increase in the AVA. The aim of BAV procedure overall would be to increase 

the AVA (to at least > 1 cm2).  

All patients in these studies had severe aortic stenosis defined by AVA < 1 cm2 pre-

procedure, with only 13 of these 66 publications reporting an increase in AVA following 

BAV to > 1 cm2 (to define non-severe aortic stenosis). 48 studies, however, reported a 
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decrease in mean AV gradient to below 40 mmHg to suggest resolution of “severe” 

aortic stenosis defined by a mean gradient of > 40 mmHg.  

The mean of published mean gradients at baseline was 52.6 mmHg, improving to a mean 

of 30.5 mmHg reported after valvuloplasty. Mean of reported AVA prior to intervention 

was 0.65 cm2 improving to 1.02 cm2 after BAV.  

3.3.5.2  Mortality 

73 studies reported data on mortality (table 3.4). Mortality was low in hospital, ranging 

from 0 – 18% in most studies (median 5.7%), with some higher rates of mortality over 

40% reported in series including patients with critical pre-procedural clinical states. 

Cumulative mortality increased over time, in 24 studies reporting 1 year mortality the 

mean of reported mortality was 34.7%, and this reached over 90% by 5 years in studies 

reporting long term outcomes.  

3.3.5.3 Stroke associated with BAV 

35 studies identified explicitly reported stroke complications due to BAV procedure 

(table 3.4). Peri-procedural stroke (occurring during the procedure or in hospital) ranges 

in incidence from 0 – 7.4%. The study reporting 7.4%, however, was reported on 27 

patients, and excluding this the maximum incidence was 3.2% in larger studies. There 

was no universal definition of stroke employed in these studies and a number of studies 

classified stroke and TIA as a single entity. Some studies used a clinical definition of 

stroke, whereas some included information regarding CT or MRI imaging to guide stroke 

diagnosis.  

 

3.3.5.4 Other complications 

The commonest complications reported included vascular complications (including the 

need for blood transfusion), myocardial infarction (MI), cardiac tamponade, and 

worsening or new significant aortic regurgitation (AR) and are listed in table 5.  
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Vascular complications ranged from an incidence of 0% to 74%, the highest reported 

incidence was in a small series of 38 patients, and the mean reported rate was 14.3%. 

Periprocedural MI reported rates ranged from 0-7% (mean 3.0% across 17 studies), 

cardiac tamponade incidence ranged from 0 to 6% (mean 2.1% across 20 studies), and 

significantly worsening or new AR was reported in 0 to 31% across studies (mean 7.1% 

across 26 studies).  

3.4 Discussion 

This study comprised a systematic review looking at two key parameters relating to BAV, 

firstly BAV technique and secondly key outcome measures. Data from studies falls 

broadly into two specific groups, namely pre-2002 and the introduction of TAVI where 

BAV was used as a stand-alone procedure for symptom relief or rarely for bridging to 

sAVR, and post 2002 where it was used either as a key step in the TAVI procedure or as 

a bridge to TAVI or sAVR. There has been a considerable upsurge in interest in BAV since 

the introduction of TAVI.  

3.4.1 Haemodynamic outcomes 

Prior to the advent of TAVI in 2002 the main body of data supporting BAV as a technique 

came from two large registries, the NHLBI data reported in 1991(73) and the Mansfield 

registry(74), reporting outcomes from 674 and 492 patients respectively. Both registries 

reported the same average improvement in valve area of 0.3 cm2 (from 0.5 – 0.8 cm2), 

and similar reductions in peak-peak AV gradient of 34mmhg (from 65 to 31 mmHg) in 

NHLBI data and 30 mmHg (from 60 to 30 mmHg) in the Mansfield data.  

The Mansfield registry data also investigated whether any variable affected the 

procedural outcomes. They demonstrated that only the duration of balloon inflations 

(comparing < 30 seconds to 30 – 60 seconds) had an effect on calculated AVA post 

procedurally, with a larger post procedure AVA seen with longer inflations. Other 

variables did not affect either final valve area or change in valve area. With regard to a 

change in mean gradient, however, there was a greater improvement in mean gradient 

seen with a higher number of inflations, but a greater number of inflations was 

associated with a higher final mean gradient. The same was observed with use of a 
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double balloon technique to increase balloon size. This suggests that although there may 

be a benefit from a more aggressive approach to BAV in terms of improving mean 

gradient, this may have been selectively used in patients with more obstruction to begin 

with. Also, the improvement in gradient was not reflected in greater calculated valve 

area.  

Contemporary studies with large sample sizes reporting valve haemodynamic outcomes 

include 423 from the UK(71) and 811 patients from a pan European registry(75) 

reporting improvements in AVA from 0.58 to 0.8 cm2 and 0.61 to 0.8 cm2 respectively, 

very similar to results from registries in the pre-TAVI era. Although technology has 

changed to the use of more non-compliant balloons manufactured of materials such a 

polyethylene terephthalate (PET) and nylon deployable with higher pressures and more 

uniformity, there haven’t been any improvements in acute haemodynamics during this 

time.  

Mean ages in the pre-TAVI era large registries(73,74) were similar at 78 and 79, with the 

majority of patients being of female gender (56 and 55%). Patients were slightly older in 

the post TAVI large studies with a mean age of 81 in the UK data(71) and 82 in the 

European dataset(75), there were also differences in sex between the studies with a 

majority of male patients in the UK and females in the pan European results.  

Nevertheless, reductions in valve gradients and increase in valve areas were seen in all 

studies identified, although relatively modest and not improved in modern studies 

compared to older reports. 

3.4.2 Mortality outcomes 

Patients chosen for and represented in published research on BAV are a highly selected 

group with usually more co-morbidities and demonstrating more interventional risk 

than patients undergoing sAVR or TAVI. This leads all outcomes open to bias represented 

by this higher risk group.  

Early mortality from BAV varies in studies and has improved since earliest published 

reports as modern practices have evolved the technique. Early studies reported high in 
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hospital mortality, 30 day, and one year mortality. The NHLBI registry reported in 

hospital mortality rates of 3%, with 14% mortality at 30 days increasing to 36% at one 

year(73), and there were similar high rates of mortality in other early large registries.   

More recent evidence has undoubtedly shown improvements in in hospital and 30 days 

mortality. In the UK, Khawaja et al reported an in hospital mortality rate of 2.5%, similar 

to that in a study of 472 patients conducted by Ben-Dor et al(76) in 2013. Higher in 

hospital mortality rates than this have been reported recently, however, for example 

Alkhouli et al retrospectively studied over 3000 procedures in the USA from 2004-2013 

and found in hospital mortality rates of 8.5% across all patients(77). Procedural 

mortality was seen in 1.4% of these patients, with patients at higher risk of procedural 

and in hospital death if undergoing BAV for cardiogenic shock, if performed in the 

presence of a left ventricular assist device, or if undergoing BAV in centres performed 

only 1-2 procedures per year.  

Longer term outcomes (1 year or more) in all patients undergoing BAV have historically 

been poor based on them being a highly selected group of patients considered too high 

risk in view of comorbidity for cardiac surgery or TAVI. Large early registries reported 1 

year mortality of 36% in both NHLBI and Mansfield registries(73,74) despite a number 

of these patients going on to have definitive treatment with sAVR. More contemporary 

data has done little to suggest an improvement in these outcomes longer term. In 415 

consecutive patients Saia et al report overall 1 year mortality of 33% (and 57.4% at 2 

years)(78), little change since the earliest reported studies. Subgroups of this study 

showed worse outcomes for patients undergoing BAV as destination therapy (for 

palliation alone), with one year mortality higher in this group at 44%, increasing to 67% 

at 2 years. As above patients in this group are highly selected as higher risk and may be 

undergoing palliative BAV for a host of reasons, they may for example have other life 

limiting conditions like malignancy or other severe disease. Patients going on to have 

definitive treatment with either TAVI or sAVR did better, with one year mortality of 

13.1% and 0% respectively.  

More recently Szerlip et al(79) followed 100 patients prospectively undergoing BAV, 

with 1 year overall mortality of 41%. Although only 4 patients underwent BAV alone for 
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palliation, 75% mortality was found in this group, compared to only 25% of patients 

undergoing BAV as a bridge to destination therapy (intention to treat basis). Overall in 

patients undergoing definitive therapy during follow up mortality at 1 year was 11%, 

with all surviving patients improving symptomatically by 30 days.  

In the PARTNER trial comparing TAVI to medical therapy (which included patients 

undergoing BAV) follow up extended to 5 years(80). At 5 year follow up mortality in 

patients undergoing BAV was 94% compared to 72% in the TAVI arm, with similar poor 

long term survival from BAV reported in other studies(81). In shorter term follow up of 

PARTNER, BAV in conjunction with medical therapy for severe AS did confer a survival 

benefit at 30 days over medical therapy alone(44).  

Overall mortality from BAV alone as a treatment option has improved since its inception, 

but survival to longer time points remains poor. Despite technological changes (such as 

balloon technology that is easier to deliver and position, the use of vascular closure 

devices, changes in cardiac pacing technique, and heart team support) mortality at one 

year and longer timepoints has not improved since earlier studies, similarly to the lack 

of increases in valve area in modern times. Many of the studies published rely on data 

collected retrospectively, which is likely to influence outcomes, however there is clear 

evidence that definitive treatment improves outcomes over BAV alone. Moving forward, 

given the excellent evidence for TAVI as definitive treatment even in high risk groups, 

the long term mortality in patients undergoing BAV alone is likely to reflect those 

patients with extreme co-morbidities that even preclude them from treatment with 

percutaneous valves. Given the improvement in long term mortality when definitive 

treatment is used the role of BAV is likely to be limited to bridging therapy or palliation 

until the procedure is improved.  

 

3.4.3 Complications  

Early studies reported high complication rates of up to 25% of all procedures(73), with 

much of this driven by vascular complications occurring in over a third of procedures in 

some studies due to the size of equipment needed to perform the procedure. Other 
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complications reported at varying rates throughout the literature include peri-

procedural MI, development or worsening of aortic regurgitation (AR), cardiac 

tamponade, death, ventricular perforation, stroke and systemic embolisation, and 

conduction abnormalities.  

More contemporary data show a trend towards improving complication rates. Vascular 

complication rates, in particular, have fallen since earlier studies. Amongst the 811 

patients reported by Moretti et al(75) vascular complications were below 6% in all 

groups, in addition to rates of bleeding in all groups being below 8%, a fall since the 

earlier published studies. In this study, unlike many others, VARC definitions for 

complications were used(82). Other large studies including in the UK have reported 

vascular complication rates as low as 1%(71). Vascular injury rates have been shown to 

be independent of access sheath size, and reduced when no heparin was used during 

the procedure compared to a similar group receiving heparin(83), in fact heparin was 

the only independent risk factor for bleeding complications (albeit in a retrospective non 

randomised study).  

Stroke is a feared complication due to its high morbidity, and stroke rates over time have 

remained between 0-3% in large studies. In the largest study to date reporting both 

stroke and TIA outcomes (based on clinical diagnosis of stroke and TIA) Alkhouli reported 

a rate of stroke and TIA of 2.2%(77), and in a separate study reporting over 2000 patients 

Singh et al reported an overall stroke rate of 3%(84). Stroke can be debilitating for 

patients and may be contributed to by embolic damage during the procedure, or a 

contribution of hypoperfusion caused by hypotension induced by rapid ventricular 

pacing used in the majority of BAV procedures. As it can be so debilitating it is vital to 

minimise this risk otherwise patients can become more functionally limited after the 

procedure than before, in this already frail and at high risk group undergoing BAV. 

Efforts should be made to minimise stroke risk at every opportunity during the 

procedure, and the BAViT data from our centre (not yet published) aims to characterise 

the risk for potential stroke at each stage of BAV and will help to guide operators to 

minimise this risk.  
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Acute AR is a rare but significant complication of BAV. Rates have changed little over 

time with the complication occurring in 0-3% of large studies, indeed in one series of 

over 400 patients it occurred in 2.6% of patients but was managed during the procedure 

in the majority of these by manipulating a catheter to resolve a cusp that had become 

locked(78). In an early study the effect of BAV on worsening pre-existing AR was 

investigated(85), with no significant difference in worsening of AR compared to a group 

with no significant AR pre-procedure. Dall’ara et al in 2017 reported no change in AR in 

groups randomised to rapid pacing vs no rapid pacing(86), suggesting balloon 

movement during the procedure did little to affect the risk of AR.  

Until 2011 there were no universal definitions for the commonest complications related 

to BAV. The VARC (Valve Academic Research Consortium) definitions published in 2011 

attempted to standardise this and ensure uniform reporting of this important adverse 

outcome in relation to TAVI trials(82). Vascular complications remain the most common 

complication but have decreased significantly since the use of TAVI has become 

widespread. It is easy to hypothesise that the reduction in vascular complications is likely 

to arise from improved closure methods employed since the introduction of larger 

sheath sizes, more fastidious attention to haemostasis, and more advanced pre-

procedure planning including assessment of vascular access as is seen during routine 

use of TAVI. Other complication rates, however, have changed little. Stroke remains at 

similar rates to early studies as does the incidence of severe AR post procedure, 

reflecting that although the procedure overall has changed the technology involved in 

balloon dilatation is similar to early studies.  

 

3.4.4 BAV+PCI/BAV alone 

 
 

Up to 50% of patients presenting for BAV have co-existing coronary artery disease that 

may also contribute to their symptoms, particularly the overlap in causes of 

breathlessness and chest pain(87). In studies comparing BAV to BAV plus PCI, there has 

been no difference in outcomes seen between groups(84,88,89), with regard to peri-
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procedural outcomes, complications including MI, and mortality (in hospital and at 

longer follow up).  

Importantly there is also no advantage in the success of valvuloplasty with concomitant 

PCI, however there may be a myocardial protective effect mitigating against the 

potential stress of hypotension and rapid pacing(89). Whilst these retrospective 

analyses have been performed, there have been no reported outcomes from 

prospective investigations into peri-procedural PCI in BAV procedures, or indeed in TAVI. 

The studies found also did not compare historical PCI with outcomes. Whether 

prospective studies or controlled trials would produce positive results for 

revascularisation remain to be seen, but current evidence suggests no benefit to 

treating co-existing coronary artery disease concurrently.  

3.4.5 BAV in cardiogenic shock 

Patients presenting with cardiogenic shock due to severe aortic stenosis are a group 

with high mortality and poor outcomes(90). There are reports, however, of good 

outcomes from BAV as an emergency procedure for treatment of cardiogenic shock. In 

2017 Shareghi et al reported 16 patients in single centre cohort undergoing BAV for 

cardiogenic shock with no procedural deaths(91), however the in hospital and short 

term mortality is still poor.  

Cardiogenic shock was present in 23 patients reported out of 415 by Saia et al(78) and 

had an in hospital mortality of over 50% compared to 2% in the non-cardiogenic shock 

group (with one year mortality at over 70% for patients presenting in cardiogenic shock). 

Similar poor one year outcomes were demonstrated in other studies focusing entirely 

on groups of patients with cardiogenic shock. Out of 17 patients with cardiogenic shock 

presented by Eugene et al(92) in hospital mortality rates were 30%, with estimated 2 

year mortality estimated at over 90% (long term mortality was reduced substantially in 

patients undergoing definitive sAVR or TAVI at a later date).  

44 patients with cardiogenic shock were treated by BAV in a study by Debry et al(90), 

again with high mortality of 47% at one month. Outcomes were worse in those patients 

who were on higher doses of dobutamine pre-procedurally, and who had a BAV 
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procedure more than 48 hours after the start of inotropes. This suggests that expedient 

management of patients with cardiogenic shock and AS may benefit from early BAV if 

this is a procedure being considered, but even with early intervention prognosis remains 

dismal. BAV therefore may be an option for patients with cardiogenic shock and AS 

however no prospective data is available, and current data suggests patient outcomes 

are better if the procedure is performed more quickly after shock develops and if 

patients are destined to receive long term definitive valve replacement.  

 

3.4.6 Balloon inflation strategy 

Although a number of studies report the number of balloon inflations used during each 

procedure, only one study set out explicitly to compare this to procedural outcomes(93). 

This retrospective examination of 388 patients stratified BAV procedures into those 

undergoing 1 inflation, 2 inflations, or 3 or more inflations during the index BAV 

procedure. Although post procedural AVA trended towards improvement with a greater 

number of inflations this did not reach statistical significance (0.89 vs 1.0 vs 1.13 cm2; 

p=.064).  However an increase in AVA was found and was statistically significant 

between groups with a greater improvement seen with a higher number of inflations 

(0.30 vs 0.43 vs 0.57 cm2; p<0.0001). Mean gradient, however, following the procedure 

was higher in patients having 3 or more inflations compared to 1 inflation (23.4 vs 19.41 

mmHg; p<0.001). 

Despite statistically significant haemodynamic improvements these results failed to 

translate into an overall survival benefit. Mortality at one year was the same in each 

group (28.8% vs 42.9% vs 46.1%; p=0.15) regardless of greater valve area improvement. 

Patients in the group undergoing 3 or more inflations were less likely to require a repeat 

procedure in survivors at 1 year than patients undergoing only 1 inflation.  

One possible explanation for this comes from the retrospective nature of the study, with 

no standardisation of practice or prospective plan for the technical aspects of the 

procedure. Indeed, it is likely that inflations were continued until a satisfactory result 

was seen therefore patients with unsatisfactory results from one inflation would require 



 80 

an increasing number of inflations. Baseline variables were also different between the 

groups, with a higher mean gradient in the 3+ inflation group prior to procedures than 

in patients undergoing 1 inflation.  

 

3.4.7 Changing role for BAV 

BAV use has been significantly increasing since the advent of TAVI, and indeed echoing 

the increasing numbers of TAVI procedures, as its role expands and interest has 

reawakened in the technology(71,77). BAV is being used as standalone therapy in cases 

such cardiogenic shock(90) as a bridge to definitive treatment and as destination 

therapy. As TAVI offers definitive therapy to higher risk groups than it is possible to treat 

with sAVR, the role for BAV is likely to remain important.  

Newer applications for BAV should also not be ignored. Balloon post-dilatation of 

implanted TAVIs will form an important role in the future of aortic stenosis treatment, 

to improve para-valvular leaks sometimes seen to complicate TAVI(94). With valve-in-

valve TAVI procedures to treat failing aortic bioprostheses added to the repertoire of 

indications for TAVI, procedures to increase effect orifice area such as “cracking” of the 

surgical sewing ring using valvuloplasty balloons also offers an expanding role for the 

technology of BAV(95).  

With an aging population and the inevitable increase in comorbidity that this brings, it 

is also vital to maintain BAV as an option for frail patients who are unlikely to significantly 

benefit from definitive valve replacement therapy.  

3.5 Conclusion 

 

BAV still has an important role to play in the treatment of severe aortic stenosis. Its use 

has increased over the years since the introduction of TAVI as more a wider role has 

been recognised in bridging patients to definitive therapy, or in the treatment of 

patients in extremis with limited other options for treatment.  
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Complication rates have reduced over time, particularly with respect to vascular 

complications that occurred frequently in early procedures. Advances in technology 

supported by work in TAVI have improved planning of procedures with respect to 

understanding vascular access, in addition to modern closure devices that when used 

proficiently provide successful haemostasis with minimal complications. Downsizing of 

catheters has also occurred and may contribute to improvements in vascular 

complication rates. Other advances in technology that have accompanied an upsurge in 

BAV procedures include the advent of pre-designed stiff guidewires that reduce the risk 

of trauma to the heart and can be used for rapid pacing in lieu of pacing via the right 

ventricle.  

