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RESUME

L'avenement du remplacement de la valve aortique par cathéter (TAVI) a entrainé
un changement de pratique dans le traitement de la sténose aortique. Le TAVI est devenu
le traitement de choix pour les patients a risque chirurgical moyen a élevé et son

expansion vers le traitement des patients a faible risque est déja a 1’étude.

Au cours des derniéres années, les améliorations successives apportées aux
systemes de valvules cardiaques par cathéter ont permis de réduire progressivement le
nombre de complications péri-procédurales et de déces. Cependant, certains problémes
restent a résoudre. Les troubles de la conduction tels que le bloc de branche gauche
nouvellement apparu ou le bloc auriculo-ventriculaire de haut degré nécessitant une
implantation permanente de stimulateur cardiaque n'ont pas diminué avec le temps et
restent la complication la plus fréquente de la procédure. Alors que les études précédentes
se sont concentrées sur l'apparition des troubles de la conduction dans la période péri-
procédurale, il existe peu de données sur les épisodes tardifs (apreés la sortie de I'hdpital).
D'autre part, la prévalence et I'impact clinique des tachyarythmies chez les patients aprés

un TAVI ont été moins étudiés, en particulier apres la sortie de I'hopital.

Différents inconvénients restent non résolus dans ce contexte (par exemple,
I’évolution a long terme de I’ECG chez des patients sans troubles de la conduction, la
prise en charge des patients avec nouveau bloc de branche gauche, les prédicteurs de la
régression des anomalies & ’ECG chez des patients avec bloc de branche gauche). En
outre, la surveillance électrocardiographique continue est apparue comme un outil utile
pour diagnostiquer les troubles arythmiques (brady- et tachyarythmies) aprés le départ de
I’hépital, mais les données disponibles dans le cadre du TAV1 sont rares. Leur sécurité et

leur utilité clinique restent donc a élucider.

Les principaux objectifs de ce projet de recherche doctoral sont les suivants: (i)
évaluer l'incidence et I'impact clinique des troubles arythmiques tardifs (apres le départ
de I’hopital) chez les patients avec TAVI, et (ii) démontrer la sécurité et 1’utilité¢ de la

surveillance continue non invasive de I’ECG apres une procédure TAVI.



ABSTRACT

The advent of transcatheter aortic valve implantation (TAVI) has meant a
paradigm shift in the treatment of aortic stenosis. TAVI has become the preferred
treatment for patients at intermediate to high surgical risk and its expansion towards the

treatment of low-risk patients is under study.

During the last years, the successive improvements in transcatheter heart valve
systems have led to a progressive reduction of periprocedural complications and death.
However, some issues remain to be resolved. Conduction disturbances (CDs) such as
new-onset left bundle branch block (LBBB) or high-degree atrioventricular block
requiring permanent pacemaker (PPM) implantation have not decreased over time and
remains the most frequent complication of the procedure. Whereas previous studies
focused on the occurrence of CDs in the periprocedural period, scarce data exist on late
(after discharge) episodes. On the other hand, the prevalence and clinical impact of new-
onset tachyarrhythmias in patients following TAVI have been less studied, especially
after the hospital discharge.

Different drawbacks remain unsolved in this context (e.g. long-term ECG
evolution in patients without ECG-CDs, management of new-onset LBBB, predictors of
ECG regression in new-onset LBBB patients). Furthermore, continuous
electrocardiographic monitoring has emerged as a useful tool to unravel arrhythmic
disorders (either brady and tachyarrhythmias) in the early phase post-discharge, but data
in the TAVI setting is scarce. Thus, their safety and clinical usefulness remain to be

elucidated.

The main objectives of this PhD research project are: (i) to assess the incidence
and clinical impact of late arrhythmic disorders (post discharge) in TAVI recipients (ii)
to demonstrate the safety and usefulness of non-invasive continuous ECG monitoring
post-TAVI.
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INTRODUCTION



1.1 THE HEART. VALVULAR HEART DISEASE AND AORTIC STENOSIS

The heart is a four-chambered fibromuscular organ that is the keystone of the
human cardiovascular apparatus, acting as a pump that ejects blood through the vessels
of the circulatory system (~ 5 liters/minute). It is roughly the size of a fist, and it is situated
between the two lungs and slightly to the left, behind the breastbone, resting on
the diaphragm (1). The lower tip of the heart (called the apex) lies to the left of the
sternum, between the union of the fourth and fifth ribs near their articulation with the
costal cartilages (2). The great veins like the vena cava, the aorta, and the pulmonary
arteries are attached to the upper part of the heart (called the base). The heart is cone-

shaped, with the base positioned upwards and tapering down to the apex (Figure 1) (2,3).