Despite advances in technology reducing complications, the immediate haemodynamic 

benefit of valve changes during BAV is minimal and has changed little since the 

procedure was first investigated. Immediate haemodynamic changes are apparent in 

most reports, but often lack technical detail regarding the balloon inflation technique 

and balloon sizing. Furthermore, balloon sizing and inflation numbers vary wildly 

between studies making any claim regarding optimum technique difficult.  

Regardless of improvements in valve haemodynamic performance, long term mortality 

in the absence of definitive treatment remain poor in patients undergoing BAV alone, 

although in hospital mortality and 30 day mortality rates have improved since the 

procedure was first used. 1 year and longer mortality when BAV is used as a sole 

treatment remains dismal, although repeat procedures are possible, and survival when 

definitive treatment is subsequently given by either sAVR or TAVI is good.  

Much of the evidence for BAV is derived from retrospective analysis of data, and in case 

series that are variably reported. The patient population is generally older, and thus 

prone to differences in baseline characteristics and comorbidities that can affect 

outcomes. A significant lack of randomised trials and prospective studies mar the 

evidence and would clearly provide scope for further investigate to establish an ongoing 

role for BAV.  
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Future prospects for BAV include a changing role with deployment during TAVI for both 

pre and post dilatation, and with an aging population in the western world economic 

effects of BAV should be an area for investigation to ensure the correct treatments are 

used in suitable patients. Investigation into the technique of BAV, including balloon 

sizing and inflation technique, would add valuable information for how to potentially 

improve the procedure with the long term aim of improving outcomes from BAV 

procedures alone.  

 
 



Table 3.1. Studies included and basic characteristics. Basic study characteristics with groups given where applicable. Where bridge is listed as 
intention this may be bridge to decision for definitive therapy, bridge to TAVI, bridge to sAVR, or to allow non-cardiac surgery depending on 

study. Where palliation is listed as intention this relates to destination therapy of BAV with intention of improving symptoms. NS = not-specified 
explicitly in text; USA = United States of America; NI = Northern Ireland; NZ = New Zealand; AR = aortic regurgitation; LVEDP = left ventricular 

end diastolic pressure; AVR = aortic valve replacement; PCI = percutaneous coronary intervention; RP = rapid pacing 

 

Author, Year 
 

N Mean age 
(range) 

Sex (% male) Location Intent Follow up 

McKay, 1987(96) 32 79 43 USA NS 10  

Letac, 1988(97) 218 74 +/- 11 48.6 France Palliation 8  

Safian, 1988(98) 28 79 +/- 5 50 USA Palliation  NS 

Grollier, 1988(99) 30 75 +/- 8.4 40 France NS NS 

Safian, 1988(100) 170 77 +/- 5 53 USA NS 9.1  

Come, 1989(101)  144 77 +/- 12 42.4  USA Palliation 9.1  

Sherman, 1989(102) 36 77 NS USA Palliation  7 +/- 4 

Berland, 1989(103) 55 77 +/- 9 69.1 France Palliation  11 +/- 5 

Davidson, 1989(104) 90 74 +/- 1 35.60% USA NS 5.5 +/- 0.3 

Ferguson, 1989(105) 29 81 +/- 11 37.9 USA NS NS 
Harrison, 1990(106) 112 75.9 +/- 7.7 37 USA Palliation 6 

Ferguson, 1990(107) 68 77 +/- 9 47.1 USA NS 11.6 +/- 8.4 

Davidson, 1990(108) 

Total 81 
Group 1 (Improved) 53  
Ongoing Symptoms 28 76 +/- 8 

Group 1  46%, 
Group 2 36% USA NS 6 months 

Rodriguez, 1990(109) 42 77.8 +/- 7 47.61 USA NS 15.5  

Davidson, 1991(110) 108 78 (53-91) 44 USA NS 8 

Bashore, 1991(73) 674 78 +/- 9 44 USA Palliation/bridge NS 

McKay, 1991(74) 492 79 +/- 8 45 USA Palliation/bridge <1  

Kuntz,1991(111) 205 78 +/- 10 44 USA Palliation  24 

Legrand, 1991(112) 38 78.5 +/- 6.1 34.2 Belgium Palliation 22.5 +/- 6  

Sathe, 1992(113) 27 72 (28-96) 40.7 Australia NS 17 +/- 12  

Koning, 1993(85) Total 347  
A = 72 +/- 12 
B = 76 +/- 10 NS France NS NS 
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Group A with sig. AR (50) Group B 
no sig. AR (297) 

Otto, 1994(114) 674 78 +/- 9 44 USA NS 18 +/- 15 

Lieberman, 1995(115) 165 78 43 USA Palliation  47 

Eltchaninoff, 1995(116) 86 84 +/- 3 27 France NS 13 +/- 9 

Kvidal, 1997(117) 64 79 45.3 Sweden NS NS 

Agarwal, 2005(118) 212 82 +/- 8 39 USA Palliation  32 +/- 18 

Sakata, 2005(119) 
Total 71 –retrograde (31) and 
antegrade (40) 83 in both groups 

Retro = 45%, 
Ante = 46% USA NS NS 

Shareghi, 2007(91) 80 81 +/- 10 45 USA Palliation/bridge 36 +/- 24 

Pederson, 2007(120) 31 93 +/- 3 35.5 USA NS 1 

To, 2008(121) 26 86.1 +/- 4.4 38 NZ Palliation  6.3 +/- 4 

Sack, 2008(122) 75 78 +/- 7 58.7 Germany Palliation  36 months 

Ben-Dor, 2010(123) 262 81.7 +/- 9.8 44.7  USA Palliation/bridge 6 

Don, 2010(124) 111 
A: 86.6 +/- 4.4 
B: 74.1 +/- 6.9 

A = 43.8% 
B = 44.7% USA Palliation NS 

Ben-Dor, 2010(125) 177 81.4 +/- 9.1 43.8 USA Palliation 12 

Doguet, 2010(126) 25 71.9 (69-79) 76% France Palliation NS 

Kapadia, 2010(127) 90 75 +/- 11 52 USA Bridge 57 +/- 55 

Witzke, 2010(128) 

Total 149 
Rapid Pacing (RP) = 64,  
No-Rapid Pacing (NRP) = 47 

RP = 82 +/- 8 
NRP = 83 +/-8 

RP = 48%, NRP = 
38% USA Palliation/bridge NS 

Laynez, 2011(129) 271 
A: 81.7 +/- 10 
B: 84.1 +/- 10 

A: 39.1%  
B: 30.4% USA Palliation/bridge NS 

Saia, 2011(130) 78 81.1 +/- 8.2 43.6 Italy Palliation/bridge 30 days 

Ben-Dor, 2011(89) 
409 in two groups: BAV alone, 
BAV+PCI 

BAV =  
82 +/- 8.7 
BAV/PCI = 81.7 +/- 
10.5 

BAV =  
44.7 
BAV/PCI = 43.8 USA Palliation/bridge 6 

Elmariah, 2011(131) 281 83 +/- 9.4 39.2 USA NS 4 

Ben-Dor, 2012(76) 

472 in 2 groups –  
BAV alone (387)  
BAV as bridge (85) 

BAV alone = 81.7 
+/- 8.3, BAV as 
bridge = 83.2 +/- 
10.9 

BAV alone = 44.4 
BAV as bridge = 
44.7 USA Palliation/bridge 6 

Daly, 2012(132) 64 82 +/- 8 45 NI Palliation/bridge 1 

Don, 2012(133) 
109 in 2 groups 
LVEDD < 4cm (31)  

< 4cm = 84.5 +/- 
8.1,  

< 4cm = 19.3%,  
> 4cm = 80.6% USA NS NS 
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LVEDD > 4cm (78) > 4cm = 81.74 +/- 
7.6 

Gonzalez, 2012(134) 

263 in 3 groups 
No AR (76),  
mild AR (180)  
mod AR (7) 

No AR = 81.5 +/- 10 
Mild AR = 82.3 +/- 9 
Mod AR = 78.5 +/- 8 

No AR = 46.7% 
Mild AR = 42.9% 
Mod AR = 27.3% USA Palliation/bridge NS 

Saia, 2013(78) 415 77.5 +/- 10.9 44.3 Italy Palliation/bridge 20 

Khawaja, 2013(71) 423 80.9 +/- 9.5 52.5 UK Palliation/bridge NS 

Malkin, 2013(135) 33 83.4 +/- 9 64 Australia Palliation/bridge 6 

Kefer, 2013(136) 151 84 +/- 7 45.7 Belgium Palliation/bridge NS 

Eltchaninoff, 2014(81) 323 80.5 +/- 9.9 58.2 France Palliation/bridge 21 +/- 20 

Hui, 2014(137) 

62 in 2 groups  
pre-TAVI era (18) 
post-TAVI era (44) 77.1 +/- 10.24 62 USA Palliation/bridge 21 +/- 12 

Leclercq, 2014(83) 

162 in 2 groups  
with heparin (85)  
without heparin (77) 

Heparin =  
 85 (78-85) 
no heparin = 
 85 (80-89) 

Heparin = 47.6% 
no heparin = 
52% France Palliation/bridge 1 month 

Cubeddu, 2014(138) 

111 in 4 groups  
LVEDP: < 15 = 29 
16-20 = 41 
21-25 = 16 
> 26 = 25 83 +/- 11 56 USA NS NS 

Moretti, 2015(75) 811 82 +/- 9 43.5 Europe Palliation/bridge 11 

Bordoni, 2015(139) 105 84 +/-6 44.8 Italy Palliation/bridge 26 

Sakata, 2015(140) 405 84.1 +/- 6.9 23.2 Japan Palliation/bridge 24 

Christodoulidis, 2015(141) 644 83 +/- 9 48 USA Palliation/bridge 12 

Kapadia, 2015(80) 179 83 46 USA Palliation 60 

Singh, 2015(84) 

2127 in 2 groups 
BAV + PCI (247) 
BAV (1880) 

BAV alone 83 
BAV+PCI 84 

BAV alone= 
46 
BAV+PCI = 51 USA Palliation/bridge NS 

Olasinska, 2015(142) 25 72 +/- 11.4 24 Poland Palliation/bridge 201 +/- 11 

Cioffi, 2015(143) 49 84 +/- 9 51 Italy NS 9 +/- 8 

Kamperidis, 2015(144) 63 82 +/- 6 52 Greece Palliation 11 

Kamperidis, 2016(145) 68 82 +/- 7 51.5 Greece Palliation/bridge 40 

Gajanana, 2016(93) 264 81.9 +/- 9 51.00% USA NS 12 

Araque, 2016(146) 66 85 (44-97) 48.5 USA NS 16 
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Daniec, 2016(147) 112 84 (79-87) 37.5 Poland Palliation/bridge 12 

Saia, 2016(148) 202 81 +/- 7 44.1 Italy Bridge NS 

Mentia, 2016(149) 29 78.8 +/- 7.4 44.8 USA NS 36 +/- 18 

Dall'Ara, 2017(150) 930 82.9 +/- 7.2 42.9 Italy NS 1 

Eugene, 2017(92) 40 79 +/- 9 55 France Palliation/bridge 11 

Szerlip, 2017(79) 11 80.6 +/- 9.6 53 Germany/USA Palliation/bridge 12 

Bongiovanni, 2017(151) 118 81.3 +/- 7.6 55.9 Germany Palliation/bridge NS 

Alkhouli, 2017(152) 3168 82 +/- 7.8 51.1 USA Palliation/bridge NS 

Dall'Ara, 2017(86) 

100 in 2 groups 
RP (51)  
No RP (49) 

RP = 83 +/- 7 
NoRP =83+/-6  

RP = 49, NoRP = 
46.9 Italy Palliation 1 

Daniec, 2017(88) 

97 in 2 groups  
BAV alone (34) BAV/angio/PCI 
(63) 

BAV alone = 83.9 
+/- 5.6 
BAV/PCI = 85 +/- 5 

BAV alone = 
73.5, BAV/PCI = 
61.9 Poland Palliation/bridge 8 

Singh, 2017(153) 116 80 +/- 9 75 USA NS 12 

Sandhu, 2017(154) 200 80 +/- 9 57.5 UK Palliation/bridge NS 

Goldenburg, 2017(155) 80 85 60 USA Palliation/bridge NS 

Ford, 2018(156) 51 88 +/- 5.7 39.2 Australia Palliation/bridge 1 

Rigatelli, 2018(157) 34 80.9 +/- 4.9 52.4 Italy Palliation 38 +/- 5 

Debry, 2018(90) 44 77.3 +/- 8.1 75 France Palliation/bridge 12 

Hosokawa, 2018(158) 50 85.4 +/- 7.6 46 Japan Palliation/bridge 12 +/- 6 

 

 

 



Table 3.2. Studies describing number of inflations of balloon during valvuloplasty procedure. NS = not specified. Meditech balloon, Medi-
Tech,Watertown MA, USA; Mansfield balloon, Mansfield Scientific, Mansfield, USA; Schneider Medintag, Zurich; Inoue, Toray, Tokyo, Japan; Z-

Med, B Braun, UK; Cristal Balt, ABMedica, Dusseldorf, Germany; Tyshak, NuMed, NY, USA; Nucleus, NuMed, NY, USA. 

Author, Year N Balloon type Balloon Sizes (mm) Description of inflations 

McKay, 1987(96) 32 Meditech 12, 15, 20 At least 3 inflations 

Letac, 1988(97) 218 Mansfield 15, 18, 20 3 inflations 

Berland, 1989(103) 55 Mansfield 15, 18, 20, 23 3 inflations, multiple catheters 

Davidson, 1989(104) 90 Mansfield 20, 23, some double Single or double inflation 

Harrison, 1990(106) 112 Mansfield 20 2-5 inflations until balloon waist disappeared 

Ferguson, 1990(107) 68 NS 18, 20, 23, some double Mean 4.3 inflations 

Davidson, 1990(108) 81 Mansfield 20, 23, some double  1 - 2 inflations 

Rodriguez, 1990(109) 42 NS 18, 20, 23 3 inflations 

Bashore, 1991(73) 674 NS 18 - 25 1-3, or 4-6, or >6 inflations 

Legrand, 1991(112) 38 
Schneider 
Medintag 19 – 23, some double 1 to 3 inflations 

Sathe, 1992(113) 27 Mansfield 15-25 One inflation up to 60 seconds 

Eltchaninoff, 1995(116) 86 NS 18-23 At least 3 inflations 

Sakata, 2005(119) 71 Inoue 20 - 26 1-3 inflations 

Shareghi, 2007(91) 80 Z-Med 20-25 Mean 2 +/- 1 inflations 
Pedersen, 2007(120) 31 Inoue  20-28 2-3 inflations 

To, 2008(121) 26 

Cribier-Letac, 
Cristal balloon, 
Mansfield 
balloon NS 2 or more inflations 

Sack, 2008(122) 75 Z-Med II 23 or 26mm 3 inflations 

Witzke, 2010(128) 149 Z-Med Mean 22 +/- 0.7 Minimum of 2 inflations 

Ben-Dor, 2011(89) 409 NS NS Mean 1.8 +/- 0.9 inflations 

Ben-Dor, 2012(76) 472 NS 18 – 25 1, >1, >2 inflations 

Daly, 2012(132) 64  NS Mean 1.3 +/- 0.8 inflations 

Saia, 2013(78) 415 Cristal Balloon 20 +/- 0.5 3 inflations 

Khawaja, 2013(71) 423 NS NS 0-12, mean 2.4 inflations 

Moretti, 2015(75) 811 

Balt Cristal, 
Zmed II, Tyshak 
II 22 +/- 2 Up to 3 inflations 

Bordoni, 2015(139) 105 Cristal Balloon 18 - 25 Mean 2.9 +/- 0.9 inflations 
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Sakata, 2015(140) 405 Inoue 21.5 +/- 1.8 Mean 12.3 +/- 5.9 inflations 
Olasinska, 2015(142) 25 Z-med NS 3 – 6 inflations 

Kamperidis, 2015(144) 63 Cristal 20-25 1 – 2 inflations 

Gajanana, 2016(93) 264 TyShak 20-24 1, 2, or more than 3 inflations 

Eugene, 2017(92) 40 
Cristal  or 
Nuceleus 22 +/- 2  2-3 inflations 

Dall'Ara, 2017(86) 100  Cristal 18-23 3 inflations 

Daniec, 2017(88) 97  NS Mean 22 1 – 2 inflations 

Ford, 2018(156) 51 
Cristal or 
NuCLEUS-X 15 - 25 Mean 2.35 +/- 1.09 inflations 

Rigatelli, 2018(157) 34 VACS II 18 – 21 2 test inflations followed by 1 dilatation inflation 

 

 



Table 3.3. Studies describing changes in valve haemodynamics. AR = aortic regurgitation; NS = not specified; RP = rapid pacing; LVIDd = left 
ventricular internal diameter in diastole; LVEDP = left ventricular end diastolic pressure; CD = conduction disturbance. 

Author, year Subgroup Method of 
assessment 

Peak-peak 
pre 
(mmHg) 

Peak-peak 
post 
(mmHg) 

Mean pre (mmHg) Mean post 
(mmHg) 

AVA pre (cm2) AVA post (cm2) 

McKay, 1987(96)  Invasive 77 +/- 27 39 +/- 15 60 +/- 18 36 +/- 13 0.6 +/- 0.2 0.9 +/- 0.3 

Letac, 1988(97)  Invasive   72 +/- 25 29 +/- 14 0.52 +/- 0.18 0.93 +/- 0.33 

Safian, 1988(98)  Invasive   69 +/- 25 35 +/- 15 0.5 +/- 0.1 0.9 +/- 0.2 

Grollier, 1988(99) 
 Invasive 

82 +/- 19.9 
44.5 +/- 
16.7   0.37 +/- 0.14 0.6 +/- 0.35 

Safian, 1988(100)  Invasive 71 +/- 20 36 +/- 14 56 +/- 19 31 +/- 12  0.6 +/- 0.2 0.9 +/- 0.3 

Come, 1989(101)   Invasive   56 +/- 19 31 +/- 12  0.6 +/- 0.2 0.9 +/- 0.3 

Sherman, 1989(102)  Invasive   48 +/- 18 23 +/- 14 0.5 +/- 0.2 0.9 +/- 0.3 

Berland, 1989(103)  Invasive 66 +/- 24 28 +/- 14 NS NS 0.47 +/- 0.15 0.83 +/- 0.27 

Davidson, 1989(104)  Invasive   61 +/- 2 30 +/- 2 0.4 +/- 0.02 0.8 +/- 0.03 

Ferguson, 1989(105)  Invasive 71 +/- 27 40 +- 17 62 +/- 22 39 +/- 16 0.4 +/- 0.1 0.6 +/- 0.2 

Harrison, 1990(106)  Invasive   59.7 +/- 18.4 35.6 +/- 12.7 0.51 +/- 0.14 0.81 +/- 0.19 

Ferguson, 1990(107)  Invasive 68 +/- 29 35 +/- 17 62 +/- 23 38 +/- 14 0.5 +/- 0.17 0.67 +/- 0.18 

Davidson, 1990(108)  Invasive 70 +/- 25 34 +/- 18 57 +/- 18 34 +/- 13 0.57 +/- 0.17 0.83 +/-0.21 

Rodriguez, 1990(109)  Invasive 82 +/- 32 44 +/- 23 NS NS 0.59 +/- 0.15 0.83 +/- 0.4 

Davidson, 1991(110)  Invasive 70 (50 – 90) 38 (28 – 50) 58 (40 – 73) 35 (26 – 45) 0.5 (0.4, 0.6) 0.8 (0.6, 0.9) 

Bashore, 1991(73)  Invasive 65 +- 28 31 +- 18 NS NS  0.5 +/- 0.2 0.8 +/- 0.3 

McKay, 1991(74)  Invasive 60 ± 23 30 ± 13 NS NS 0.50 ± 0.18 0.82 ± 0.30 

Kuntz,1991(111)  Invasive 67 +- 28 33 +- 15 55 +/- 19 30 +/- 12 0.6 +/- 0.2 0.9 +/- 0.3 

Legrand, 1991(112)  Invasive   68 +/- 22 33 +/- 13 0.45 +/- 0.11 0.67 +/- 0.16 
Sathe, 1992(113)  Invasive 67 +/- 24 31 +/- 15 NS NS 0.48 +/- 0.16 0.67 +/- 0.21 

Koning, 1993(85) 

Group A: significant AR 
Group B: no significant 
AR 

Invasive 

  
71 +/- 24 
71 +/- 25 

28 +/- 13  
28 

0.52 +/- 0.16 
0.55 +/- 0.18 

0.9 +/- 0.32 
0.9 

Otto, 1994(114)  Echo   55 +/- 21 29 +/- 13 0.5 +/- 0.2 0.8 +/- 0.3 

Lieberman, 
1995(115) 

 Invasive 
 68 38 NS NS 0.5  0.7 

Eltchaninoff, 
1995(116) 

 Invasive 
  68 26 0.53 0.96 

Kvidal, 1997(117)  Invasive 73 +/- 31 38 +/- 20 NS NS 0.51 +/- 0.18 0.9 +/- 0.38 
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Agarwal, 2005(118)  Invasive   44 +/- 18 18 +/- 9 0.61 +/- 0.19 1.15 +/- 0.33 

Sakata, 2005(119) 
Retrograde approach 
Antegrade approach 

Invasive 
  

40 +/- 14.6 
40 +/- 13.5 

22 +/- 9.7 
18 +/- 10 

0.6 +/- 0.2 
1.0 +/- 0.3 

0.6 +/- 0.2 
1.2 +/- 0.5 

Shareghi, 2007(91)  Invasive 57 +/- 21 31 +- 15 51 +/- 18 23 +/- 12 0.49 +/- 0.17 0.9 +/- 0.26 

Pederson, 2007(120)  Invasive   53 +/- 16  25 +/- 10 0.52 +/- 0.18 0.92 +/- 0.22  

To, 2008(121)  Echo   57.5 +/- 18.0 38.5 +/- 14.4 0.7 +/- 0.2 0.9 +/- 0.3 

Sack, 2008(122)  Invasive   51 +/- 24 27 +/- 15 0.84 +/- 0.33 1.25 +/- 0.45 

Ben-Dor, 2010(123)  Invasive 68 +/- 22 53 +- 18 42.0 +/-13.9 31.9 +/- 11.8 0.58 +/- 0.3 0.96 +/- 0.3 

Don, 2010(124) 
Age >80 
Age <80 

Invasive 
  

47.2 +/- 15 
46.5 +/- 17 

> 80 = 28.5 +/- 11 
< 80 = 28.9 +/- 12 

0.59 +/- 0.2 
0.73 +/- 0.3 

0.89 +/- 0.3 
1.02 +/- 0.4 

Doguet, 2010(126)  Invasive   42.5 33.9  0.62 0.75 

Kapadia, 2010(127)  Invasive 58+/- 22 26 +/- 14 46 +/- 20 21 +/- 11 0.58 +/- 0.2 1.0 +/- 0.3 

Witzke, 2010(128) 
Rapid pacing 
No rapid pacing 

Invasive 
  

48 +/- 12  
31 +/- 11 

46.3 +/- 19.3 
25 +/- 12 

0.63 +/- 0.2 
0.65 +/- 0.19 

0.87 +/- 0.3 
1.02 +/- 0.3 

Laynez, 2011(129) 

No Conduction 
disturbance 
Conduction disturbance 

Invasive 

  
42.89 +/- 15 
43.05 +/- 17 NS 

0.6 +/- 2 
0.56 +/- 0.2 

1.01 +/- 0.3 
0.95 +/- 0.3 

Saia, 2011(130)  Echo 80 +- 26 51 +/- 21 49.05 +/- 16.94 33.9 +/- 15.46 0.65 +/- 0.13 0.89 +/- 0.22 

lmariah, 2011(131)  Invasive   NS NS 0.64 +/- 1.8 1.23 +/- 0.3 

Daly, 2012(132)  Combination 67.4 +/-  17 36 +/- 16.5 NS NS 0.53 +/- 0.17 NS 

Don, 2012(133) 
LVIDd < 4 cm 
LVIDd > 4 cm 

Invasive 
  

51.1 +/- 2.9 
45.9 +/- 1.75 

31.2 +/- 2.0 
27.8 +/- 1.3 

0.6 +/- 0.0 
0.7 +/- 0.0 

0.7 +/- 0.1 
1.0 +/- 0.0 

Gonzalez, 2012(134) 

No AR 
Mild AR 
Mod AR 

Invasive 

  

39 +/- 11  
43.3 +/- 15 
37.4 +/- 14 

30.5 +/- 11 
32 +/- 12 
35.1 +/- 7 

0.63 +/- 0.2 
0.58 +/- 0.2 
0.6 +/- 0.1 

1.04 +/- 0.3  
1.02 +/- 0.4  
0.88 +/- 0.3 

Saia, 2013(78)  Echo 78 +/- 27 52 +/- 19 48.7 +/- 18.1 31.7 +/- 12.8 0.6 +/- 0.2 0.9 +/- 0.2 

Khawaja, 2013(71) 
 Combination 

62 +/- 26.3 
28.3 +/- 
16.2 NS NS 0.58 +/- 0.19 0.8 +/- 0.25 

Kefer, 2013(136)  Invasive   35 +/- 18 17 +/- 9 0.6 +/- 0.1 0.9 +/- 0.3 

Eltchaninoff, 
2014(81) 

 Invasive 
  44.0 +/- 18.9 20.7 +/- 11 0.68 +/- 0.25 1.12 +/- 0.39 

Hui, 2014(137)  Echo   40.1 +/- 17.5 27.2 +/- 12 0.69 +/- 0.22 0.84 +/- 0.27 

Cubeddu, 2014(138) 

LVEDP < 15 
LVEDP 16 – 20 
LVEDP 21 – 25 
LVEDP >26 

Invasive 

  

46 +/- 12.8  
47.7 +/- 15.5 
46.5 +/- 16.5 
47.2 +/- 19.7 

28.8 +/- 9 
29.2 +/- 13 
27 +/- 11 
28.4 +/- 14 

0.7 +/- 0.2 
0.6 +/- 0.2 
0.6 +/- 0.2 
0.6 +/- 0.2 

All groups – 0.9 +/- 
0.3 

Moretti, 2015(75)  Echo 87 +/- 22 66 +/- 22 54 +/- 17 41 +/- 14 0.61 +/- 0.2 0.8 +/- 0.2 
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Bordoni, 2015(139)  Invasive   42 +/- 18 24 +/- 9 0.51 +/- 0.14  
Sakata, 2015(140)  Invasive   63.6 +/- 17.3 22.7 +/- 8.9 0.55 +/- 0.15 0.98 +/- 0.2 

Olasinska, 2015(142) 
 Invasive 96.9 +/- 

29.5 
60.3 +/- 
15.5 NS NS NS NS 

Kamperidis, 
2015(144) 

 Invasive 
  46 +/- 19 27 +/- 11 0.73 +/- 0.25 0.98 +/- 0.32 

Kamperidis, 
2016(145) 

 Invasive 
  48 +/- 19 28 +/- 11 NS NS 

Gajanana, 2016(93) 

1 inflation 
2 inflations 
3+ inflations 

Invasive 

  

35.69 +/- 14.84 
36.69 +/- 11.29 
39.17 +/- 17.69 

14.45 +/- 9.173 
18.48 +/- 9.713  
20.75 +/- 11.98 

0.678 +/- 0.146 
0.689 +/- 0.175 
0.647 +/- 0.201 

0.887 +/- 0.411 
1.0 +/- 0.371 
1.128 +/- 0.573 

Daniec, 2016(147)  Echo 94 +/- 28 65 +/- 20 58 +/- 17.8 40.5 +/- 14.6 0.59 +/- 0.18 0.82 +/- 0.24 

Saia, 2016(148)  Echo 76 +/- 27 55 +/- 23 47 +/- 17 33 +/- 14 0.66 +/- 0.17 0.84 +/- .24 

Eugene, 2017(92)  Echo   47 +/- 15 32 +/- 10 0.6 +/- 0.18 0.88 +/- 0.22 

Dall'Ara, 2017(86) 
Rapid pacing 
No Rapid pacing 

Invasive 
  

45.2 +/- 16.2  
44.5 +/- 16 

25.3 +/- 11 
24.4 +/- 8.7 NS NS 

Daniec, 2017(88) 
BAV alone 
BAV and PCI 

Echo 
  

59 +/- 4 
56.4 +/- 2 

43.3 +/- 4 
43.4 +/- 3 

0.5 +/- .03 
0.53 +/- 0.02 

0.7 +/- 0.04 
0.75 +/- 0.02 

Sandhu, 2017(154)  Echo 73 +/- 22 58 +/- 22 NS NS 0.7 +/- 0.2 0.9 +/- 0.3 

Goldenburg, 
2017(155) 

Hourglass balloon - 1 
Standard balloon - 2 

Echo 
  NS NS 

1 – 0.73 +/- 0.2 
2– 0.72 +/- 0.09 

1 – 1.01 +/- 0.28 
2 – 0.94 +/- 0.2 

Ford, 2018(156)  Invasive   36.5 +/- 17.5 20 +/- 14.8 0.62 +/- 0.19 0.78 +/- 0.33 

Rigatelli, 2018(157) 
 Invasive 75.6 +/- 

11.3 
35.8 +/- 
11.2 NS NS 0.58 +/- 0.2 1.1 +/- 0.2 

Debry, 2018(90)  Echo   39 +/- 14.2 25.3 +/- 12 0.61 +/- 0.17 0.82 +/- 0.2 

Hosokawa, 
2018(158) 

 Invasive 
  60.4 +/- 19.8 24.8 +/- 10.1 0.58 +/- 0.22 1.09 +/- 0.34 

 

 



Table 3.4. Cumulative all cause mortality in studies reporting mortality outcomes. NS = 
not specified. *mortality for BAV alone group (with no definitive treatment).   

Author, year Subgroups N In 
hospital 

30 
days 

6 
months 

1 year 3 
years 

5 years 

McKay, 1987(96)  32 9.4% NS NS NS NS NS 

Letac, 1988(97)  218 4.6% NS NS NS NS NS 

Grollier, 1988(99)  30 6.7% NS NS NS NS NS 

Safian, 1988(100)  170 20.0% NS NS NS NS NS 

Sherman, 1989(102)  36 2.8% NS 19.4% NS NS NS 

Berland, 1989(103)  55 5.5% 15.0% 30.0% 40.0% NS NS 

Davidson, 1989(104)  90 8.9% NS NS NS NS NS 

Ferguson, 1990(107)  68 4.4% NS NS 17.0% NS NS 

Davidson, 1990(108)  81 NS NS 16.0% NS NS NS 

Rodriguez, 1990(109)  42 2.4% 7.1% NS NS NS NS 
Davidson, 1991(110)  108 NS NS NS 32.4% NS NS 

Bashore, 1991(73)  674 10.2% 13.6% NS NS NS NS 

McKay, 1991(74)  492 4.9% NS NS NS NS NS 

Kuntz,1991(111)  205 4.4% NS NS 25.0% NS NS 

Legrand, 1991(112)  38 7.9% 13.2% NS NS NS NS 

Sathe, 1992(113)  27 3.7% NS NS NS NS NS 

Koning, 1993(85) 
Sig. AR 
No Sig AR 

50 
297 

6% 
3% 

NS NS NS NS NS 

Otto, 1994(114)  674 NS NS NS 45.0% 77.0% NS 

Lieberman, 
1995(115) 

 
165 

NS NS NS 
36.0% 

NS NS 

Eltchaninoff, 
1995(116) 

 
86 2.3% 

NS NS NS NS NS 

Kvidal, 1997(117)  64 6.0% NS NS NS NS NS 

Agarwal, 2005(118)  212 10.4% 13.7% NS 36.3% NS 85.8% 

Shareghi, 2007(91)  80 6.0% 12.0% NS 44.0% NS NS 

Pederson, 2007(120)  31 6.7% 9.7% NS NS NS NS 

To, 2008(121)  26 NS NS 12.0% 36.0% NS NS 
Sack, 2008(122)  75 1.3% NS 25.3% 29.3% 75.0% NS 

Ben-Dor, 2010(123)  262 1.9% NS NS NS NS NS 

Don, 2010(124)  111 8.1% NS NS NS NS NS 

Ben-Dor, 2010(125)  177 NS NS 31.8% 39.6% NS NS 

Doguet, 2010(126)  25 NS NS NS NS 56.0% 76.0% 

Kapadia, 2010(127)  90 1.1% 17.0% NS NS NS NS 

Witzke, 2010(128) 

Rapid pacing 
No rapid 
pacing 

64 
47 

7.8% 
8.5% NS 

NS NS NS NS 

Saia, 2011(130)  78 5.1% NS NS NS NS NS 

Ben-Dor, 2011(89) 
BAV alone 
BAV/PCI 

329 
80 

2.4% 
1.3% NS 

NS NS NS NS 

Elmariah, 2011(131)  281 1.4% 12.7% NS NS NS NS 

Ben-Dor, 2012(76) 
BAV alone 
BAV bridge 

387 
85 

2.8% 
0% NS 

NS NS NS NS 

Daly, 2012(132)  64 3.1% 13.0% NS NS NS NS 

Don, 2012(133) 
LVIDd < 4 cm 
LVIDd >4 cm 

31 
78 

9.7% 
6.4% 

NS 
 

NS NS NS NS 

Gonzalez, 2012(134) 

No AR 
Mild AR 
Mod AR 

76 
180 
7 

2.7% 
(all) NS NS 

41.1% 
46.9% 
63.6% NS NS 

Saia, 2013(78)  415 5.1% NS NS 33.2% NS NS 

Khawaja, 2013(71)  423 2.4% 13.8% NS 36.3% NS NS 

Malkin, 2013  33 NS 3.0% 15.0% NS NS NS 

Kefer, 2013(136)  151 NS 9.0% NS 46.0% NS NS 

Eltchaninoff, 
2014(81) 

 
323 2.5% 

NS NS NS NS 
96.7%* 
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Hui, 2014(137) 
Pre-TAVI 
Post-TAVI 

18 
44 

17.4% 
(all) 

NS NS NS NS 
NS 

Leclercq, 2014(83) 
Heparin 
No heparin 

85 
77 NS 

3.7% 
(all) 

NS NS NS NS 

Cubeddu, 2014(138)  111 8.1% NS NS NS NS NS 

Moretti, 2015(75) 

BAV alone 
Bridge to TAVI 
Bridge to AVR 

416 
320 
75 NS 

6.5% 
6.2% 
7.4% 

NS NS NS NS 

Bordoni, 2015(139)  105 7.6% NS NS 15.2% 57.2% NS 
Sakata, 2015(140)  405 NS 2.8% 6.1% 17.1% NS NS 

Christodoulidis, 
2015(141) 

 
644 6.1% 

NS NS 
27.0% 

NS NS 

Kapadia, 2015(80)  179 NS NS NS  NS 93.6% 

Singh, 2015(84) 
BAV alone 
BAV + PCI 

1880 
247 

10.5% 
10.3% 

NS NS NS NS NS 

Olasinska, 2015(142)  25 20.0% NS NS NS NS NS 

Kamperidis, 
2015(144) 

 
68 10.3% 

NS NS NS NS NS 

Gajanana, 2016(93) 

1 inflation 
2 inflation 
3+inflations 

264 
total NS 

8.9% 
10.2% 
9.9% NS 

28.8% 
42.9% 
46.1% NS NS 

Araque, 2016(146)  66 16.7% NS NS NS NS NS 

Daniec, 2016(147)  112 8.9% 8.9% 16.9% 22.3% NS NS 

Saia, 2016(148)  202 4.5% NS NS NS NS NS 
Dall'Ara, 2017(150)  930 3.9% NS NS NS NS NS 

Eugene, 2017(92)  40 47.5% NS NS NS NS NS 

Szerlip, 2017(79) 

Bridge to 
decision 
Bridge to 
therapy 
BAV alone 

76 
20 
4 

NS NS NS 

43.4% 
25% 
75% 

NS NS 

Bongiovanni, 
2017(151) 

 
118 20.3% 33.0% 

NS NS NS NS 

Alkhouli, 2017(152)  3168 8.5% NS NS NS NS NS 

Dall'Ara, 2017(86) 

Rapid Pacing 
No rapid 
pacing 

51 
49 

4% 
0% 

NS NS NS NS NS 

Daniec, 2017(88) 
BAV alone 
BAV/PCI 

34 
63 

11.8% 
8% 

NS NS NS NS NS 

Singh, 2017(153)  116 29.9% NS NS 68.2% NS NS 

Sandhu, 2017(154)  200 1.0% 5.5% 17.5% NS NS NS 

Goldenburg, 
2017(155) 

Hourglass 
balloon 
Standard 
balloon 

40 
40 

0% 
1.3% 

NS NS NS NS NS 

Ford, 2018(156)  51 0.0% 3.9% NS NS NS NS 

Rigatelli, 2018(157)  34 NS 11.8% NS NS NS NS 

Debry, 2018(90)  44 45.0% 47.0% NS 70.0% NS NS 

Hosokawa, 
2018(158) 

 
50 2.0% NS 

NS 
12.0% 

NS NS 

 

 



Table 3.5. Studies reporting Stoke and TIA as a complication of BAV 

Author, Year Subgroups N Strokes n (%) 
Letac, 1988(97)  218 4 (1.8%) 

Safian, 1988(98)  170 0 

Davidson, 1991(110)  108 2 (1.9%) 

McKay, 1991(74)  492 11 (2.2%) 

Kuntz,1991(111)  205 0 

Sathe, 1992(113)  27 2 (7.4%) 

Sakata, 2005(119) 
Retrograde 
Antegrade 

31 
40 

0 
0 

Ben-Dor, 2011(89) 
BAV alone 
BAV+PCI 

329 
80 

7 (2.1%) 
1 (1.3%) 

Ben-Dor, 2012(76) 
BAV for palliation 
BAV as bridge 

387 
85 

10 (2.6%) 
1 (1.2%) 

Daly, 2012(132)  64 1 (1.6%) 

Saia, 2011(130)  73 0 

Saia, 2013(78)  415 2 (0.5%) 

Khawaja, 2013(71)  423 4 (1%) 

Malkin, 2013(135)  33 0 

Eltchaninoff, 2014(81)  323 6 (1.9%) 

Hui, 2014(137) 
Pre TAVI era 
Post TAVI era 

18 
44 

0 
0 

Leclercq, 2014(83) 
With heparin 
Without Heparin 

85 
77 

0 
0 

Moretti, 2015(75)  811 6 (0.08%) 

Bordoni, 2015(139)  105 2 (1.9%) 

Sakata, 2015(140)  405 6 (1.5%) 

Christodoulidis, 2015(141)  644 2 (0.3%) 

Singh, 2015(84) 
BAV + PCI 
BAV 

247  
1880 

4 (1.7%) 
60 (3.2%) 

Kamperidis, 2015(144)  63 1 (1.6%) 

Gajanana, 2016(93)  264 1 (0.4%) 

Araque, 2016(146)  66 2 (3.0%) 

Saia, 2016(148)  202 2 (1.0%) 

Dall'Ara, 2017(150)  930 12 (1.3%) 

Eugene, 2017(92)  40 1 (2.5%) 

Szerlip, 2017(79) 

Intention for bridge decision 
Intention to TAVI/AVR 
Intention for palliation 

76 
20 
4 2 in total (2%) 

Bongiovanni, 2017(151)  118 0 

Alkhouli, 2017(152)  3168 70 (2.2%) 

Sandhu, 2017(154)  200 3 (1.5%) 

Ford, 2018(156)  51 0 

Rigatelli, 2018(157)  34 0 

Debry, 2018(90)  44 0 



Table 3.6. Frequently reported complications.  