Figure 1. Anterior view of the heart in its usual anatomic position with its apex directed from right to left.
Arrows point to the anterior interventricular sulcus, which delimitates the left and right ventricle. Ao:
ascending aorta. LV: left ventricle; P: Pulmonary trunk; R: Right ventricle; SVC: Superior vena cava.
From Hurst’s The Heart, 13" edition (3).

The heart is surrounded by a thin fibrous sac called the pericardium, which has a
small amount of liquid that lubricates its surface and allows it to move freely during

systole (contraction) and diastole (relaxation). The heart is composed of four chambers,



called the atria (right and left), the receiving chambers, and the lower right and left

ventricles, the discharging chambers. (Figure 2) (3) .

Figure 2.

A. Left ventricular long-axis view. *Transverse sinus. The arrows point to the right upper and lower
pulmonary veins. A, anterior mitral leaflet; Ao, ascending aorta; CS, coronary sinus; LA, left atrium; LV,
left ventricle; P, posterior aortic cusp; PM, posteromedial mitral papillary muscle; R, right aortic cusp;
RVO, right ventricular outflow; SVC, superior vena cava.

B. Frontal plane view. The dashed line indicates the aortic sinotubular junction.

A: anterior mitral leaflet; Ao: ascending aorta; AoV: aortic valve; CS: coronary sinus; LA: left atrium;
LCCA: left common carotid artery; LV: left ventricle; P: posterior aortic cusp; PM: posteromedial mitral
papillary muscle; PT: pulmonary trunk; R: right aortic cusp; RVO: right ventricular outflow; SVC,
superior vena cava; VS, ventricular septum. From Hurst’s The Heart, 13t edition (3) .

The right and left atrium open into the ventricles through the tricuspid and mitral
atrioventricular valves, respectively. The right and left ventricle eject blood through the
pulmonary and aortic valves, respectively. They are separated from each other by
the interventricular septum, visible on the surface of the heart as the anterior and posterior
longitudinal sulcus (Figure 1). The four cardiac valves are anchored to their annuli, or
valve rings. These fibrous rings, at the base of the heart, join to form the fibrous skeleton
of the heart. The aortic valve is located centrally, and it forms the cornerstone of this
cardiac skeleton, and its fibrous extensions are adjacent with each of the other three
valves. The cardiac skeleton also contains the membranous septum and the aortic

3



intervalvular, right, and left fibrous trigones. The fibrous trigones form the anatomic
substrate for direct mitral-aortic continuity. The right fibrous trigone, called the central
fibrous body, attaches together the aortic, mitral, and tricuspid valves, and forms the
largest and strongest component of the cardiac skeleton. On the other hand, it is through
the right fibrous trigone that the cardiac electrical system (more specifically, the bundle
of His) passes. The fibrous cardiac skeleton serves to electrically isolate the atria from
the ventricles.

The heart’s wall is composed of three layers: epicardium, myocardium, and
endocardium (2). The deepest layer of the heart is the endocardium, and it covers the heart
chambers and valves. The middle layer is called the myocardium and is constituted of a
layer of involuntary striated muscle tissue surrounded by a skeleton of collagen.
Furthermore, there are two types of cardiac cells. First, the muscular cells, which
compound most cardiac cells and have the ability to contract. Second, the pacemaker
cells, which are 1% of cells and form the conduction system of the heart. The pacemaker
cells initiate the electrical impulses known as action potentials and set the pace for blood

pumping, controlling the heart rate.

The heart receives blood flow from the systemic circulation (the venous system),
which is low in oxygen and enters the right atrium and passes to the right ventricle.
Afterwards, it is pumped into the pulmonary circulation, where it receives oxygen and
gives off carbon dioxide. The oxygenated blood then returns to the left atrium, passes
through the left ventricle, and is pumped out through the aorta to the systemic circulation,
where the oxygen is used and metabolized to carbon dioxide (4). The cardiac cycle is the
sequence of events in which the heart contracts (systole) and relaxes (diastole) with every
heartbeat (4). At the beginning of the cardiac cycle, the ventricles are filled by blood that
passes passively through the open mitral and tricuspid valves. Afterwards, the atria
contract, forcing more blood into the ventricles. Next, the ventricles contract and the
pressure  within  the ventricles rises, exceeding the pressure within
the aorta and pulmonary artery, forcing the aortic and pulmonary valves to open. At that
point the blood is ejected from the heart, causing the pressure in the ventricles to fall.
When the pressure within the ventricles falls below the pressure within the aorta and



pulmonary arteries, the aortic and pulmonary valves close. Then, the ventricles start to

relax, the mitral and tricuspid valves open, and the cycle starts again (4) .