Author, Year Subgroup N Tamponade 
N (%) 

AR 
N (%) 

MI 
N (%) 

Vascular 
N (%) 

Letac, 1988(97)  32 1 (3.1%) 0 NS 10 (31.3 %) 

Safian, 1988(98)  218 NS NS 1 (0.5 %) 28 (12.8%) 

Letac, 1988(97)  28 NS NS NS 12 (42.9 %) 

Safian, 1988(100)  170 2 (1.2 %) 2 (1.2%) 1 (0.6%) 57 (33.5%) 
Sherman, 1989(102)  36 NS 2 (5.6%) 1 (2.8 %) 2 (5.6%) 

Berland, 1989(103)  55 NS NS NS 7 

Ferguson, 1990(107)  68 NS 2 (2.9%) NS 39 (57.4%) 

Bashore, 1991(73)  674 10 (1.5 %) 6 (0.9%) 10(1.5%) 79 (11.7%) 

McKay, 1991(74)  492 9 (1.8 %) 5 (1 %) NS 52 (11%) 

Kuntz,1991(111)  205 3 (1.5%) 2 (1.0%) 1 (0.5%) 20 (9.8%) 

Legrand, 1991(112)  38 NS NS NS 28 (73.7%) 

Sathe, 1992(113)  27 NS 5 (18.5%) NS 4 (14.8%) 

Koning, 1993(85) 

Significant AR – A 
No significant AR – 
B 

50 
297 

NS 13 (26%) 
38 (12.8%) 

NS 
8 (16%) 
36 (12%) 

Eltchaninoff, 1995(116)  86 NS 1 (1.2%) 1 (1.2%) NS 
Kvidal, 1997(117)  64 1 (1.6%) NS 5 (7.8%) 20 (31.2%) 

Agarwal, 2005(118)  212 1 (0.5%) 3 (1.4%) NS 38 (13.5%) 

Shareghi, 2007(91)  80 NS NS NS 9 (11.2%) 

To, 2008(121)  26 NS NS NS 7 (26.9%) 

Sack, 2008(122)  75 NS NS 1 (1.3%) 5 (6.7%) 

Ben-Dor, 2010(123)  262 1 (0.4%) 4 (1.5%) NS 21 (8%) 

Don, 2010(124)  111 NS NS 8 (7.2%) 15 (13.5%) 

Doguet, 2010(126)  25 NS NS 1 (4%) 1 (4%) 

Witzke, 2010(128) 
Rapid Pacing 
No Rapid Pacing 

64 
47 

NS 
NS 

NS 
NS 

3 (4.7%) 
3 (6.4%) 

6 (9.4%) 
6 (12.8%) 

Ben-Dor, 2011(89) 
BAV alone 
BAV + PCI 

329 
80 

4 (1.2%) 
0 

4 (1.2%) 
1 (1.3%) 

NS 
NS 

23 (7.0%) 
6 (7.5%) 

Ben-Dor, 2012(76) 
BAV alone 
BAV as bridge 

387 
85 

4 (1.0%) 
0 

NS 
NS 

NS 
NS 

25 (6.5) 
9 (10.6 %) 

Daly, 2012(132)  64 NS NS NS 5 (7.8%) 

Don, 2012(133) 
LVIDd < 4 cm 
LVIDd > 4 cm 

31 
78 

2 (6.5%) 
0 

NS 
NS 

1 (3%) 
2 (3%) 

6 (20.4%) 
6 (7.7%) 

Saia, 2013(78)  415 NS 11 (2.7%) NS 23 (5.5%) 

Khawaja, 2013(71)  423 4 (1%) NS NS 9 (2.2%) 

Kefer, 2013(136)  151 4 (2.6%) 2 (1.3%) NS 2 (1.3%) 

Eltchaninoff, 2014(81)  323 NS 5 (1.5%) NS 8 (2.5%) 

Hui, 2014(137)  62 NS NS NS 1 (1.6%) 

Leclercq, 2014(83) 
Heparin 
No Heparin 

85 
77 

NS NS NS 19 (22.3%) 
5 (6.5%) 

Cubeddu, 2014(138)  111 NS NS NS 22 (19.8%) 

Moretti, 2015(75) 

BAV alone 
Bridge to TAVI 
Bridge to sAVR 

416 
320 
75 

NS NS 10(2.4%) 
3 (0.8%) 
0 

46 (11%) 
25 (7.7%) 
9 (12%) 

Bordoni, 2015(139)  105 NS 3 (2.7%) 4 (4%) 8 (8%) 

Sakata, 2015(140)  405 7 (1.7%) 2 (0.5%) NS NS 

Christodoulidis, 
2015(141) 

 
644 

NS NS NS 
139 (21.6%) 

Singh, 2015(84) 
BAV alone 
BAV + PCI 

1880 
247 

15 (0.8%) 
1 (0.4%) 

NS NS 126 (6.7%) 
19 (7.5%) 

Olasinska, 2015(142)  25 1 (4 %) NS NS 4 (16%) 

Kamperidis, 2015(144)  63 NS 14 (22.2%) NS NS 

Araque, 2016(146)  66 2 (3%) 21 (31.8%) NS 24 (36.3%) 

Daniec, 2016(147)  112 NS NS NS 11 (9.8%) 

Saia, 2016(148)  202 NS NS NS 8 (4.0%) 

Dall'Ara, 2017(150)  930 NS 21 (2.3%) 2 (0.2%) 83 (8.9%) 
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Eugene, 2017(92)  40 NS 1 (2.5%) NS NS 

Szerlip, 2017(79)  100 NS NS NS 4 (2.5%) 

Bongiovanni, 2017(151)  118 NS 32 (27.1%) 5 (4.4%) 24 (20.6%) 

Alkhouli, 2017(152)  3168 13 (0.4%) NS NS 795 (25.1%) 

Dall'Ara, 2017(86) 
Rapid Pacing 
No Rapid Pacing 

51 
49 

1 (2.0%) 
0 

2 (4%) 
3 (6%) 

2 (4%) 
0 

4 (8%) 
5 (10%) 

Daniec, 2017(88) 
BAV alone 
BAV/PCI 

34 
63 

2 (5.9%) 
2 (3.2%) 

NS NS 6 (17.6%) 
10 (15.9%) 

Sandhu, 2017(154)  200 2 (1%) NS NS 4 (2%) 

Goldenburg, 2017(155) 
Hourglass balloon 
Standard balloon 

40 
40 

NS 3 (7.5%) 
8 (20%) 

NS 
NS 

Ford, 2018(156)  51 NS 2 (3.9%) NS 6 (11.8%) 

Rigatelli, 2018(157)  34 NS NS NS 3 (8.8%) 

Debry, 2018(90)  44 NS NS NS 5 (11.4%) 

Hosokawa, 2018(158)  50 NS NS NS 1 (2%) 



4 STROKE RISK AND BALLOON AORTIC VALVULOPLASTY 

4.1 Introduction 

Although balloon aortic valvuloplasty is a relatively safe procedure significant risks 

remain, and in recent large series of patients the risk of stroke or other cerebrovascular 

accident is reported in the region of 1.5 – 3 % in all comers(84,152). In TAVI great steps 

have been taken to reduce stroke risk including the use of cerebral protection 

devices(159), however the same devices are not used during BAV.  

Patients undergoing BAV may be at higher risk of morbidity and mortality than patients 

undergoing TAVI, as BAV is often reserved for patients who are frailer (and therefore 

less likely to benefit from TAVI), are more comorbid, or patients “in extremis” and 

sometimes critically unwell. The potential, therefore, for higher risk patients undergoing 

the procedure means special attention needs to be taken to avoid complications 

including stroke, which can of course be devastating for patients already suffering 

significant cardiac disease.  

Some of our understanding of the mechanism of stroke during these procedures is 

extrapolated from investigation of cardiac catheterisation(160). It is possible that stroke 

occurs during BAV due to the embolisation of material from the valve apparatus that is 

disrupted during the procedure, thrombus formation on equipment and subsequent 

embolisation, disruption of plaque along vessel walls and embolisation of this debris, or 

iatrogenic air embolisation into the cerebral circulation(161).   

TCD to detect HITS (both solid and gaseous) is an established method for measuring 

microembolic load in the cerebral circulation, and is associated with poorer neurological 

outcomes and risk of cerebrovascular complications including stroke(70). It is known 

that HITS occur during implantation of TAVI devices at differing quantities during 

discreet stages of the procedure(162), but it is not clear which stages of the BAV 

procedure produce the highest embolic risk.  

Understanding the stages of the procedure most likely to produce microemboli is 

important to try and minimise the risk of poor neurological outcomes. Additionally 
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understanding the association between balloon inflations and embolic load can be 

useful to determine whether repeated inflations of the BAV balloon are worth the risk 

of potentially increasing cerebral embolisation.  

The aim of this study is to assess cerebral embolisation during BAV by measuring HITS 

detected by continuous TCD monitoring of patients undergoing BAV procedures during 

their TAVI.  

4.2 Methods 

4.2.1 Population 

Patients undergoing TAVI in our centre who were planned to undergo predilation of the 

aortic valve as part of their procedure were approached for recruitment, as further 

described in chapter 2 (Methods). These were all adult patients with symptomatic 

severe aortic stenosis.  

4.2.2 Procedure 

TAVI was performed as per local standard procedure with focus on predilation to mimic 

the true scenario of BAV (further discussed in Chapter 2 – methods). During predilation 

of the valve a BAV procedure with multiple inflations of the valvuloplasty balloon was 

performed rather than a single balloon inflation as is normal practice during TAVI 

procedures requiring predilation. Other aspects of the procedure were completed as 

per local standard practice.  

4.2.3 Transcranial Doppler 

Prior to beginning the procedure a Marc 600 headset was placed over the patient’s head 

mounted with transcranial doppler probes connected to a ST3 transcranial doppler 

machine (Spencer Technologies, Redmond, WA, USA). This allowed detection of HITS at 

distinct time points during the procedure (as described in Chapter 2 – Methods): 

10. At Baseline for 5 minutes continuous recording 

11. Insertion of a pigtail catheter into the aortic root to acquire aortograms 
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12. Acquiring an aortogram 

13. Crossing the aortic valve using a catheter and wire 

14. Exchanging the wire in the LV for a Safari super stiff wire through the catheter 

15. 1st balloon inflation (including initial balloon positioning) 

16. 2nd balloon inflation 

17. 3rd balloon inflation (if applicable) 

18. Total HITS 

HITS were automatically detected by onboard software for each stage.  

4.2.4 Statistical analysis 

Left and right sided doppler signals were compared by paired t-test to assess for 

difference. Serial inflation stages and the difference in HITS between them was assessed 

using the Wilcoxon signed rank test. Data is presented with median values for non-

normally distributed data and interquartile (25-75%) range where indicated, and mean 

and range for continuous variables where normally distributed.  

4.3 Results 

4.3.1 Patient Characteristics 

A total of 44 patients were recruited undergoing TAVI at our centre, and in all of these 

TCD was attempted. 6 patients did not have adequate TCD windows for data collection, 

and so 38 patients in total were recruited and completed transcranial doppler 

examination during their procedure. Baseline demographics are shown in table 4.1.  

Patients were elderly with a mean age of 85 years and predominantly male, reflecting 

the cohort of patients attending for TAVI in our centre. Most patients (81.6%) were 

experiencing symptoms correlating to NYHA 2 heart failure.  
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Patients represented a group with severe aortic stenosis demonstrated by mean AVA of 

0.71 cm2, mean gradient 41.65 mmHg, peak gradient 76.76 mmHg, and valve calcium 

score of greater than 2500.   

Patient Characteristics 

Age (mean; range) 85 (64-98) 
Male (n; %) 30 (79%) 

BMI (mean; range) 26.0 (19.2 – 36.1) 

NYHA symptoms 
NYHA 2 (n; %) 5 (13.1) 

NYHA 3 (n;%) 31 (81.6) 
NYHA 4 (n; %) 2 (5.3) 

Medical history 

Creatinine (mean; IQR) 111 (86 – 121) 
HTN (n; %) 33 (86.9%) 

Dyslipidaemia (n; %) 11 (28.9%) 

Smoking history (n; %) 13 (34.2%) 

DM (n; %) 12 (31.6%) 

Previous MI (n; %) 10 (26.3%) 

Known CAD (n; %) 18 (47.4%) 

Previous cardiac surgery (n; %) 6 (15.8%) 
CVD (n; %) 3 (7.9%) 

PVD (n; %) 4 (10.5%) 

Valve/Echo characteristics 

AVA (mean; IQR) 0.71 (0.6 – 0.8) 

Peak gradient mmHg (mean; IQR) 76.76 (62.50 – 86.25) 
Mean gradient (mean; IQR) 41.65 (38 – 46.25) 

LVEF (mean; IQR) 51.1% (50 – 55) 

AV calcium score (mean; IQR) 2890 (2324 – 3675) 

Table 4.1 Baseline patient characteristics. BMI = body mass index. NYHA = New York 
heart association grade. HTN = hypertension. DM = diabetes mellitus. MI = myocardial 

infarction. CAD = coronary artery disease. CVD = cerebrovascular disease. PVD = 
peripheral vascular disease. AVA = aortic valve area. LVEF = left ventricular ejection 

fraction. AV = aortic valve. 

 

4.3.2 Transcranial doppler assessment 

In 4 patients only a unilateral doppler signal was achievable. For 34 patients with paired 

L+R MCA doppler measurements there was no significant differences in total HITS during 

the procedures (p=0.19 for difference) and therefore missing measurements were 
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assumed to be equal to the side where doppler was possible, allowing the HITS for these 

patients with only unilateral measurements to be doubled to get the final result, and 

only represented a small proportion of patients.  

HITS detected at each stage of the procedure are listed in Table 4.2.   

Stage of Procedure N measurements HITS (median; IQR) 

Baseline/Rest 38 0 (0-7) 
Pigtail catheter insertion 38 18 (8-36) 

Aortogram 38 24 (14-35) 

Crossing valve 38 25 (9.8-48) 
Wire exchange into LV 38 38 (25-61) 

1st inflation 38 24 (8-40) 

2nd inflation 36 10 (2-29) 

3rd inflation 17 5 (2-8) 

Total for inflations 38 40 (16 – 54) 
Total 38 163 (119-240) 

Table 4.2. HITS detected at each stage of the BAV procedure 

 

The greatest number of HITS (figure 4.1) were measured during the BAV procedure itself 

(inflating the valvuloplasty balloon) where all inflations were taken as one procedure, 

with a median HITS count of 40 (IQR 16-54). A large number of HITS was also seen during 

wire exchange for a stiff wire into the LV (median 38; IQR 25-61). A significant number 

of HITS were also observed at other stages of the procedure including valve crossing 

(median 25) and taking an aortogram (median 24). 

During balloon inflations (figure 4.2 and 4.3) the first balloon inflation across the valve 

generated the greatest number of HITS (median 24). Fewer HITS were observed with 

each serial inflation, with the 3rd inflation of the balloon (where performed) generating 

only a median of 5 HITS.  

There were significantly fewer HITS during the second inflation than during the first 

inflation of the balloon (p<0.001 for difference). There were also significantly fewer HITS 

during the 3rd inflation that the 1st inflation (p<0.001 for difference). There was no 

significant difference between the number of HITS during the 2nd and 3rd inflations 

(p=0.3 for difference).  



 102 

 

R
es

t

P
ig

ta
il

A
oG

ra
m

Val
ve

 C
ro

ss

W
ir
e 

in
B
AV

0

20

40

60

HITS at stage of Procedure

Stage of Procedure

H
IT

S

R
es

t

P
ig

ta
il

A
oG

ra
m

Val
ve

 C
ro

ss

W
ir
e 

in

B
AV

 1

B
AV

 2

B
AV

 3
0

20

40

60

80

HITS at stage of Procedure

Stage of Procedure

H
IT

S

Figure 4.2. Median (25th – 75th centiles) of hits at each stage of the procedure, separating out serial 
balloon inflations. (Rest = rest for 5 minutes; pigtail = insertion of pigtail catheter to aortic root; 

AoGram.= aortogram; valve cross = crossing the valve with a catheter; wire in = exchange of j-tipped 
wire for Safari wire; BAV1, 2, 3 = 1st, 2nd, and 3rd inflation of valvuloplasty balloon across aortic 

valve). 

Figure 4.1. Median (25th to 75th centiles) of HITS at each stage of the procedure with BAV 
inflations pooled as one stage. (Rest = rest for 5 minutes; pigtail = insertion of pigtail catheter 
to aortic root; AoGram.= aortogram; valve cross = crossing the valve with a catheter; wire in = 
exchange of j-tipped wire for Safari wire; BAV = inflations of valvuloplasty balloon across aortic 

valve) 
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4.3.3 Procedural outcomes for whole TAVI procedure 

Of 38 patients undergoing TCD assessment no complications were reported as a results 

of using TCD measurement.  

No patients developed acute severe AR after the BAV procedure was completed, and 

similarly no patients developed conduction abnormalities after the BAV procedure was 

completed prior to implantation of the TAVI valve.  

No strokes were detected intraprocedurally, although 1 patient suffered a clinically 

significant stroke that was detected immediately after the TAVI procedure was 

completed. 3 patients required permanent pacing following completion of the TAVI 

procedure.   
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Figure 4.3. Median (25th to 75th centiles) for HITS observed with serial balloon 
inflations. (BAV 1, 2, 3 = 1st, 2nd, and 3rd inflation of balloon across aortic valve) 
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4.4 Discussion 

We have demonstrated the HITS corresponding to cerebral emboli occur at all stages of 

BAV procedures, with some stages more prone to embolisation than others.  

The greatest number of HITS occurred during balloon inflation when all inflations were 

taken as a whole. It is unsurprisingly that a large number of HITS were detected during 

this stage as at this stage physical injury to the valve is likely to occur. It is known from 

histological studies that aortic stenosis treated by BAV alters the architecture of the 

calcific hardened valve in a way that may lead to embolisation of debris 

generated(62,163). Although fracturing of calcium deposits within the valve 

architecture itself causes increased valve flexibility, the separation of fused 

commissures or disruption of superficial calcified tissue is also likely to cause 

embolisation.  It is also possible at this stage of the procedure that microbubbles have 

been trapped in the deflated balloon on introduction into the circulation that may be 

released at this stage.  

As balloons are inflated during rapid ventricular pacing the cardiac output during the 

time of balloon inflation is reduced, and of course obstructed by the inflation of a 

valvuloplasty balloon. This may have led to lower than expected HITS detected during 

and immediately after the balloon inflation stages of the procedure. To mitigate this, 

observations were made for a period after each balloon inflation to ensure the true 

volume of emboli were captured.  

During a BAV procedure the balloon may be inflated more than once to facilitate a good 

result, and indeed repeated balloon inflations may increase the effectiveness of the 

procedure(164). It is reassuring that we found a decrease in the median HITS with serial 

balloon inflations (24 during the first inflation, 5 during the 3rd inflation) as this provides 

confidence that repeated inflations does not cause increasing severity of embolic 

showers (see chapter 7). This observation leads to speculation regarding the nature of 

embolism during this phase of the procedure. We know that valvular tissue is fractured 

during the course of balloon inflations and if this were to occur during the first inflation 

it does not seem to become dislodged with repeated inflations. It is possible that debris 

from the surface of the abnormal valve is dislodged to a greater extent with the first 
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inflation of the balloon hence finding a greater number of HITS at this stage. If the 

embolic shower relates to thrombus formed on the balloon or equipment, or indeed 

microbubbles of air trapped on the outside of the balloon, this again would give a 

greater incidence of HITS with the first balloon inflation. Regardless of the mechanism, 

it is reassuring that repeated balloon inflations do not confer a greater embolic load than 

a single inflation.  

Other stages of the procedure also generate significant volume of detectable HITS. After 

balloon inflations, wire exchange into the LV (and positioning the wire across the aortic 

valve) generated the next greatest load of HITS. It is clear from this investigation and 

similar results reported from TAVI and cardiac catheterisation(161,162) that 

instrumentation of the aortic valve leads to the introduction of microemboli into the 

cerebral circulation. Possible causes include debris disruption and embolisation and 

direct trauma to the aortic wall as equipment is introduced and may injure areas of 

plaque particularly around the aortic arch. The presence of such high relative volume of 

embolic signals during the preparatory phase of the BAV procedure reinforces that care 

must be taken when instrumenting the aortic valve and inserting wires and catheters 

into the left ventricle. Aortography also caused a significant number of HITS, most likely 

due to a combination of microbubbles in the injected media with a possible small 

contribution from microthrombi that may form in an unflushed catheter.  

Limitations are apparent in this work. Firstly it was not possible using the software 

available to differentiate between solid and gaseous emboli, as has been demonstrated 

theoretically by the use of other TCD software(165). Theoretically solid emboli (be they 

thrombus or other material) are more likely to cause stroke or neurological injury based 

on our knowledge of cerebrovascular disease. Whilst gaseous emboli are likely to be 

more benign they can of course cause neurological damage if severe enough(166), and 

indeed in our centre we have seen strokes occur to gaseous vascular occlusion.  

Another limitation is that not all patients underwent 3 inflations of the BAV balloon 

across the aortic valve. In practice there is variability between operators and between 

centres performing these procedures with no universal protocol or technique described. 

In real world situations patients will be undergoing an indeterminate number of 
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inflations based on operator preference and immediate procedure progress, and here a 

clear pattern emerged that the number of HITS reduced with each inflation.  

Finally, a further limitation to this study is the lack of clinical outcome data regarding 

stroke. Due to difficulty recruiting patients undergoing BAV alone (due to low numbers 

of procedures being performed) patients were recruited who were undergoing TAVI, 

and the BAV procedure was a smaller part of this procedure. Therefore any clinical 

outcome of cerebrovascular accident was a product of the procedure as a whole, and 

not just of the BAV procedure itself, leaving it impossible to understand from this study 

if the BAV procedure as a whole was responsible for any neurological events. The 

number of strokes reported was low overall, however, and in keeping with reported 

literature rates of this complication. It’s reassuring, therefore, that there was clearly no 

excess of stroke in our study.  

4.5 Conclusion 

We have demonstrated that HITS detected by TCD occur at all stages of the BAV 

procedure, and that the greatest insult of embolic shower during the procedure is the 

combined inflations of the balloon. The number of HITS detected reduces with each 

serial inflation of the balloon, suggesting from this small number of patients that 

repeated inflations can be safely repeated without unacceptable risks of causing stroke 

as a complication of the procedure. The number of clinical strokes occurred in our study 

within the reported literature rates, although with the limitation that a BAV was 

performed as part of a TAVI procedure in our patients. Although differentiation between 

solid and gaseous insults was not possible, the trends observed give a good indication 

for the risks of stroke at different stages of the BAV procedure. 

It is reinforced that there is a need to be vigilant during the entire procedure to minimise 

the risk of stroke and thus considerable harm to patient wellbeing.  

Future directions for work would involve assessing HITS during BAV procedures 

performed as standalone procedures not as part of a TAVI procedure and assessing 

neurological outcomes of these both by cognitive assessment and by non-invasive 

imaging. 
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5 TRANSCRANIAL DOPPLER DETECTED HIGH INTENSITY 
TRANSIENT SIGNALS DURING TRANSCATHETER AORTIC 
VALVE IMPLANTATION 

 
5.1 Introduction 

Chapter 4 describes the results of HITS detected by TCD monitoring during BAV 

procedures. As these procedures were carried out on patients during their TAVI 

procedure we were also able to gather data regarding the number of HITS during each 

TAVI procedure.  

Stroke occurs as a complication of TAVI in approximately 2-4% of patients undergoing 

the procedure(167). As for patients undergoing BAV, TCD can be used to assess embolic 

phenomena during procedures by monitoring HITS and can be used as a marker of 

potential injury to the brain.  

Published reports of TCD during TAVI demonstrate that HITS occur during all phases of 

TAVI(162) although broad categories have previously been used to classify the time 

points when HITS are detected most frequently. It is important to understand which 

stages of the procedure are associated with highest density of HITS in order to plan how 

to minimise this and try to mitigate the risk of stroke.  

Here we describe the results of HITS detected for patients undergoing TAVI with 

predilation, in a single centre with 4 different TAVI devices implanted.  

5.2 Methods 

5.2.1 Population 

The same population who were investigated in chapter 4 during their TAVI procedures 

are included in this analysis, as also described in chapter 2 (Methods). These were 

patients undergoing TAVI for severe aortic stenosis in a single centre after local heart 

team discussion.  
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5.2.2 Procedure  

As described in chapter 2 (Methods) and discussed in chapter 4.  

In addition to undergoing predilation patients underwent implantation of one of 4 TAVI 

prostheses: the balloon-expandable (BE) Edwards SAPIEN valve (Edwards Lifesciences 

Inc., Irvine, CA, USA), the self-expanding (SE) Core Valve (Medtronic Inc., Minneapolis, 

MN, USA), the SE AcurateNeo valve (Boston Scientific, Malborough, MA, USA), or the 

since discontinued SE Centera valve (Edwards Lifesciences Inc., Irvine, CA, USA).  

In addition to the stages of the procedure described above, measurements of HITS were 

taken at the following stages: 

• Device insertion – inserting the valve up to the point of crossing the aortic valve 

including traversing the aortic arch 

• Device positioning – movements of the prosthetic valve across the native valve 

until the point of deployment was achieved and the valve began to deploy 

• Device deployment – from beginning to deploy the valve up to the point of 

release from the deployment catheter, this stage includes any repositioning or 

resheathing of the valve 

• Equipment removal – removal of equipment around the aortic arch 

5.2.3 Transcranial Doppler 

As discussed in chapter 2 and chapter 4, prior to beginning the procedure a Marc 600 

headset was placed over the patient’s head mounted with transcranial doppler probes 

connected to a ST3 transcranial doppler machine. This allowed detection of HITS at 

distinct time points during the procedure (as described in Chapter 2 – Methods): 

1. At Baseline for 5 minutes continuous recording 

2. Insertion of a pigtail catheter into the aortic root to acquire aortograms 

3. Acquiring an aortogram 
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4. Crossing the aortic valve using a catheter and wire 

5. Exchanging the wire in the LV for a Safari super stiff wire through the catheter 

6. BAV/predilation 

7. Valve introduction around the aortic arch into the aortic valve 

8. Valve positioning across the aortic valve 

9. Deployment of the valve 

10. Equipment removal 

HITS were automatically detected by onboard software for each stage.  

5.2.4 Statistical analysis 

Left and right sided doppler signals were compared by paired t-test to assess for 

difference. Serial inflation stages and the difference in HITS between them was assessed 

using the Wilcoxon signed rank test. Data is presented with median values for non-

normally distributed data and interquartile (25-75%) range where indicated, and mean 

and range for continuous variables where normally distributed.  

5.3 Results 

5.3.1 Patient Characteristics 

As described in chapter 4 (Stroke risk and Balloon Aortic Valvuloplasty) and table 4.1.  

5.3.2 Procedural characteristics 

All patients underwent successful implantation of a TAVI prosthesis. All procedures were 

performed via the transfemoral route and all were performed under either conscious 

anaesthetic sedation or local anaesthesia (none were performed under general 

anaesthetic).  
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14 patients received a Sapien valve, 10 patients received a Corevalve, 9 patients received 

an Acurate valve, and 5 patients received a Centera valve (figure 5.1).  

 

 

 

5.3.3 Transcranial doppler assessment for all procedures 

In 4 patients only a unilateral doppler signal was achievable. For 34 patients with paired 

L+R MCA doppler measurements there was no significant differences in total HITS during 

the procedures (p=0.19 for difference) and therefore missing measurements were 

assumed to be equal to the side where doppler was possible, allowing the HITS for these 

patients with only unilateral measurements to be doubled to get the final result.  

HITS detected at each stage of the procedure are listed in Table 5.1, in addition to Table 

4.2.   
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The greatest number of HITS (figure 5.1) were measured during the deployment of the 

TAVI valve itself (median 93). A large number of HITS was also seen during valve 

positioning (median 61). 

Stage of Procedure N measurements HITS (median; IQR) 

Valve introduction 38 24 (6-42) 
Valve positioning 38 61 (21 – 127) 

Valve deployment 38 93 (60 – 162) 

Equipment removal 38 18 (10 – 32) 
Total including HITS 
discussed in chapter 4 

38 404 (288 – 517) 

Table 5.1. HITS detected at each procedural stage, median and interquartile range. 

  

 

Figure 5.2. HITS detected during TAVI insertion and deployment (median with 25th to 75% 
centiles) 
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5.3.4 Transcranial doppler comparisons between valves 

Total HITS displayed by valve type is given in table 5.2 and figure 5.3. There was no 

significant difference in the total number of HITS in each procedure between different 

valve types (p=0.6 by one-way ANOVA).  

When valves were divided into self-expanding and balloon expandable, there was also 

no difference in the total HITS seen in each procedure (figure 5.4).  

During valve deployment (figure 5.5) there was a significant difference between SE and 

BE valves in the number of generated HITS (mean 148 vs 81; p=0.02).  

This is reversed for valve positioning (figure 5.6), where there were significantly more 

HITS for positioning of the BE valve vs SE valves (144 vs 50; p<0.001). 

Valve Type Number 
Total Procedural 
HITS (median; 
IQR) 

Sapien 14 435 (337- 588) 

Acurate 9 438 (341 – 476) 

Centera 5 536 (523 – 716) 

Corevalve 10 481 (244 – 521) 

Table 5.2. Median HITS with interquartile range by valve type. 
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Figure 5.6. HITS for self expandable vs balloon expanding valves during valve positioning 
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Figure 5.5. HITS for self expanding vs balloon expandable valves during valve 
deployment (mean +/- 95% CI). 



 116 

5.3.5 Procedural outcomes  

Of 38 patients undergoing TCD assessment no complications were reported as a result 

of using TCD measurement.  

1 patient died intraprocedurally of acute annular rupture following deployment of a 

Sapien S3 valve.  

No strokes were detected intraprocedurally, 1 patient suffered a clinically significant 

stroke that was detected immediately after the TAVI procedure was completed having 

had an Acurate valve implanted. This occurred in a patient who had a total HIT detection 

of below the 25th centile.  

3 patients required permanent pacing following completion of the TAVI procedure, 2 

patients following a Corevalve and 1 following a Sapien valve.  

5.4 Discussion 

We have demonstrated that HITS occur during every stage of a TAVI procedure, with 

peaks of HITS measured during valve positioning and valve deployment.  

The greatest number of HITS occurred during deployment of the valve, as has been 

demonstrated in other series (162). This was followed by a further large number of HITS 

detected during valve positioning. It is perhaps unsurprising that a large number of HITS 

occur at these stages. Once the valve has been prepared by pre-dilation it is possible 

that hardened material becomes loosened from the valve apparatus and more likely to 

embolise with instrumentation of the aortic valve by large delivery sheaths and valves 

prior to deployment. A number of aortograms are often performed at this stage, in 

addition, and may produce small microbubbles that could be detected as gaseous HITS. 

We must be mindful of large and aggressive equipment interacting with the aortic valve 

in order to minimise risk of embolisation. A recent study described multiple types of 

debris captured by cerebral embolic protection devices (EPD) in patients undergoing 

TAVI including foreign material, endothelium, myocardium, and calcified material, 

supporting direct trauma as a causative factor in embolisation (163).   
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It is possible that a delivery sheath in the aorta can cause local trauma to the aortic arch 

and embolisation of atheromatous material from the great vessels (160), indeed the 

HITS detected during valve introduction may reflect some of this local trauma.  

Variation was seen between valve types (self-expanding vs balloon expand) with a 

greater number of HITS occurring during deployment of self-expanding valves, and 

during positioning of balloon expandable valves. The different deployment techniques 

of these broad valve types are likely to affect their generation of emboli and recent 

analysis of UK wide data has shown that in hospital strokes occur more frequently with 

the use of self-expanding valves (2.9% vs 2.08%; p=0.02) (168).  

Balloon expandable valves are deployed during rapid cardiac pacing, whereas generally 

self-expanding valves are not (although pacing may be used to stabilise the valve if valve 

position is not stable) The loss of cardiac output during rapid pacing may lead to trapping 

of potential embolic debris in the aortic annulus and subsequently behind the TAVI 

prosthesis leading to a lower HIT count seen when balloon expandable devices were 

used. Self-expandable valves are usually deployed without rapid pacing and over a 

longer period of time potentially allowing the number of HITS to increase. The slower 

deployment and expansion of the self-expanding valves may also encourage more 

debris to be dislodged by extending the amount of time equipment contacts the aortic 

root and valve. There was an apparent trend towards higher counts the Centera valve 

in our study, but this is likely to have been compounded by a smaller number of this 

valve being implanted than other valves used.  

Cerebral embolic protection devices (EPD) are being used with increasing frequency 

during TAVI procedures to attempt to reduce the risk of stroke (169), where they appear 

to reduce the volume of post procedural ischaemic brain lesions but have so far not 

demonstrated an effect on the total number of ischaemic lesions in a meta-analysis. 

There has also been no effect on the number of clinical strokes in these trials. Some 

studies have investigated the generation of HITS during procedures using EPDs and in 

one study the total number of HITS was larger compared to a control group in the group 

receiving EPD (170). In another study (without a control group) the introduction and 

positioning of the EPD accounted for almost 20% of total HITS counted during the 
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procedure (171). With more widespread use of these devices it will become apparent 

what effect they have on the clinical outcome of stroke as this has yet to be established.  

Although not established by the small numbers in this study, it may be that rapid pacing 

could be considered protective for embolic events by reducing cardiac output and 

preventing emboli generated from reaching critical areas of the circulation – this is 

worth further investigation in larger studies. It is possible that by reducing cardiac 

output any debris generated is not embolised but is trapped behind the deployed valve 

before cardiac output increases after termination of rapid pacing. This would also have 

to be balanced against the theoretical risk of watershed ischaemia during reduction in 

cardiac output by rapid pacing, and whether this short loss of cardiac output has an 

effect on short and long term neurological outcomes.  

There was a greater HIT count during positioning of balloon expandable prostheses than 

for self-expanding valves, this has also been observed in other studies(172). Again this 

likely to relate to the deployment and positioning technique where a balloon 

expandable valve is positioned for longer before deployment as once deployment is 

started it cannot be undone. The Sapien S3 valve used frequently in this study is not 

sheathed, and therefore is exposed, which may induce more local trauma to the native 

valve and cause more emboli. 

Once SE valves begin to be deployed it is possible to re-sheath or perform micro-

adjustments of position that is not possible when deploying BE valves. Thus although 

positioning prior to the decision to deploy is made for both valve types it is more critical 

for BE valves and so some of the HITS detected during the deployment phase of SE valves 

will relate to small positional adjustments, and partial or complete resheathing of the 

valve, rather than the one deployment movement made with BE valves. An excess of 

HITS has been described before in cases of resheathing and redployment of self-

expanding valves (172,173). Valve repositioning also generated a greater amount of 

debris captured by EPD in one recent study (163).  

Although numbers of HITS were detected throughout TAVI procedures the rate of stroke 

remained low (1 patient; 2.6%) and within the expected numbers from large reports of 
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TAVI complications. The patient that had stroke in our study had a number of total HITS 

below the 25th centile and so cannot be suggested to be an outlier with a particularly 

high embolic load. The clinical utility of TCD detected HITS isn’t firmly established, and 

clearly the distribution of emboli is important to dictate whether any neurological 

sequalae occur.  

A number of limitations are present to this study. There is a relatively low number of 

valves implanted to compare true effect sizes between different valve types, in 

particular the low number of Centera valves (although this has now been withdrawn 

from the market) and the smaller number of BE valves compared to SE valves. As all 

procedures were performed by the same operators in a single centre there may be 

different techniques or procedural stages used at other centres that make 

generalisation of some stages of the procedure difficult between institutions. The study 

was not powered to detect a difference between valve types and different stages, and 

therefore robust larger studies should be completed to ascertain if true differences 

exist.   

As for data discussed in chapter 4, it was not possible to differentiate between gaseous 

and solid emboli in our study and the variation between solid and gaseous emboli may 

differ between valve types and at each stage of the procedure.  

5.5 Conclusion 

We have demonstrated that HITS occur at every stage of a TAVI procedure, with the 

greatest number occurring during valve positioning and valve deployment. It is possible 

that this is due to mechanical stress on the aortic valve causing microembolisation of 

debris during manipulation of the valve apparatus. Other sources of HITS may be 

gaseous, thrombus formed on equipment, or direct trauma to atherosclerosis on vessel 

walls causing embolisation.  

We found significant differences between SE and BE valves with regards to the number 

of HITS generated during valve positioning and valve deployment. It is likely this is due 

to differences in deployment technique that justify further investigation, particularly as 

to whether there are protective strategies that could be employed.  
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This work reinforces that need to consider each stage of the procedure carefully and 

how it can be modified to reduce the risk of embolisation to the cerebral circulation 

during TAVI and try to prevent poor neurological outcomes.  

Further work is required in this area to ascertain exactly the mechanism of embolisation 

and whether preventative strategies can be employed in larger studies.  



6 CORRELATION BETWEEN CALCIUM SCORE AND 
TRANSCRANIAL DOPPLER DETECTED HIGH INTENSITY 
TRANSIENT SIGNALS 

6.1 Introduction 

In chapters 4 and 5 of this thesis it was shown that HITS signifying embolic events occur 

at all stages of BAV and TAVI procedures, which is in line with previous reported 

literature. These HITS may be comprised of gaseous microbubbles or of physical material 

that may be shed from the aortic valve apparatus, aortic root, or equipment used during 

instrumentation of a diseased aortic valve.  

However, the majority of conventional thinking suggests that the most common 

mechanism leading to HITS occurs from physical debris embolised to the brain as the 

calcified valve is fractured during instrumentation and inflation of balloons across a 

stenotic aortic valve (62,63). 

CT calcium scoring offers a quantitative assessment of the degree of calcification 

involving the aortic root complex (aortic valve annulus and leaflets). It is established in 

the assessment of aortic stenosis to aid in diagnosis (33) and there is also evidence that 

it may help with prognostication for survival in medically treated aortic stenosis, with 

higher calcium scores associated with higher mortality (35). There is also evidence that 

higher calcium scores are predictive of poorer outcomes after TAVI, including a higher 

risk of stroke (174,175).  

Hence if material is embolised from the aortic valve during procedures then there may 

be an association between the degree of calcification of the aortic valve and the risk, 

and volume, of embolisation. Measurement of HITS by TCD is established as a method 

of detecting cerebral embolisation during procedures.  

The aortic valve calcium score was therefore calculated for the whole group of patients 

undergoing BAV during their TAVI procedures presented in chapters 4 and 5 to assess 

whether correlation was present between the aortic valve calcium score and the 

number of HITS detected during each procedure. This tested the hypothesis that a 
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higher calcium score was associated with a greater number of hits and thus a higher risk 

of embolisation.   

6.2 Methods 

6.2.1 Population 

Patients undergoing TAVI in a single centre were recruited as discussed in chapter 2 

(methods). Consenting patients underwent their procedure as per local protocol, with 

continuous monitoring of TCD derived HITS during the procedure as discussed in 

chapters 4 and 5.  