Heart valves consist of thin, mobile, and flexible leaflets which ensure
unidirectional circulation of blood. Driven by mechanical forces exerted by blood and
surrounding structures, the heart valves are composed of endothelial and valvular
interstitial cells and extracellular matrix. The valves between the atria and ventricles are
called the atrioventricular valves. The valve located between the right atrium and the right
ventricle is called the tricuspid valve, which has three cusps. The mitral valve lies
between the left atrium and left ventricle. It has two cusps (anterior and posterior), which
are attached via chordae tendinae to two papillary muscles projecting from the ventricular
wall. As the heart chambers contract, the papillary muscles also do so. Finally, two
semilunar valves are located at the exit of each ventricle. First, the pulmonary valve,
which has three cusps and opens through the pulmonary artery. The semilunar aortic
valve is at the base of the aorta, and it usually has three cusps that close with the pressure
of the blood flowing back from the aorta (Figure 3) (2,3). However, a congenitally
bicuspid (two leaflets) aortic valve is common, present in 0.5-0.8% of the general

population (5) .

Figure 3. The aortic valve viewed from above in simulated closed (A) and open (B) positions. The
normal aortic valve has 3 leaflets. The arrows show the three commissures. From Hurst’s The Heart, 13™
edition (3).

Cardiovascular diseases (CVD) are the most common cause of death globally as
of 2008, accounting for 30% of deaths (6). More precisely, degenerative aortic stenosis
(AS) is the most common primary valve disease leading to surgery or catheter
intervention in Europe and North America (7,8), and its burden will increase further as

the population ages.



1.2 HISTORICAL PERSPECTIVE OF AORTIC STENOSIS

The foundations for anatomy in the Western world started with Aristotle
(384 BCE-322 BCE). Afterwards and during the early centuries of the Christian era,
Galen was among the first to describe the valves of the heart. Among other
demonstrations, he stated that arteries carry blood instead of air, challenging what was
believed during his time and centuries before (9). However, the first accurate drawing of
the aortic valve was by Leonardo da Vinci in 1512 (Figure 4).

Figure 4. The aortic valve, picture from Leonardo Da Vinci.

Later, the anatomist Andreas Vesalius (1514-1564) performed autopsies on
humans. His key work was written in 1543, “De Humani Corporis Fabrica”, and it is
considered as the largest single contribution to medical science (10). AS was first
described in 1663 in “Opera Medica Universa” by Lazare Riviere (1589-1655). AS was
also described by Giovanni Battista Morgagni, the founder of pathological anatomy.
Finally, investigations focusing on the causes of AS were performed in the first half of
the 20" century (11).



1.3 PATHOGENESIS AND RISK FACTORS OF AORTIC STENOSIS

Degenerative AS is the most prevalent form of AS, and represents 84% of the AS
patients. Other causes of AS include congenital AS (5%), rheumatic disease (11%),
endocarditis (1%), and other causes (<1%), such as inflammatory or drug-induced AS
(12). Degenerative aortic stenosis is usually caused by aortic valve leaflet thickening and
calcification. Although the pathogenesis of AS has been classically considered an age-
related process (13), recent studies have shown that it is also an active and progressive
syndrome. Two phases have been described regarding the evolution of AS. First, the
initiation phase or early phase, which seems to be caused by endothelial damage due to
mechanical factors and reduced shear stress (the early damage is located in regions with
low shear stress in the aortic side of the valve). Second, a progression period leads to
severe calcific AS. Several factors play a role in both the initiation and progression of
AS, such as anatomic, genetic, and clinical factors that are mediated by cellular and

molecular pathways (14,15).

The presence of a bicuspid aortic valve, genetic mutations, old age, male sex,
hypertension, diabetes, metabolic syndrome, smoking, and hypercholesterolemia have
been associated with AS (Figure 5) (15).
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Figure 5. Changes in histologic features in the aortic valve leaflets. From Otto et al (14).