6.2.2 Transcranial doppler 

As described in chapter 2 (methods), transcranial doppler was used to monitor HITS 

during TAVI procedures to characterise the microembolic load during these procedures 

at specified time points. The total number of HITS for each procedure was calculated for 

BAV performed during TAVI, and for the entire TAVI procedure.  

6.2.3 Aortic valve calcium scoring 

CT analysis was performed retrospectively using syngo.via software (Siemens 

Healthcare) using a dedicated workstation. Aortic valve calcium scoring was performed 

on non-contrast CT at 3 mm slices where this was available, using the widely used 

Agatston method calculated by imaging software. The Agatston score is calculated as a 

weighted value of the density of calcification (measured by Hounsfield units) multiplied 

by the area of calcium measured, such that larger areas of more dense calcification 

attract a higher calcium score.  

In some patients only contrast enhanced scans were available. In these patients the 

Agatston method was modified to increase the detection threshold for calcified areas to 

>320 HU (Hounsfield units) as has been described in the literature for summation of 

coronary calcium scoring (176).  

Only areas of calcification relating to the aortic valve annulus or leaflets were included, 

excluding calcification of nearby coronary arteries, aortic root, or mitral valve annulus.  
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Data was tabulated using Microsoft Excel.  

6.2.4 Statistical analysis 

Correlation was assessed using Pearsons correlation coefficient, calculated with 

Graphpad Prism version 8.2.1 for MacOs. Graphs were generated using Microsoft Excel.  

6.3 Results 

6.3.1 Patient characteristics 

33 of 38 patients had accessible CT images for analysis. The 5 patients not included did 

not have adequate imaging available for review.   

Patient characteristics are displayed in table 6.1. Mean age was 84 with a majority of 

male patients included (79%). Patients were comorbid and with a high symptom burden 

(84.8% NYHA 3 or above).  

6.3.2 Calcium scores 

Mean calcium score across all patients was 2888 (+/- 1392).  

Calcium scores were positively correlated with the mean aortic valve gradient: Pearson’s 

coefficient of 0.72 (p<0.001) (figure 6.1). Although males tended to have a higher 
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calcium score than females this did not reach statistical significance (3123 vs 2015; 

p=0.061). 

 

Patient Characteristics 

Age (mean; range) 84 (64-94) 
Male (n; %) 26 (79%) 

BMI (mean; range) 26.2 (18.6 – 36.1) 

NYHA symptoms 
NYHA 2 (n; %) 5 (15.2) 

NYHA 3 (n;%) 26 (78.8) 

NYHA 4 (n; %) 2 (6.1) 

Medical history 

Creatinine (mean; IQR) 107 (88 – 115) 
HTN (n; %) 28 (84.8) 

Dyslipidaemia (n; %) 9 (27.2) 
Smoking history (n; %) 13 (39.4) 

DM (n; %) 11 (33.3) 

Previous MI (n; %) 8 (24.2) 
Known CAD (n; %) 16 (48.5) 

Previous cardiac surgery (n; %) 6 (18.2) 
CVD (n; %) 2 (6.1) 

PVD (n; %) 4 (12.1) 

Valve/Echo characteristics 

AVA (mean +/- SD) 0.71 +/- 0.14 

Peak gradient mmHg (mean +/- SD) 78.18 +/- 21.26 
Mean gradient (mean +/- SD) 43.21 +/- 11.14 

LVEF (mean +/- SD) 50.9% +/- 9.22 

AV calcium score (mean +/- SD) 2887.6 +/- 1392.33 

Table 6.1. Patient characteristics. BMI = body mass index. NYHA = New York heart 
association classification. HTN = hypertension. DM = diabetes mellitus. MI = myocardial 

infarction. CAD = coronary artery disease. CVD = cerebrovascular disease. PVD = 
peripheral vascular disease. AVA = aortic valve area. LVEF = left ventricular ejection 

fraction. AV = aortic valve.   

 
 

6.3.3 Correlation of HITS to calcium score 

There was no correlation between total HITS detected and aortic valve calcium score 

during BAV or TAVI. During TAVI there was also no correlation during valve positioning 
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or valve deployment, the two stages of the procedure which generated the greatest 

number of HITS.   

Using Pearson’s correlation the following values were obtained: 

HITS vs calcium score during BAV 0.143 (p=0.427) (figure 6.2) 

HITS vs calcium score during TAVI 0.098 (p=0.587) (figure 6.3) 

HITS vs calcium score during TAVI positioning 0.213 (p=0.234) (figure 6.4) 

HITS vs calcium score during TAVI deployment -0.209 (p=0.244) (figure 6.5) 
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6.4 Discussion 

HITS were demonstrated at all stages of both BAV and TAVI procedures in earlier 

chapters. These HITS represent embolisation of air or material to the cerebral circulation 

and may be comprised of solid material shed from the aortic valve during manipulation 

by equipment (163). It is possible therefore that some interplay exists between the 

amount of calcification of the aortic valve and the number of detected HITS. Higher 

calcium scores have been demonstrated to predict poorer outcomes after TAVI 

including a higher risk of stroke (175), but calcium scores and stroke risk has not been 

studied during BAV.  

33 patients from our cohort had available calcium scores and these were similar to 

reported scores in other studies describing the aortic valve calcium score in AS(177). 

Calcium scores for the diagnosis of severe AS are different between men and women, 

with the ESC guidelines using a cut off of >1200 for women and >2000 for men (33). 
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Thresholds of 1377 for women and 2062 for men have been reported to strongly predict 

aortic valve replacement and death (177). 6 patients in our study did not meet these 

thresholds for severe AS diagnosis (4 men, 2 women) but had echocardiographic 

evidence of severe valve obstruction.  

Similar to other studies, AV calcium score showed a positive correlation with aortic valve 

stenosis (measured by mean gradient) in our cohort of patients. This is likely due to the 

natural history of AS, that as calcification of the valve progresses there is more 

restriction to leaflet movement and so increasing flow obstruction occurs. The reliability 

of AV calcium score to predict aortic stenosis is particularly useful in patients with 

impaired LV function who may have “low flow low gradient” aortic stenosis where it can 

help diagnose patients with a truly stenotic valve (34).  

No correlation was found between total HITS and CT calcium score during either BAV 

procedures or the completed TAVI procedure. Using Pearson’s correlation there was no 

significant association observed between the total number of HITS for each procedure 

and the calcium score of the aortic valve. This held true for stages of the procedures 

seen to generate high numbers of HITS during assessment of HITS within each 

procedure. This is different to other published reports that suggested a positive 

correlation between calcium score and solid HITS during TAVI (178).  

Although aortic valve architecture is disrupted during balloon manipulation of the valve 

seen in histological studies there was no increased risk of HITS detection with higher 

valve calcium scores. As the calcification is largely within the valve leaflets themselves, 

it may be that it is therefore trapped within the tissue rather than being vulnerable to 

embolisation. A higher score can suggest increased density of calcium (as opposed to 

increased volume) and so it is also possible that the increased density is more successful 

at trapping potentially vulnerable areas to embolisation and thus not showing increasing 

HITS with increasing calcium scores.  

Furthermore, aortic valve calcification occurs later in the active process of aortic 

stenosis but earlier changes in valve architecture may also lead to areas vulnerable to 

embolisation during the earlier inflammatory stage of valve hardening. These areas 
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would not be incorporated into the valve calcium score and thus the effect these areas 

of inflammatory change have on the volume of embolisation would not be measured. 

Positive emission tomography (PET) combined with CT might help to enhance the 

assessment of aortic stenosis by assessing active inflammation in addition to already 

hardened calcification (179).  

Not studied here is the pattern of calcification, and how this related to embolisation 

during procedures. It is possible that calcification focused in certain areas of the aortic 

valve apparatus leads to more potential for embolisation than other patterns of 

calcification.  

Relevant to results for TAVI procedures our patients underwent implantation of one of 

four TAVI valves. As discussed above (chapter 5) there was no significant difference 

between valve types, but bias in the choice of valve type based on the severity of aortic 

valve calcification cannot be excluded. Therefore a study of one single valve type would 

provide more reliable results regarding embolisation in relation to calcium score.  

Additionally the equipment used to detect HITS could not differentiate between gaseous 

and solid emboli, and so it is possible that a changed signal from solid HITS was obscured 

by overall HITS and therefore not detectable. Gaseous HITS resulting from small trapped 

microbubbles, however, would not be expected to be affected by the calcium score of 

the valve, or indeed between procedures performed by the same operators. Therefore 

the lack of change in HITS with changing calcium score does likely reflect a true lack of 

change in solid HITS in addition to those gaseous HITS that should be unchanged 

regardless.  

Only a relatively small number of patients were analysed, and with greater numbers 

there may have been a more consistent correlation observed.  
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6.5 Conclusion 

Aortic valve calcification showed positive correlation with aortic stenosis severity in our 

patients.  

There was no correlation observed between aortic valve calcium score and observed 

HITS in this group of patients. Despite valve architecture becoming disrupted during 

balloon manipulation this was not seen as an increase in microembolic material in this 

study. Further work would be required to clarify the type of material captured as HITS 

and any associated risk factors that might increase or decrease these detected amounts 

of microemboli.  



7 INVASIVE VALVE AREA ASSESSMENT DURING BALLOON 
AORTIC VALVULOPLASTY 

7.1 Introduction 

Despite its long history of use there is no standardised technique for performing balloon 

aortic valvuloplasty (BAV). Perhaps because of this little is known about what steps can 

be taken to maximise the outcomes from this procedure. It is clear that BAV can improve 

symptoms (60) and used in selected patients it is likely to also improve prognosis.  

In the era of TAVI interest has increased in BAV and whether it has an ongoing role in 

the management of AS for some patients. It is possible that by refining the technique 

better outcomes could be achieved.  

During a systematic review only one study was included demonstrating outcomes as a 

function of the number of balloon inflations(164). This demonstrated a greater increase 

in aortic valve area with a greater number of inflations but was conducted 

retrospectively. That patients in this study undergoing a higher number of inflations 

were left with a higher final valve gradient also suggests these patients had a higher 

gradient to begin with and thus were highly selected.   

It is not clear whether a single inflation of an appropriately sized balloon leads to an 

optimal result or whether multiple sequential inflations are required. I therefore 

prospectively gathered data during BAV procedures to assess the effect of serial 

inflations on aortic valve stenosis measured invasively.  

7.2 Methods 

7.2.1 Population 

Patients undergoing BAV at a single centre were approached for inclusion. These 

patients were discussed at the local heart team meeting where it was decided that BAV 

would be offered, either for palliation of symptoms or as a bridge to definitive therapy. 

Further details are discussed in chapter 2 (methods).  
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7.2.2 Procedure 

BAV was undertaken as per standard operating procedure in our centre, as discussed in 

chapter 2 (methods). In addition to the standard procedure additional catheters were 

inserted into the LV, and into the PA to allow continuous monitoring of intraventricular 

pressure and sampling of mixed venous blood from the PA.  

7.2.3 Measurement of stenosis and calculation of valve area 

As described in chapter 2 (Methods) the Gorlin equation was used to calculate aortic 

valve area with cardiac output calculated using the Fick principle. Invasive 

haemodynamics were continuously monitored during all procedure with peripheral 

arterial pressure monitored from the femoral sheath, and intraventricular pressure 

through a pigtail catheter in the LV.  

7.2.4 Statistical analysis 

Data are described with median and interquartile range for non-normally distributed 

data, and mean with 95% confidence intervals for normally distributed data. Paired 

student t tests were used to compare data in groups that was normally distributed, as 

discussed in chapter 2 (methods).  

7.3 Results 

7.3.1 Patient and procedure characteristics 

17 patients were enrolled and completed the full protocol for invasive pressure 

assessment. Of these 13 patients had data collected to allow calculation of cardiac 

output and thus aortic valve area. Patient baseline characteristics are displayed in table 

7.1, baseline aortic valve measurements by transthoracic echocardiography and 

invasively are displayed in table 7.2.  

Patients had a mean age of 85 and were predominantly male (70.6%), all had NYHA class 

3 or 4 symptoms. Patients were comorbid as expected in a population undergoing BAV.  
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Procedure intent was mainly palliative (64.7%), although 5 patients (29.4%) were 

planned to undergo TAVI and 1 patient (5.9%) presented in extremis prior to surgical 

AVR.  

Patient Characteristics 

Age (mean; range) 85 (73-94) 
Male (n; %) 12 (70.6%) 

BMI (mean; range) 24.0 (18.06 – 28.7) 

NYHA symptoms 
NYHA 3 (n;%) 13 (76.5%) 

NYHA 4 (n; %) 4 (23.5%) 
Medical history 

Creatinine (mean; IQR) 109 (85 - 132) 

HTN (n; %) 16 (94.1%) 
Dyslipidaemia (n; %) 5 (29.4%) 

Smoking history (n; %) 4 (23.5%) 

DM (n; %) 4 (23.5%) 

Previous MI (n; %) 2 (11.8%) 

Known CAD (n; %) 5 (29.4%) 

Previous cardiac surgery (n; %) 0 (0%) 

CVD (n; %) 1 (5.9%) 
PVD (n; %) 3 (17.6%) 

Procedure Characteristics 

Procedure intent Palliative 11 (64.7%) 

Bridge to TAVI 5 (29.4%) 

Bridge to sAVR 1 (5.9%) 
Balloon type Z-Med II 15 (88.2%) 

BALT Cristal 2 (11.8%) 

Balloon size 20 mm 12 (70.6%) 
22 mm 2 (11.8%) 

23mm 3 (17.6%) 
Number of 
inflations 

2 2 (11.8%) 

 3 15 (88.2%) 

Table 7.1. Patient and procedure characteristics. NYHA = New York heart association. 
HTN = hypertension. DM = diabetes mellitus. MI = myocardial infarction. CAD = 

coronary artery disease. CVD = cerebrovascular disease. PVD = peripheral vascular 
disease. TAVI = transcatheter aortic valve intervention. sAVR = surgical aortic valve 

replacement. 
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All patients had severe aortic stenosis with a mean AVA of 0.66 cm2 by echocardiography 

and 0.82 cm2 assessed invasively. Echocardiographic and invasive assessment correlated 

well for valve area and mean gradient, but there was a significant difference in the 

measurement of peak gradient between the two modalities (63.9 mmHg vs 48.8 mmHg; 

p<0.05). 5 Patients had low-flow low-gradient AS.  

Valve characteristics at baseline 

 Echo Invasive P value 
AVA (mean; 95% CI) 0.66  

(0.58 – 0.74) 
0.82  

(0.63 – 1.02) 
0.12 

Peak gradient mmHg 
(mean; 95% CI) 

63.91  
(53.28 – 74.54) 

48.76 
(35.07 – 62.45) 

< 0.05 

Mean gradient 
mmHg (mean; 95% 
CI) 

38.62  
(30.32 – 46.91) 

33.02 
(23.51 – 42.54) 

0.09 

Table 7.2. Aortic valve characteristics at baseline assessed by echocardiogram and 
invasively. AVA =aortic valve area. 

 

7.3.2 Change in aortic valve gradient during BAV 

Peak and mean trans-aortic gradients are displayed in table 7.3. 15 patients underwent 

3 serial inflations, 2 patients underwent 2 serial inflations. The mean gradient reduced 

from baseline in all patients, and the mean gradient reduced with each sequential 

inflation (figure 7.1 and 7.2).  

There was a significant improvement in gradient across the valve after 3 inflations vs 

after 1 inflation, with a further reduction in mean gradient of 7.65 mmHg (95 % CI 4.15 

– 11.14; p<0.001) after 3 inflations compared to if only 1 inflation had been completed.  

There was a residual mean gradient in patients with a mean of 13.27 mmHg at the end 

of the procedure, representing a mean of 38.5% of the original gradient (95 % CI 29.8 – 

47.3%).  
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 Baseline 1 inflation 2 inflations 3 inflations 
Invasive Peak 
Gradient 
mmHg (mean; 
95% CI)  

48.76 
(35.07 – 62.45) 

29.43 
(22.33 – 36.52) 

25.65 
(18.67 – 32.62) 

20.14  
(13.23 – 27.05) 

Invasive mean 
gradient 
mmHg (mean; 
95% CI) 

33.02 
(23.51 – 42.54) 

19.80 
(14.20 – 25.40) 

16.76 
(11.76 – 21.75) 

13.27  
(7.96- 18.59) 

Invasive AVA 
cm2 (mean; 
95% CI) 

0.82  
(0.63 – 1.02) 

1.0  
(0.78 -1.22) 

1.12  
(0.90 – 1.34) 

1.29  
(1.03 – 1.55) 

Table 7.3. Invasive assessment of aortic valve stenosis at baseline and following serial 
inflations. 
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7.3.3 Change in aortic valve area during BAV 

Data from 13 patients was available to calculate aortic valve area invasively. AVA 

improved with each inflation of the balloon during BAV (figure 7.3). Patients not 

included had data missing necessary to calculate cardiac output and so AVA could not 

be calculated, due to failure to collect adequate samples.  

The mean AVA improved from 0.82 cm2 to 1.29 cm2 (p<0.001) across all patients. There 

was significant improvement in AVA after 3 inflations compared to after 1 inflation, 

mean AVA after 1 inflation 1.00 cm2 vs 1.29 cm2 after 3 inflations (p<0.001). There was 

also a significant improvement in AVA between the 2nd and 3rd inflations, mean gradient 

1.12 cm2 after 2 inflations (p<0.001).  
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Cardiac output at baseline was mean 3.67 ± 0.61  L/min, 3.43 ± 0.64 L/min after the 1st 

inflation, 3.56 ± 0.61 L/min after the second inflation, and 3.71 ± 0.57 L/min after the 

third inflation.  

 

7.3.4 Procedural complications 

Two patients (12%) of patients suffered a stroke detected immediately following the 

procedure, both presenting with expressive dysphasia and unilateral weakness.  

One patient suffered acute severe AR following the 3rd inflation of the valvuloplasty 

balloon. This results in haemodynamic collapse and was treated successfully by 

emergency implantation of a TAVI. 
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7.4 Discussion  

BAV improved the mean gradient and aortic valve area in patients with severe aortic 

stenosis. There is little standardisation of BAV procedural technique across operators 

and this presents opportunity to refine the procedure to gain optimum outcomes.   

Serial balloon inflations of the aortic valve in our study improved valve area with 

increasing numbers of inflations. Each inflation of the balloon across the AV improved 

valve area and mean gradient, suggesting that despite adequate inflations being 

achieved there is further improvement with increasing numbers of inflations. It was 

published previously that a greater number of inflations correlates to a greater 

improvement in mean gradient (164)  however in that study patients with more 

inflations were still left with a higher gradient than those with fewer inflations, 

suggesting more inflations were performed on more severely stenosed valves. In our 

prospective data further inflations were performed regardless of the degree of starting 

aortic valve stenosis and with each inflation valve gradient and area improved even 

when adequate inflations were achieved.  

Post mortem studies on aortic valves following balloon dilation (62) show fracture of 

calcium deposits and other connective tissue changes. Mechanistically therefore further 

inflations should increase this valve fracture and allow more free movement of the 

valve. This would need further correlation with histological examinations.  

Potential adverse risks of increasing the number of inflations during BAV are the 

possibility of worsening post procedural AR, and of increasing the risk of stroke by 

increasing the risk of embolised valvular tissue. There was one case of significant AR in 

our cases following BAV, which became apparent following the 3rd balloon inflation. The 

risk of significant AR following BAV is reported at 0 – 3% from published data(71).  It is 

difficult to be certain whether this case of acute AR was due to repeated inflations or 

chance. As it was only apparent after the third inflation this does suggest that repeated 

inflations could have been causative, but as we did not check for AR between inflations 

the patient may have decompensated from acute AR regardless of further inflations. 

Successful implantation of a TAVI was performed and the patient survived.    
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Stroke risk needs to be minimised during BAV procedures and occurs in a reported 0-3% 

of patients undergoing BAV in large registries (152). 2 strokes occurred in our patients, 

a higher rate than would be expected, but overall we had a small number of total 

patients.  

Long term survival after BAV is acknowledged to be poor in all registries describing 

patient outcomes. It is less clear whether improved valve area following the procedure 

can help improve patient outcomes. Early registry reports suggesting improved valve 

area and valve gradient following the procedure improved outcomes in univariate 

analysis, but not in multivariate models (180). It could be considered intuitive that 

improvements in aortic valve area would lead to improved outcomes, and certainly the 

converse is true that lower valve areas lead to worse outcomes after other valvular 

interventions. Following aortic valve replacement patient prosthesis mismatch is well 

established as a cause of excess morbidity and mortality (181). It is also well described 

that lower aortic valve areas correlate to poorer outcomes in asymptomatic patients 

(182) and thus maximising the valve area during BAV should be a priority to ensure the 

best outcome for that patient.  

There was good correlation between non-invasive measurement of aortic stenosis and 

invasive catheter assessment in our patients, with the exception of peak gradient 

measurement. Discrepancies have been observed previously between echo indices and 

invasive testing as a measure of the severity of AS (183,184). In our patients invasive 

assessment of valve area was greater than 1 cm2 at baseline in 3 patients, that would 

reclassify these patients as having moderate AS only. These patients all had severely 

impaired LV systolic function which introduces the possibility of errors in measurements 

due to the complexity of assessing aortic stenosis severity in some patients with severe 

LV dysfunction that may lead to “low flow, low gradient” AS. BAV was carried out in 

these patients and all demonstrated improved valve areas despite a higher starting 

baseline. 

Use of a 5F catheter across the aortic valve to invasively calculate gradient during the 

procedure may lead to some errors in measurement. A 5F catheter has an external 

diameter of 1.667 mm, giving an area of 2.18 mm2 positioned across the aortic valve, 
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which could lessen the effective valve area by around 10% during cases. This would, 

however, only affect the absolute values rather than comparisons between cases as it 

remains constant. There is also the possibility that a catheter in situ across the aortic 

valve may prevent proper functioning of the valve temporarily and cause changes in 

measurements that cannot be accounted for. It is possible that a catheter may prevent 

proper closure of one or more valve leaflets and therefore may temporarily induce some 

degree of aortic regurgitation.  

A major limitation of this study is the small number of patients, and further focus should 

be put on more investigation with a greater number of patients to confirm the findings 

above. Despite the small number of patients there was still statistical significance 

between valve areas seen with a greater number of inflations.  

7.5 Conclusion 

We have demonstrated that during BAV aortic valve area is increased with each serial 

inflation of the aortic valvuloplasty balloon, despite each inflation being satisfactory. 

This supports performing more than one inflation during BAV procedures to maximise 

the potential outcome from BAV and to maximise aortic valve area.  

Further investigation is required with a greater number of patients to assess whether 

increasing valve area has an outcome on clinical condition in both the short and long 

term.  

 



8 CHARACTERISTICS OF MODERN VALVULOPLASTY BALLOONS 

8.1 Introduction 

Balloon aortic valvuloplasty in degenerative aortic stenosis was first described by Cribier 

in a series of 3 elderly patients in 1986 (59). Clearly since this early experience 30 years 

ago, technology and the procedure technique has evolved in line with current 

technology. There is now a wide array of commercially available valvuloplasty balloons 

to suit various applications and patient characteristics.  

Manufacturers of these medical devices include tolerance and performance information 

in product information leaflets, but many include a wide degree of allowed variation in 

performance. Furthermore, the technique of balloon inflation is not well standardised 

across operators, with inflations performed manually in most cases without aid of 

pressure measurements.  

During BAV procedures it is important to achieve adequate inflations using a predictable 

device with known dimensions. Oversizing carries the theoretical risk of aortic rupture 

or causing severe AR, while under sizing could lead to a sub-optimal result. With the 

wide range of devices available for use it is vital the characteristics of equipment used 

are studied and known, so as to maximise a procedure’s efficacy and reduce as much as 

possible the complication rate. Additionally, given the advent of newer applications for 

balloon valvuloplasty (particularly in conjunction with TAVI in valve in valve procedures) 

accurately predicting the size of a balloon used is even more critical. 

An experimental set up was devised to enable accurate balloon sizing to be measured 

at a range of inflation pressures, corresponding to those pressures achieved during 

inflation of a balloon by operators of BAV in a single centre.  

8.2 Methods 

8.2.1 Balloon Valvuloplasty Equipment and manufacturer data 

Three commonly used balloons at our institution were chosen for analysis: Z-Med 

(NuMed Healthcare, Sheffield, UK), Edwards (Edward Life Sciences, Irvine, CA, USA), and 
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True Balloon (Bard Medical, Crawley, UK). These balloons are commonly used for 

standalone BAV procedures and for pre- and postdilation during TAVI procedures. 

Balloons for testing were chosen based on derpartmental usage.  

The Edwards balloon is available in conjunction with their Sapien THVs, the Z-Med is a 

semi-compliant standalone balloon catheter, and the True Balloon is marketed as an 

extremely non-compliant balloon with rapid inflation and deflation times.  

Manufacturer inflation data for the Z-Med balloons is shown in table 8.1, and data for 

True balloon in table 8.2. The Edwards balloon catheter data is not shown as is provided 

by the manufacturer as volume for inflation vs size. 

Pressure 
(ATM) 

Balloon Size (mm) 

20 mm 
balloon 

22 mm 
balloon 

25 mm 
balloon 

26 mm 
balloon 

2 18.98 (NP) 21.52 (NP) 24.34 (NP) 24.79 (NP) 

3 19.29 22.19 25.21 25.52 

4 19.93 22.79 (RBP) 25.93 (RBP) 26.06 (RBP) 

5 20.46 (RBP) NA NA NA 

6 NA NA NA NA 

Table 8.1. Manufacturer data for Z-Med 2 balloon. NP = nominal pressure; RBP = rated 
burst pressure; NA = not available 
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True Balloon Size Stated diameter from 
3 – 6 ATM pressure 

22 x 45 mm 22.1 – 22.4 mm 

24 x 45 mm 24.1 – 24.4 mm 

26 x 45 mm 26.1 – 26.4 mm 

Table 8.2. True Balloon manufacturer specification 

 

8.2.2 Assessment of inflation pressure during BAV procedures 

A simple closed circuit set up was created to measure the inflation pressures during BAV 

procedures. Three BAV operators in our single centre performed a dummy inflation 

using real world technique and the pressure generated was measured using a standard 

PTCA catheter inflator (Encore 26, Boston Scientific, USA). This revealed pressures 

routinely up to 6 ATM during standard balloon inflations, these pressures were then 

used in the bench side testing.  

8.2.3 Measuring Rig and Technique 

As described in chapter 2, A non-contact optical system was developed to allow 

assessment of balloon size at progressive inflation pressure, based on bright field 

microscopy (BFM) (figure 8.1 and 8.2).  

The balloons under test were clamped vertically, employing a tension spring to restrict 

movement and ensure perpendicularity to the microscope optical axis. The BFM is based 

on an Olympus PLN 4X WD~18.5mm, NA 0.1, a tube lens (f~180mm) and a FL3-U3-

13S2M-CS camera mounted on top of a custom-made linear stage having a coarse 

resolution of ~ 3.3µm. Balloon expansion was performed using a Boston scientific Encore 

26 inflation device filled with 20 mls of water. The balloons are made up of an outer 

shell with an internal catheter tube (Ø~2mm). By focusing the microscope on the 
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internal tube, then moving the linear stage to refocus on the balloon outer wall, the 

inner tube to outer wall dimension (see figure inset) can be accurately measured using 

the linear stage digital readout. The balloon was inflated up to six times recording the 

pressure and radius at each stage of inflation to plot accurate balloon dimensions.  

 

 

 

 

 

 

 

Figure 8.1. Experimental set up of balloon, inflation device, and optical measuring rig. 
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8.3 Results 

8.3.1 Validation at room and body temperature  

Initial experiments were performed at two temperatures, room temperature and with 

equipment and inflation fluid raised to 37 C to ensure results were equitable to allow 

the remaining experiments to run at room temperature. There was no difference 

between the results of dimension measurements at room temperature and at 37 C 

(figure 8.3), and so subsequent experiments were performed solely at room 

temperature.  

 

 

 

 

Figure 8.2. Experimental set up using bright field microscopy to assess balloon size compared 
to inflation pressure. (Reproduced from Quantification of aortic and pulmonic valvuloplasty 

catheter dimensions using brightfield microscopy, Rodrigo Aviles Espinosa, Henry Dore, 
Timothy Williams, and Elizabeth Rendon Morales). 
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Figure 8.3. Results of balloon inflation size with experiments conducted at room 
temperature and at 37 C. The orange line describes manufacturer quoted figures for 

balloon performance. 

 

8.3.2 Z-Med Balloon Performance 

4 separate sized Z-Med 2 valvuloplasty balloons were tested for size against pressure 

and compared to manufacturer data. The results of these are displayed in figures 8.4-7 

below and raw data in Supplementary tables 1-4 (Appendix 1. Supplementary data).  

Z-Med balloons displayed good concordance between inflation runs with very 

reproducible measurements and reliable inflation size. Size remained within the 

manufacturer data and error limits even at pressures of 6 ATM (above rated burst 

pressure for this balloon). All balloons showed a flatter profile of size increase than to 

be expected by manufacturer data.  
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Figure 8.4. Inflation characteristics of Z-Med 2 20 x 40 mm valvuloplasty balloon, 
median size displayed. Error bars of test balloon display standard error, error bars of 

manufacturer data display 10% tolerance either side of expected values.   

 

 

Figure 8.5. Inflation characteristics of Z-Med 2 22 x 40 mm valvuloplasty balloon, 
median size displayed. Error bars of test balloon display standard error, error bars of 

manufacturer data display 10% tolerance either side of expected values. 

 

 

16.00
17.00
18.00
19.00
20.00
21.00
22.00
23.00
24.00
25.00

1 2 3 4 5 6

B
al

o
o

n
 D

ia
m

et
er

  [
m

m
]

Pressure [ATM]

Z-MED 20

MEDIAN Manufacturer Spec Linear (Manufacturer Spec )

Beyond Rated burst pressure

19.00

20.00

21.00

22.00

23.00

24.00

25.00

26.00

27.00

1 2 3 4 5 6

B
al

o
o

n
 D

ia
m

et
er

  [
m

m
]

Pressure [ATM]

Z-MED 22

MEDIAN Manufacturer Spec Linear (Manufacturer Spec)

Beyond Rated burst pressure



 148 

 

 

 

Figure 8.6. Inflation characteristics of Z-Med 2 25 x 40 mm valvuloplasty balloon, 
median size displayed. Error bars of test balloon display standard error, error bars of 

manufacturer data display 10% tolerance either side of expected values.  

 

 

Figure 8.7. Inflation characteristics of Z-Med 2 26 x 40 mm valvuloplasty balloon, 
median size displayed. Error bars of test balloon display standard error, error bars of 
manufacturer data display 10% tolerance either side of expected values. The balloon 

failed on the 5th inflation. 
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8.3.3 True Balloon 

Three separate sized True Balloon were tested for size against pressure against 

manufacturer data. The results of inflations are displayed in figures 8.8-10 below, and 

raw data is presented in supplementary data tables 5-7 (Appendix 1).  

True balloon inflations were consistently measured larger than manufacturer size, but 

were extremely consistent between inflations with low standard error. Variation in size 

vs inflation pressure was much smaller than in Z-Med balloons.   

 

 

 

 

Figure 8.8. Inflation characteristics of True Balloon 22 x 45 mm valvuloplasty balloon, 
median size displayed. Error bars of test balloon display standard error, error bars of 

manufacturer data display manufacturer data for tolerance.   
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Figure 8.9. Inflation characteristics of True Balloon 24 x 45 mm valvuloplasty balloon, 
median size displayed. Error bars of test balloon display standard error, error bars of 

manufacturer data display manufacturer data for tolerance.   

 

 

Figure 8.10. Inflation characteristics of True Balloon 26 x 45 mm valvuloplasty balloon, 
median size displayed. Error bars of test balloon display standard error, error bars of 

manufacturer data display manufacturer data for tolerance.   
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8.3.4 Edwards balloon catheter 

Three separate sized Edwards Balloon catheters were tested for size against pressure 

against manufacturer data. The results of inflations are displayed in figures 8.11-13 

below, and raw data is presented in supplementary data tables 8-10 (Appendix 1).  

Good concordance was again seen between serial inflations, with smaller standard error 

than for Z-Med balloons. Higher standard error was seen with the largest of the balloons 

tested. First time inflations generated a different profile to subsequent inflations and is 

discussed below.  

 

Figure 8.11. Inflation characteristics of Edwards balloon catheter 20 x 40 mm 
valvuloplasty balloon, median size displayed. No manufacturer data is available for 

pressure vs diameter.   
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Figure 8.12. Inflation characteristics of Edwards balloon catheter 23 x 40 mm 
valvuloplasty balloon, median size displayed. No manufacturer data is available for 

pressure vs diameter.   

 
 
 

 

Figure 8.13. Inflation characteristics of Edwards balloon catheter 25 x 40 mm 
valvuloplasty balloon, median size displayed. No manufacturer data is available for 

pressure vs diameter.   
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8.3.5 Comparison of Balloons 

Comparison of Z-Med and Edwards 20 mm balloons are shown in figure 8.14, with 25 

mm balloon results shown in figure 8.15.  

Z-Med balloons measured larger than their Edwards counterparts, but both showed 

consistent sizes between each inflation.  

 

 

 

 

Figure 8.14. Comparison of diameter vs inflation pressure for Z-Med and Edwards 20 
mm balloon catheters. 
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Figure 8.15. Comparison of diameter vs inflation pressure for Z-Med and Edwards 25 
mm balloon catheters. 

 

 

8.4 Discussion 

Balloon catheters are used for standalone BAV in addition to use during TAVI procedures 

for both predilation and postdilation. In order to maximise safety and efficacy of these 

procedures it is important for the operator to have knowledge and confidence in the 

performance of equipment, most importantly the balloon used for valvuloplasty or 

postdilation of a prosthesis. With an array of devices on the market, no comparison is 

available between manufacturers and how each product behaves in clinical practice and 

between manufacturers.  

Knowledge of the compliance and diameter of balloons is important as these reflect the 

outward force exerted by balloon catheters. Compliance describes the distortion of the 

balloon with increasing pressures (figure 8.16). An entirely non-compliant balloon would 

remain at a fixed diameter despite increasing pressures and increasing pressure would 

translate to linear increases in dilating force. Conversely, compliant balloons will 

increase size with increasing pressure. 
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Laplace’s law describes the tensile force of a balloon or vessel wall required to withstand 

the pressure within it, and states that the force or tension exerted on the wall of the 

balloon is directly proportional to the balloon radius and the pressure within it (T=R x P).  

For balloon catheters wall tension equates to outward dilating force, and so if a balloon 

remains at constant diameter the outward pressure exerted is proportional to the 

pressure within the balloon. Knowledge of a balloon’s size and compliance is therefore 

vital to ensuring the force is exerted in the correct way and in the intended place, 

avoiding damaging surrounding structures.  

Three balloons were tested here with a non-contact novel optical measuring device to 

assess diameter of the balloon as a function of pressure. In the real world the technique 

for balloon inflation is not well standardised, and generally manual hand inflations are 

performed relying on the strength of the operator to inflate the balloon. When tested 

by operators from a single centre pressures of 6 ATM were routinely reached hence 

forming the basis for assessing the sizes of the balloons at this pressure. It is worth 

noting that in all balloons the rated burst pressure is less than this and so sparse data is 

available from the manufacturer regarding the diameter of balloons at this pressure.  
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Figure 8.16. Compliance curves for two theoretical balloons, blue 
line demonstrating a wholly non-compliant balloon. The orange 

line demonstrates a balloon with 1:1 compliance. 
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Balloon sizing is important both to maximise the efficacy of the procedure and to 

minimise potential complications, including an unsatisfactory result due to iatrogenic 

aortic insufficiency, or indeed annular rupture if the balloon is grossly oversized. Sizing 

is usually performed by measurement of the annulus by transthoracic echo and a 

balloon is chosen that has a smaller diameter than the measured annulus size. The 

measurements reached in this experiment confirm that all balloons on test perform 

adequately close to their manufacturer specification within reported tolerance ranges. 

This gives confidence to operators to assure that balloons are unlikely to over-expand 

at pressures used during the procedure. 

For all balloons on test there was narrow standard error between serial inflations. In 

procedures it is often the case that the balloon is expanded more than once in order to 

get an adequate result and it is important that the size of the balloon is reliable when 

inflated more than once. The True Balloon, as expected, had the narrowest spread of 

inflated diameters on serial testing. The Edwards balloon catheter was the 2nd most 

consistent balloon, however had a higher spread of diameters at higher pressures and 

in the largest balloon size on test.  

The True Balloon is non-compliant and has a higher rated burst pressure than the other 

balloons on test. This is reflected in its inflation profile where there is a much flatter 

increase in size as pressure increases. The smaller Edwards balloons also exhibited a 

flatter profile than the Z-Med, which was the most compliant of the balloons on test 

here.  

An interesting phenomenon occurred on the first inflation of the Edwards balloons that 

may have implications for their use in procedures. On first inflation there was a large 

jump in diameter between 3 and 4 ATM for the 20 mm balloon, and between 2 – 3 ATM 

for the 23 and 25 mm balloons. This change in inflation profile did not occur on any 

subsequent inflation runs. In clinical practice this first inflation characteristic suggests 

that it would be important to ensure adequate pressure to inflate the balloon on first 

inflation, and further inflations would need to be seriously considered to ensure the 

balloon has expanded to its full potential. Neither of the other two balloons exhibited 

this inflation profile on their first runs, with more uniform behaviour in these cases.  
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In comparable balloon sizes the Z-Med balloons measured repeatedly higher than 

Edwards at the same pressures despite the manufacturers size label. The gap was more 

pronounced in the 25 mm balloon and this should be considered should the option of 

these two balloons be available. The Z-Med, in fact, measured above the manufacturer’s 

guidance throughout inflations and this may have implications for ensuring a balloon 

isn’t too large for the annulus size required.  

Despite inflating the balloons to above rated burst pressure in our set up, only one 

balloon failure was experienced. This is in spite of repetitive inflations to higher than 

rated burst pressure (RBP). This failure occurred in a Z-Med 26 mm balloon on the 5th 

inflation to 6 ATM, above its RBP of 4 atm. In routine clinical use it is unlikely that 5 

inflations to above RBP would be performed serially, and the resilience of the other 

balloons inspires confidence that they can withstand repetitive inflations.  

These measurements are important in understanding the size of the balloons we use for 

aortic valvuloplasty at inflation pressures relevant to the real world. In bench testing it 

is reassuring that there is very little variation in size between serial inflations allowing 

us to be confident in using these balloons for multiple inflations in clinical practice. 

Furthermore, it demonstrates the higher compliance of the Z-Med balloon compared to 

the True dilation balloon.  

BAV procedures have been increasing in their volume since the advent of TAVI, and 

equipment for BAV as a standalone procedure remains the same for procedures carried 

out during a TAVI implant. Given the upsurge in volume it is imperative that operators 

are aware of varying devices and their characteristics. Moving forward the scope of use 

of balloons will expand for structural heart procedures and this data provides useful 

information for operators of these devices.  

8.5 Conclusion 

The range of equipment for BAV is expanding and the number of procedures increasing. 