As previously stated, the initiation of the disease is caused by mechanical factors
and changes in the aortic wall shear stress (16) , which causes endothelial damage at the
level of the aortic valve leaflets. More specifically, the bicuspid valve (present in ~0.5-
0.8% of the population) is the underlying anatomy in a significant proportion of patients.
Then, subendothelial accumulation of lipid and lipoproteins triggers progressive
endothelial injury and lipid oxidization, which leads to an inflammatory response
characterized by infiltration of macrophages and T-lymphocytes. Afterwards, a fibrotic
process with deposition of matrix collagen and a subsequent progressive calcification

Ooccurs.

In conclusion, the pathophysiology of AS is an active process comparable to
atherosclerosis, including three major elements: lipid accumulation, inflammation, and
calcification. A summary of the factors implied in the physiopathology of AS is shown
in Table 1 (17-29).

Table 1: Main factors involved in the physiopathology of degenerative aortic

valve stenosis

Lipid Focal areas of accumulation of low density lipoprotein (LDL)

accumulation and lipoprotein(a) with evidence of lipoprotein oxidation (20,23).

Inflammation Inflammation evidenced by macrophage and T lymphocyte
infiltration, inflammatory mediators (interleukin-1-beta),
transforming growth factor beta-1, and increased
fluorodeoxyglucose uptake on positron emission tomography
scanning (18-20,24,25).

Calcification Upregulation of adhesion molecules and alterations in matrix
metalloproteinase activity (28,29).

Local production of proteins that promote tissue calcification
(17,21,26,27).




1.4 EPIDEMIOLOGY AND CLINICAL MANIFESTATIONS OF AORTIC
STENOSIS

As previously mentioned, degenerative AS is the most common primary valve
disease leading to surgery or catheter intervention in western countries (7,8).
Epidemiological studies have shown that AS is present in 2-7% of the population > 65
years (Table 2) (8,30).

Aortic Valve Abnormality

Valve
None Sclerosis Stenosis Replacement
All subjects 3TI6(72%)  1L329(26%)  BR(2%) 23 (0.4%)
Women 2,249 (T6%) o] (22% 43 (1.5%) 12(0:4%)
Men | 48T (67%) 655 (317%)  45(2%) 11 {0.5%)

65-74 vears old 2,684 (75%) 097 (209:) 43 (1.3%) 16 (0.57%)

Women 1.654 {827%) M4(17%)  2001.0%) 0 (0.4%)

Men 1.030{73%) 353 (25%)  23(1.6%) T(0.5%)
75-84 years old 062 (62%) S2(35%)  37(24%) T ((0L5%)

Women 346 (665%) 259 (319%)  22(2.7%) 3 (047%)

Men 416 (55%) BIG9%)  15(2.1%) 4 (0L6%)
83+ vears old 90 (45%:) 9 (48%) B (47%) 0 {0%%:)

Women 49 (56%%) 38 (439%) 1 (1%) 0

Men 41 (41%:) 32(529%:) T(7%) 0

Data are expressed as number (%) of subjects.

Table 2. Prevalence of aortic valve abnormalities by echocardiography. From Stewart et al (7)

A meta-analysis conducted in occidental countries found a population prevalence
of AS of 12.4%, and a prevalence of 3.4% of severe AS in those aged 75 years and older
(31). In addition, a more recent study has shown relatively comparable rates of aortic
valve disease, with a 4.3% rate of severe AS in an Icelandic cohort aged >70 years old
(32). There is an exponential escalation in AS prevalence with age, with 0.2% in the 50—
59-year group, 1.3% in the 60—69-year group, 3.9% in of the 70-79-year group, and 9.8%
in those aged 8089 years. In this line, the number of patients with an indication for aortic
valve replacement is projected to more than double by 2050 in both the USA and Europe
(31). On the other hand, the presence of a bicuspid aortic valve is the most common form

of congenital heart disease and is found in 0.5-0.8% of the population (5). The presence



of a bicuspid aortic valve leads to a requirement for treatment related to severe AS at a

younger age compared to tricuspid valves (mean age at surgery around 50 years).

Finally, epidemiologic studies showed similar rates of AS in women compared to
men. However, women tend to present later in the disease history, with older age, more
higher rates of frailty, renal insufficiency, symptomatic heart failure, and more frequent

concomitant significant mitral regurgitation (33).

The progressive nature of degenerative AS will result in a gradual obstruction to
the ventricular outflow of the left ventricle, which in turn will increase the left ventricular
pressure. The latter will translate into a proportional increase in the left ventricle afterload
and finally an impaired left ventricular function. Initially, the left ventricular afterload
may be compensated by left ventricular hypertrophy, which might maintain the cardiac
output (34). However, the occurrence of left ventricular hypertrophy is considered a
maladaptive process, as it has been linked to the occurrence of ischemia, diastolic
dysfunction, an increased risk of mortality, and the development of left ventricular

systolic dysfunction (35-37).

Patients with AS are, in general, asymptomatic for a long period despite the
obstruction and increased pressure load on the left ventricle. Mostly, symptoms in patients
will rarely occur until stenosis is severe. When severe AS is present, even mild
symptomatology should prompt for intervention, since survival will be reduced if left
untreated, with average survival after the onset of symptoms of only two to three years,
and a high risk of sudden cardiac death (Figure 6) (38). As depicted in Figure 6, the
classic symptoms due to severe AS are heart failure, syncope, and angina. The most
typical symptom of AS is dyspnea, usually associated with a decreased exercise tolerance.
Besides, the presence of systolic left ventricular dysfunction is uncommon, and overt

heart failure may entail an end-stage finding.
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Figure 6. Survival in patients with aortic stenosis. From Ross et al (38)

Effort angina is also a typical symptom in patients with severe AS, and it may be
present in half of the patients without significant coronary artery disease (CAD)(39,40).
However, it should be highlighted that about 50% of the patients have underlying
coronary artery disease, and the absence of angina does not reliably exclude the presence
of severe CAD (39). The presence of angina in this context has been attributed to left
ventricular hypertrophy, which can cause myocardial ischemia in relation to several
mechanisms: increased left ventricle oxygen demand, compression of intramyocardial

coronary arteries, reduced diastolic coronary perfusion time during tachycardia and
reduced coronary flow reserve (41).

Finally, exertional dizziness (presyncope) or even syncope may reflect an abrupt
reduction in cerebral perfusion, which may be caused by different mechanisms: exercise-

induced vasodilation in patients with almost fixed cardiac output due to the aortic

obstruction, abnormalities in the baroreceptor response, transient bradyarrhythmia, and
supraventricular and ventricular arrhythmias.
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1.5 DIAGNOSIS OF AORTIC STENOSIS

Overall, patients with AS may be referred to the cardiologist due to a heart
murmur, the presence of symptoms, or because of incidental findings on non-invasive
tests. Classically, severe AS may have a loud heart murmur, it may peak later in systole,
and the aortic valve closure component of the second heart sound may be reduced or
absent. Apart from a scrupulous physical examination, an electrocardiogram (ECG),
blood analysis, and an X-ray, transthoracic echocardiography will be the key diagnostic
tool. Echocardiography confirms the presence of aortic stenosis and assesses its severity,
valve calcification, presence of bicuspid morphology, aortic dilatation and left ventricular
function and thickness. It also can diagnose the presence of other associated valve
diseases. Doppler echocardiography is the preferred technique for assessing the severity

of aortic stenosis (42).

The recently published American College of Cardiology/American Heart
Association (ACC/AHA) Guidelines on valvular heart disease divided the patients with
AS into 4 stages: patients at risk of AS (Stage A), patients with progressive hemodynamic
obstruction (Stage B), patients with severe asymptomatic AS (Stage C), and those with
symptomatic AS (Stage D) (43) (Figure 7).

The severity of AS is defined by transaortic maximum velocity (or mean pressure
gradient) when the transaortic volume flow rate is normal. However, some patients can
present with a low transaortic volume flow rate, related to left ventricular systolic
dysfunction with a low left ventricular ejection fraction (LVEF) or because of a small,
hypertrophied left ventricle with a low stroke volume. Severe AS with low flow is
designated D2 (with a low LVEF) or D3 (with a normal LVEF) (43).

The diagnosis of AS using transthoracic echocardiography may be considered as
a continuum, ranging from aortic sclerosis to very severe flow obstruction. In routine
clinical practice, the peak transaortic jet velocity along with mean gradients and valve
area are commonly used to grade the severity of AS. The current recommendations for
AS gradation are depicted in Table 3 (44,45).
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reduced leaflet opening