Knowledge of device characteristics is vital, and we rely on manufacturer information to 

guide how to use these devices with little bench side independent testing performed. 

This study demonstrates a bench side experimental set up to measure balloon size vs 
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pressure of inflation, and reassures us that serial inflations are not only consistent but 

also that balloons are reliable up to pressures above RBP. This has important 

implications for BAV procedures and the ranging scope of structural procedures moving 

forwards. 



9 SUMMARY AND DISCUSSION 

We investigated balloon aortic valvuloplasty using modern equipment and 

contemporary techniques. Since the advent of TAVI there has been increased interest in 

BAV and how this procedure can be used in modern practice, despite this the rate of 

complications remains significant and the outcomes of limited value in improving 

prognosis. 

Specifically, we investigated the potential risk of stroke during BAV, the effect of serial 

balloon inflations on improving valve gradient and valve area, and the technical 

considerations of modern valvuloplasty balloons. Additional data was collected 

regarding the stroke risk during transcatheter aortic valve implantation during 

procedures where BAV was used, and the association of aortic valve calcium score with 

stroke risk.  

A number of limitations apply to the work as a whole, the first of which is the low 

number of patients undergoing BAV as a standalone procedure. While interest in BAV 

has undoubtedly increased during the TAVI era there is still an ebb and flow in patients 

being put forward for the procedure. The patient population under investigation is also 

difficult to recruit to trials, generally being made up of more elderly frail patients that 

may not want to be entered into a project involving extra hospital visits or further 

interruption to their life.  

Clinical follow up of patients in this study is lacking and is an unfortunate consequence 

of the COVID crisis that engulfed the world during the follow up period for many of the 

patients. This led to the withdrawal of time and support for research follow up meaning 

collection of clinical data became inconsistent and, in many cases, impossible. 

Unfortunately, this means important information about quality of life and neurological 

effects is missing and the reported study here is poorer for not having this information.  

Some general methodological limitations also apply and are discussed here as they 

affect multiple chapters in this thesis. The measurement of cardiac output was 

performed by the Fick principle due to the ease of measurement and locally available 
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equipment and expertise. There is established variability between this and 

thermodilution methods in the literature (185) which could lead to inaccuracies in 

calculations for aortic valve area which rely on estimation of cardiac output for accuracy. 

The same method of cardiac output calculation was used in each patient, although 

measurement by thermodilution may have improved the overall accuracy of valve area 

calculations.  

A decision was made to set a rest period of 30 seconds after inflations to collect 

haemodynamic data and samples, this was made to balance a chance for recovery of LV 

stunning after rapid pacing and to not unnecessarily prolong the procedure time when 

some procedures were performed in patients at risk of deterioration during the 

procedure. Measured cardiac output showed a numerical increase in CO between first 

and final balloon inflation (but not significant) and provides reassurance that 

measurements were not made when excessive LV stunning (and haemodynamic 

compromise) had occurred. Cardiac output information was only collected for patients 

undergoing standalone BAV.  

Further discussion regarding specific chapters is also warranted.  

9.1 HITS detected during BAV 

The major methodological flaw in this section of the study was the inability to assess 

neurological function after BAV as all patients were undergoing TAVI, hence potentially 

masking any effect the BAV may have had on neurological sequalae. This was 

consciously performed in order to maximise the number of patients that could 

participate in this section of the study, as the number of patients undergoing TAVI is far 

greater. Neurological follow up in general was limited, however, by difficulty in following 

patients up during the COVID emergency.  

While the greatest number of HITS was detected during BAV as a whole, there was a 

surprising number of HITS detected during aortography and wire crossing across the 

valve. It was not possible to differentiate using our software between gaseous and solid 

emboli which would have helped our understanding of the cause of this. Furthermore, 

the time for each stage of the procedure was not recorded. Dividing the procedure into 
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stages was intended to highlight where during the procedure HITS are generated and 

therefore which stages may be targetable for increased protection or vigilance, although 

it would have been interesting to have recorded a HIT rate over time for each stage.  

The reassuring element of this section is that the number of HITS with each inflation fell 

as more inflations were performed, suggesting that further inflations carry less risk of 

emboli than the initial balloon inflation. The caveat to this is the small number of 

patients studied hence further, larger studies, would be needed to confirm this.  

9.2 HITS detected during TAVI 

As the number of patients in total was small, the number in each valve type is too small 

to draw significant conclusions regarding whether differences between valves exist. 

A greater number of patients would be needed to draw meaningful conclusions between 

valve types and additionally in their method of deployment. It would also be useful to 

compare effects of changing procedureal technique on results, including the effect of 

rapid pacing and of predilation of valve prior to TAVI implant. These would help guide 

conclusions regarding how embolic phenomena may be minimised, especially as 

investigations into embolic protection devices continues.  

9.3 The effect of calcium scoring on HITS 

Calcium scoring should be performed on non-contrast CT scans to enable easy 

identification of calcium deposits and calculation of their score. Where non-contrast 

scans were unavailable, manually adjusting calcium scoring detection software was 

performed to calculate a score. This was performed by the author with methodology 

and samples of calculations verified with an imaging cardiologist with expertise in 

cardiac CT. Introducing two methods of calculating calcium scores may introduce error, 

although our calculated calcium scores were in keeping with previously published 

literature on this topic.  

Our results are different from other work published in this area (178) which 

demonstrated a positive correlation between calcium score and solid HITS during TAVI 

(and specifically valve positioning). We did not demonstrate the same effect but were 
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unable to differentiate between solid and gaseous emboli, which may have changed our 

results. Furthermore, our numbers of patients were fewer than those in this other study, 

and all of the patients included in the other analysis had non-contrast scans available, 

avoiding the need for retrospective CT analysis and the possible introduction of 

inaccuracy here.  

9.4 Haemodynamic effects of BAV 

We demonstrated improvements in calculated aortic valve area and gradients during 

BAV procedures. Unfortunately, data was unavailable to calculate cardiac output in 4 

patients and so the whole cohort could not have AVA calculated.  

As discussed above a resting time between each inflation was taken to observe recovery 

of haemodynamics, and cardiac output was consistent and numerically improved from 

baseline to the completion of the procedure. Cardiac output measurement has a large 

influence on calculations of AVA, hence the need for accurate measurement.  

1 patient in this group suffered acute severe AR and haemodynamic collapse. Multiple 

inflations were potentially causative, but there was no time to attempt rescue 

manoeuvres (such as to unlock a locked cusp as described elsewhere (186)) and the 

patient was successfully treated with TAVI.  

Commonly during BAV an improvement in valve gradient of at least 50% is aimed for 

(94) but it is not established what improvement is necessary for symptomatic relief. My 

feeling is that the aim should be to safely improve the valve area as much as possible 

without compromising on excessive risk of stroke or mechanical complication such as 

severe AR. More inflations improved valve performance as demonstrated here, and if 

this can be performed safely it is logical to aim for greater valve area improvement by 

performing multiple inflations during each procedure.  

9.5 Bench testing of balloon expansion 

We set out to demonstrate balloon performance was predictable and uniform, such that 

equipment can be used with confidence in order to perform repeated inflations based 
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on the assumption from our work that repeated inflations improved valve area during 

BAV.  

Balloons were tested based on those commonly used at our centre during the time of 

this research, this does under-represent the many other balloons available for use and 

testing of more balloons would have elevated the data in this chapter. Measurement of 

the balloons in a more realistic simulation (such as a 3D printed model of an aortic valve) 

would have given more detailed information but was not possible with local equipment.  

The key findings were that balloons performed consistently during the 6 inflations to 

each pressure, and this is reassuring if repeated inflations are to be carried out in vivo. 

Z-med balloons consistently measured larger than manufacturer guidance, and larger 

than equivalently sized Edwards balloons. While the difference is ultimately small, this 

may have a bearing on use of the balloon particularly if deciding on balloon sizes that 

fall between two available sizes and to ensure safety by not attempting to over expand 

the valve annulus.  

Interesting behaviour of the Edwards balloon was demonstrated that has meant there 

should be serious consideration of more than one inflation when using them, although 

performing an inflation outside of the body prior to use is not recommended as the 

changed profile of the balloon after inflation may make its introduction more difficult.  

Although the True balloon has become established for use in high pressure inflations to 

“crack” surgical valve prostheses during valve in valve TAVI we did not test the True 

balloon to such high pressures, this would have enhanced the study and would be a 

useful adjunctive experiment to continue this work further.  

9.6 Future perspectives 

As discussed above the main limitation to this work is the low number of patients for 

each study, and therefore provide rather more hypothesis generating information than 

robust data likely to change practice. Future studies including a higher number of 

patients would undoubtedly enhance the results and conclusions and enable more 

robust conclusions to be drawn. With greater numbers of patients it may also be 
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possible to draw conclusions regarding other variables that may affect the results from 

BAV – such as balloon sizing relative to annular size, inflation time, and balloon types.  

Assessment of neurological outcomes is also lacking and future work focusing on clinical 

and functional outcomes, by way of clinical assessment, would complement the data 

from TCD. Non-invasive imaging by MRI would also complement TCD data and provide 

information about total volume of emboli and their pattern.  

Further bench testing of balloon behaviour and characteristics would be enhanced with 

a greater range of balloons, and by inflations within modelled aortic valves such as could 

be produced with 3D printing using materials with similar compliance to human aortic 

valve apparatus. Inflations within ex vivo aortic valves could also be considered to help 

develop both the technology and technique of valvuloplasty.  

9.7 Conclusions 

Despite the limitations discussed above, the data generated from this thesis supports 

that BAV improves aortic valve area and haemodynamics, and does so to a greater 

extent with a higher number of inflations. Stroke risk is present, but the greatest number 

of detected emboli occur with the first balloon inflation during BAV suggesting that 

further inflations carry less risk and so could be completed with confidence. The risk of 

emboli was not related to aortic valve calcium score in our study, but limitations to our 

data apply as discussed above.  

Modern valvuloplasty balloons perform reliably and consistently with repeated 

inflations, but our measured sizes did vary from manufacturer data (and between 

balloons of the same size from different manufacturers), so encouraging careful choice 

of equipment.  

Taken together this data supports a hypothesis that serial balloon inflations during BAV 

should be performed to maximise aortic valve area without excessive stroke risk, but 

that further investigations including a larger number of patients are warranted to 

confirm this.  
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10 FINAL COMMENTS 

There is a school of thought within cardiology that standalone BAV is an old-fashioned 

procedure that should be consigned to history, but I think this undervalues the 

important improvements in short term health that can be made by performing BAV in 

selected patients. As for many clinical problems the large bank of data that exists for 

BAV focuses on hard endpoints such as mortality, but this may have a tendency to ignore 

quality of life effects that could be improved by BAV.  

I see the role of standalone BAV as continuing in the future to provide relief from 

symptoms for patients who on balance would be unable to undergo TAVI or be too frail 

to gain meaningful benefit from it. There should still be a role for symptom palliation in 

patients with severe AS and if BAV as an only option for some patients is used to improve 

symptoms this is a kindness that clinicians should be willing to provide. Providing 

evidence as to how this can be performed to maximal benefit with minimal 

complications is important, and further work in this area should continue in order to 

best serve the patients who could benefit from this procedure the most.  
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12 APPENDIX 

12.1 Supplementary data tables of balloon measurements 

12.1.1 Z-Med Balloons 

 
 

 Diameter, mm   
Pressure

, ATM 
Inflatio
n 1 

Inflatio
n 2 

Inflatio
n 3 

Inflation 
4 

Inflatio
n 5 MEDIAN 

STDE
V 

STD 
error  

1 18.71 19.86 20.44 20.26 20.29 20.26 0.71 0.32 

2 18.85 19.99 20.77 20.57 20.59 20.57 0.79 0.35 

3 19.28 20.24 21.01 20.77 20.87 20.77 0.71 0.32 

4 19.61 20.51 21.26 21.00 21.08 21.00 0.67 0.30 

5 19.88 20.64 21.48 21.19 21.24 21.19 0.64 0.29 

6 20.15 20.83 21.60 21.41 21.44 21.41 0.60 0.27 

 
 

Supplementary Table 1. Raw values for inflation of Z-Med 20 x 40 mm balloon.  

 
 

 Diameter, mm    
Pressure, 

ATM 
Inflatio
n 1 

Inflatio
n 2 

Inflatio
n 3 

Inflatio
n 4 

Inflatio
n 5 

MEDIA
N 

STDE
V 

STD 
error  

1 22.42 23.11 23.87 23.79 24.27 23.79 0.73 0.33 

2 22.75 23.70 24.13 24.08 24.68 24.08 0.72 0.32 

3 23.10 23.93 24.40 24.23 24.90 24.23 0.67 0.30 

4 23.36 24.07 24.55 24.41 25.09 24.41 0.64 0.29 

5 23.51 24.23 24.70 24.56 25.21 24.56 0.63 0.28 

6 23.55 24.30 24.77 24.64 25.25 24.64 0.63 0.28 

 

Supplementary Table 2. Raw values for inflation of Z-Med 22 x 40 mm balloon.  
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 Diameter, mm    
Pressure, 

ATM 
Inflatio
n 1 

Inflatio
n 2 

Inflatio
n 3 

Inflatio
n 4 

Inflatio
n 5 

MEDI
AN 

STDE
V 

STD 
error  

1 23.84 26.14 26.16 26.42 27.67 26.16 1.39 0.62 

2 24.45 26.40 26.53 26.95 28.03 26.53 1.30 0.58 

3 25.07 26.91 26.88 27.33 28.45 26.91 1.22 0.54 

4 25.60 27.21 27.16 27.58 28.65 27.21 1.10 0.49 

5 26.00 27.40 27.34 27.78 28.89 27.40 1.04 0.46 

6 26.19 27.54 27.44 27.94 28.95 27.54 1.00 0.45 

 
 

Supplementary Table 3. Raw values for inflation of Z-Med 25 x 40 mm balloon.  

 

Z-MED 26 Diameter, mm    
Pressure, 

ATM 
Inflatio
n 1 

Inflatio
n 2 

Inflatio
n 3 

Inflatio
n 4 

Inflatio
n 5 

MEDI
AN 

STDE
V 

STD 
error  

1 24.87 26.79 26.59 27.87 26.97 26.79 1.09 0.49 

2 25.53 27.52 27.14 28.51 27.55 27.52 1.09 0.49 

3 26.66 28.19 27.87 29.06 28.22 28.19 0.87 0.39 

4 27.57 28.71 28.37 29.60 28.67 28.67 0.73 0.33 

5 28.36 29.21 28.73 30.00 29.10 29.10 0.61 0.27 

6 28.84 29.70 29.18 30.34 Burst 29.44 0.66 0.33 

 

Supplementary Table 4. Raw values for inflation of Z-Med 26 x 40 mm balloon.  
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12.1.2 True Balloons 

 Diameter, mm   
Pressure, 

ATM 
Inflation 
1 

Inflation 
2 

Inflation 
3 

Inflation 
4 

Inflation 
5 MEDIAN STDEV 

STD 
error  

1 22.48 22.58 22.63 22.64 22.63 22.63 0.07 0.03 

2 22.57 22.66 22.70 22.72 22.71 22.70 0.06 0.03 

3 22.61 22.75 22.77 22.81 22.78 22.77 0.08 0.03 

4 22.65 22.83 22.83 22.87 22.86 22.83 0.09 0.04 

5 22.70 22.85 22.86 22.90 22.87 22.86 0.08 0.04 

6 22.75 22.87 22.93 22.94 22.93 22.93 0.08 0.04 

Supplementary Table 5. Raw values for inflation of True Balloon 22 x 45mm balloon.  

 

 Diameter, mm    
Pressure, 

ATM 
Inflatio
n 1 

Inflatio
n 2 

Inflatio
n 3 

Inflatio
n 4 

Inflatio
n 5 

MEDIA
N 

STDE
V 

STD 
error  

1 24.18 24.19 24.18 24.20 24.22 24.19 0.02 0.01 

2 24.39 24.33 24.30 24.32 24.33 24.33 0.03 0.02 

3 24.54 24.42 24.39 24.40 24.43 24.42 0.06 0.03 

4 24.57 24.47 24.44 24.47 24.45 24.47 0.05 0.02 

5 24.62 24.54 24.49 24.54 24.53 24.54 0.05 0.02 

6 24.66 24.58 24.53 24.57 24.56 24.57 0.05 0.02 

Supplementary Table 6. Raw values for inflation of True Balloon 24 x 45mm balloon.  

 

 Diameter, mm    
Pressure, 

ATM 
Inflatio
n 1 

Inflatio
n 2 

Inflatio
n 3 

Inflatio
n 4 

Inflatio
n 5 

MEDIA
N 

STDE
V 

STD 
error  

1 26.35 26.43 26.38 26.37 26.38 26.38 0.03 0.01 

2 26.44 26.50 26.49 26.44 26.46 26.46 0.03 0.01 

3 26.54 26.56 26.54 26.51 26.55 26.54 0.02 0.01 

4 26.63 26.64 26.60 26.55 26.58 26.60 0.04 0.02 

5 26.66 26.67 26.63 26.64 26.62 26.64 0.02 0.01 

6 26.71 26.73 26.69 26.65 26.67 26.69 0.03 0.01 

Supplementary Table 7. Raw values for inflation of True Balloon 26 x 45mm balloon.  
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12.1.3 Edwards Balloon Catheters 

 Diameter, mm   
Pressure, 

ATM 
Inflation 
1 

Inflatio
n 2 

Inflation 
3 

Inflation 
4 

Inflation 
5 

MEDIA
N 

STDE
V 

STD 
error  

1 19.483 20.37 19.617 19.4133 19.743 19.55 0.15 0.07 

2 19.455 20.558 19.738 19.583 19.851 19.66 0.17 0.09 

3 19.525 20.887 19.919 19.718 19.979 19.82 0.21 0.10 

4 19.989 21.104 20.04 19.822 20.084 20.01 0.11 0.06 

5 20.112 21.327 20.166 19.95 20.253 20.14 0.13 0.06 

6 20.223 21.396 20.319 20.046 20.418 20.27 0.16 0.08 

Supplementary Table 8. Raw values for inflation of Edwards 20 x 40 mm balloon.  

 Diameter, mm    
Pressure, 

ATM 
Inflatio
n 1 

Inflation 
2 

Inflatio
n 3 

Inflatio
n 4 

Inflation 
5 

MEDIA
N 

STDE
V 

STD 
error  

1 22.28 22.9403 23.046 23.388 23.576 23.05 0.50 0.22 

2 22.506 23.157 23.265 23.591 23.796 23.27 0.49 0.22 

3 23.035 23.433 23.534 23.888 24.09 23.53 0.41 0.18 

4 23.299 23.643 23.749 24.094 24.273 23.75 0.38 0.17 

5 23.548 23.862 23.92 24.235 24.428 23.92 0.34 0.15 

6 23.802 24.01 24.058 24.333 24.548 24.06 0.29 0.13 

Supplementary Table 9. Raw values for inflation of Edwards 23 x 40 mm balloon.  

 Diameter, mm    
Pressure, 

ATM 
Inflatio
n 1 

Inflatio
n 2 

Inflation 
3 

Inflation 
4 

Inflatio
n 5 

MEDIA
N 

STDE
V 

STD 
error  

1 23.801 25.291 24.471 24.815 24.846 24.81 0.55 0.25 

2 24.127 25.584 24.553 25.066 25.045 25.05 0.55 0.25 

3 24.777 25.898 24.883 25.337 25.315 25.32 0.44 0.20 

4 25.056 26.182 25.15 25.566 25.607 25.57 0.45 0.20 

5 25.413 26.411 25.338 25.75 25.766 25.75 0.42 0.19 

6 25.628 26.579 25.518 25.934 25.887 25.89 0.41 0.18 

Supplementary Table 10. Raw values for inflation of Edwards 25 x 40 mm balloon 
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