AVA typically =1.0 cm? (or
AVAi 0.6 cm¥/m?) but not
required to define severe AS

Stage Definition Valve Anatomy Valve Hemodynamics Conseguences Symptoms
A At risk of AS BAV (or other congenital Aortic V__ <2 m/s with MNone None
valve anomaly) nommal leaflet motion
Aortic valve sclerosis
B Progressive AS Mild to moderate leaflet Mild AS: aorticV__ 2.0-2.9 Early LV diastolic Nore
calkcificationffibrosis of a m/s or mean AP <20 mm Hg | dysfunction may be
bicuspid or trileaflet valve Maderate AS: aortic V. present
with some reduction in 3.0-3.9 m/s or mean AP Normal LVEF
systolic motion or 20-39 mm Hg
Rheumatic valve changes
with commissural fusion
C: Asymptomatic severe AS
1 Asymptomatic severe Severe leaflet calcification/ Aortic V__ =4 mfs or mean LV diastolic dysfunction | None
AS fibrovsis_ or congen ital AP =40 mm Hg Mild LV hypertrophy Exercise testing is
stenosis with severely AVA typically 15 =1.0 cm? (or reasonable to confirm
g : MNormal LVEF
reduced leaflet opening AMAI 0.6 cm¥m?) but not symptom status
required to define severs AS
\ery severe AS is an aortic
V.25 mfs or mean P =60
mm Hg
C2 Asymptomatic severe Severe leaflet calcification/ Aortic V__ 24 m/s or mean LVEF <50% None
AS with LV systolic fibrosis or congenital AP =40 mm Hg
dysfunction stenosis with severaly

[ Symptomatic severe AS

D1 Symptomatic severe
high-gradient AS

Severe leaflet calcification/
fibrosis or congenital
stenosis with severely
reduced leaflet opening

Aortic V__ =4 m/s or mean
AP =40 mm Hg

AVA typically =1.0 cm? (or
AVAI 0.6 cm?m?) but may
be larger with mixed AS/AR

LV diastolic dysfunction
LV hypertrophy
Pulmonary
hypertension may be
present

Exertional dyspnea,
decreased exerdse
tolerance, or HF

Exertional angina
Exertional syncope or

Dobutamine stress
echocardiography shows
AVA <1.0 em® with V__ =4
m/s at any flow rate

presyncope
D2 Symptomatic severe Severe |eaflet calcification/ AVA <1.0 cm® with resting LV diastolic dysfunction | HF
low-flow, low-gradient | fibrosis with severely aortic V__ <4 m/s or mean LV hypertrophy Angina
AS with reduced LVEF reduced leaflet motion AP <40 mm Hg
LVEF <50% Syncope or presyncope

D3 Symptomatic severe
low-gradient AS
with normal LVEF or
paradoxical low-flow
severe AS

Severe leaflet calcification/
fibrosis with severely
reduced leaflet motion

AVA <1.0 cm?® (indexed AVA
<0.6 cm¥m?) with an aortic
Vo <4 mfs or mean AP <40

mm Hg

AND

Stroke volume index <35
mLfm?

Measured when patient is
normotensive (systolic blood
pressure <140 mm Hg)

Increased LV relative
wall thickness

Small LV chamber with
low stroke volume
Restrictive diastolic
filling

LVEF =50%

HF
Angina

Syncope or presyncope

Figure 7. Stages of aortic stenosis. From Otto et al (43)

Table 3. Grading aortic stenosis severity by transthoracic echocardiography

Aortic sclerosis Mild AS  Moderate AS Severe AS
Peak velocity (m/s) <2.5m/s 2.6-2.9 3.0-4.0 >4.0
Mean gradient - <20 20-40 >40
(mmHg)
AVA (cm2) - >1.5 <10
Indexed AVA - >0.85 0.60-0.85 <0.6
(cm2/m2)
Velocity ratio - >0.50 0.25-0.50 <0.25

AS: Aortic stenosis; AVA: aortic valve area.
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Of note, the presence of concomitant left ventricular dysfunction may lead to low-
flow and therefore lower mean transaortic gradients, even in the presence of a severe AS.
This is characterized as “low-flow low-gradient AS”, which is defined by an aortic valve
area (AVA) of < 1cmz2, left ventricular dysfunction (LVEF <40%), and a mean gradient
<40mmHg (46,47). In these cases, the use of low-dose dobutamine stress testing may be
useful to differentiate true stenosis from a “pseudo-severe” AS, and also to determine the
presence of left ventricular reserve. In patients with “true” AS, the increase in cardiac
output with dobutamine will translate into an increase in transaortic gradients and AVA
will remain unchanged. In pseudo-severe stenosis, an increase in the AVA (>1.0 cm2)
may be observed (48). Alternatively, an important proportion of patients with preserved
LVEF and severe AS regarding AVA (<1cm2) can also present with a low-flow state
(indexed stroke volume of 35 ml/ m2), together with low transvalvular gradients (<40
mmHg). This entity is known as “paradoxical low-flow low-gradient” AS and is
associated with adverse outcomes (49,50). This state is typically found in hypertensive
elderly patients with small left ventricular size and marked hypertrophy (51,52), and may
be associated with conditions associated with low stroke volume (e.g. significant mitral
valve disease, severe tricuspid regurgitation, large ventricular septal defect, and severe

right ventricular dysfunction).

Beyond echocardiography, cardiac catheterization, cardiac magnetic resonance
(53), and computed tomography (CT) may provide alternative information. In the case of
CT, an aortic valve calcification score can accurately identify a severely stenotic valve,
interestingly, independently of flow. In patients with AS, the cut-offs of 3000 Agatston
Units in men and 1600 Agatston Units in women have been proposed as the most accurate
to reveal the presence of severe AS (54). On the other hand, brain natriuretic peptides
(BNP) and NT-proBNP are liberated when left ventricular afterload is increased, and this
has been associated with symptoms in patients with normal left ventricular function and
severe AS (55,56). Alternatively, natriuretic peptides may be used to elucidate the source
of symptoms in patients with several potential causes of dyspnea and to identify those

asymptomatic patients that may benefit from early intervention (54).

To summarize, the recently published European Society of Cardiology Guidelines

divide the patients with AS into four broad Categories (54):
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- High-gradient AS (mean gradient >40 mmHg, peak velocity >4.0 m/s, valve area <1
cm2 [or <0.6 cm2/m2]). In this subset of patients, severe AS can be assumed irrespective
of LVEF and flow conditions.

- Low-flow, low-gradient aortic stenosis with reduced ejection fraction (mean gradient
<40 mmHg, valve area <1 cm2, LVEF <50%, Stroke volume index <35 mL/m2). As
previously mentioned, low-dose dobutamine stress echocardiography is recommended
(48).

- Low-flow, low-gradient aortic stenosis with preserved ejection fraction (mean gradient
<40 mmHg, valve area <1 cm2, LVEF > 50%, Stroke volume index <35 mL/m2). As
previously cited, CT assessment of the degree of valve calcification provides important

additional information in this context.
- Normal-flow, low-gradient aortic stenosis with preserved ejection fraction (mean

gradient <40 mmHg, valve area <1 cm2, LVEF> 50%, Stroke volume index >35

mL/m2). These patients usually have only moderate aortic stenosis.
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1.6 MANAGEMENT OF AORTIC STENOSIS

The dreadful natural history of AS without intervention described by Ross and
Braunwald (38) has been confirmed in subsequent studies, reporting survival of around
50% at 3-5 years of follow-up (57,58). In this context, no medical therapy has been
demonstrated to be effective in terms of outcomes or to slow the progression of the
degenerative, calcific AS. However, diuretic treatment may relieve the symptoms and
signs of heart failure (pulmonary and systemic congestion). Furthermore, it has been
proposed that the administration of statins may slow the progression of AS (59). However,
randomized trials failed to prove any clinical benefit (60). On the other hand, the use of
inhibitors of the renin-angiotensin system is safe in patients with AS that are carefully
monitored and may have beneficial myocardial effects before the onset of symptoms and
after intervention (61-64). Finally, those patients with clinical heart failure who are
suitable for aortic valve intervention should be medically treated according to the recent

European Society of cardiology (ESC) heart failure Guidelines (65).

In line with the latter, the dismal prognosis of symptomatic patients with AS
warrants intervention as soon as the symptoms appear, as recommended by current
guidelines (43,54). Aortic intervention includes percutaneous balloon aortic
valvuloplasty (BAV), surgical aortic valve replacement (SAVR), and transcatheter aortic
valve implantation (TAVI) or replacement (TAVR)". Figure 8 shows the aortic stenosis
management algorithm proposed by the recent European guidelines on the management

of valvular heart disease (54).

*Transcatheter aortic valve implantation (TAVI) will be used through the thesis to keep the same term along all the
manuscript.
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Figure 8. Management of aortic stenosis. From Vahanian et al (54)

1.6.1 Balloon aortic valvuloplasty (BAV)

BAV is a transcatheter technique that was first used by Cribier and colleagues in
1986 and it consists in the mechanical dilatation of the aortic valve using a balloon (66).
The balloon inflation results in fractures of calcified nodules at the leaflet hinge points,
leaflet microfractures, and separation of fused leaflets (67,68). This may lead to improved
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leaflet mobility, a reduction in aortic valve gradients, and a modest improvement in the
AVA. However, subsequent clinical studies demonstrated that its benefit was generally
limited to a few months after the procedure, and restenosis of the valve occurred again
after 6-12 months (69-72).

The limited efficacy of BAV in the long-term results in an absence of benefit
regarding mortality at follow-up (72,73). However, there is still room for this therapy in
specific subsets (74). First, BAV can be used as a palliative treatment in patients who
cannot undergo SAVR or TAVI. Second, current European guidelines state that BAV
may be considered as a bridge to TAVI or SAVR in patients with decompensated aortic
stenosis (severe heart failure, cardiogenic shock) and in those with severe aortic stenosis

who require urgent high-risk non-cardiac surgery (54)

1.6.2 Surgical aortic valve replacement

The first SAVR procedure was performed in the early 1960s and has transformed
the treatment of aortic stenosis, improving the survival of patients with valvular heart
disease (75). This treatment is nowadays the most frequently performed procedure in
valve surgery (represents half of all operations for valvular heart disease), as
approximately 90 000 SAVR procedures are performed in the United States and 280 000
worldwide each year (76,77). Isolated SAVR can be performed with a mini-sternotomy.
The SAVR procedure may be performed using either mechanical or biological prostheses
(78), and each type implies associated benefits and risks. Whereas mechanical valves
require lifelong anticoagulation and therefore this increases the risk of hemorrhage and
thromboembolism (Figure 9), biologic prosthetic valves are associated with a higher risk

of reoperation due to structural valve deterioration (77,79).

Figure 9. Examples of mechanical aortic valve prostheses. From Pibarot et al (77)
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Biological surgical valves include homografts, pulmonary autografts, and porcine
(assembled aortic valve leaflets or complete aortic valves) or pericardial bovine
bioprostheses. Biological prostheses are divided into stented or stentless valves (Figure
10). Stented valves are composed of valve leaflets reinforced with a stent frame, which
is composed of polymeric material or alloys, and a circular or scallop-shaped external
sewing ring located outside of the stent frame (80). Stentless valves were designed to
optimize the effective orifice area and do not have a base ring or a frame to support the
leaflets (81). More recently, sutureless valves have emerged as an option to reduce

cardiopulmonary bypass times and facilitate minimally invasive approaches (82).

The choice of the proper prosthesis in each patient is determined by balancing the
risks of anticoagulation and reoperation. However, recent reports of improved durability
of biologic prostheses have led to a substantial increase in their use, and nowadays
biological prostheses are the preferred SAVR option in most cases (76,83). Current
ACC/AHA guidelines recommend mechanical prostheses in patients under 50 years of
age, mechanical or bioprosthetic SAVR in patients between 50 and 65 years (the decision

should be individualized in such cases), and bioprostheses in patients >65 years (43).
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Figure 10. Examples of biological aortic valve prostheses. From Rodriguez-Gabella et al (79)

Overall, the isolated SAVR procedure mortality is around 1-3% (76). However,
those patients with comorbidities or those > 80 years of age may have in-hospital
mortality rates up to 5-10% (76,84). At 30-days, comorbidities such as left ventricular
dysfunction, concomitant coronary artery disease, renal insufficiency, and chronic
pulmonary disease have been associated with increased mortality (85), which remained
stable around 4-5% according to a recent retrospective analysis (86) (Figure 11).
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Figure 11. Temporal trends in unadjusted 30-day mortality for SAVR and TAVI (86).

The assessment of preoperative risk is of paramount importance. Nowadays,
several risk scores are available, including the EuroSCORE and the Society of Thoracic
Surgeons (STS) risk calculator (87,88). Of note, none of these scores include important
variables such as frailty and cognitive status, which have demonstrated to significantly

impact survival at follow-up (89).

Although the clinical benefit of the aortic valve replacement is well-established,
more than half of the patients may not undergo SAVR due to high operative risk
(58,90,91). More precisely, up to one-third of patients >75 years are deemed unsuitable
for SAVR due to high procedural risk (90). The lack of alternative therapeutic options in
patients with high surgical risk led to the development of a minimally invasive definitive
intervention: the TAVI therapy.
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1.7 TRANSCATHETER AORTIC VALVE IMPLANTATION (TAVI)

1.7.1 Introduction

The initial TAVI concept was made by Andersen et al back in 1992, who
developed a porcine aortic valve sutured to a metal stent, which could be inflated using a
balloon to expand the valve in the native aortic annulus (analogous to a coronary stent)
(92). Later on, the first human balloon-expandable TAVI was performed in Rouen in
2002 by Alain Cribier, in a 57-year-old patient with critical AS and cardiogenic shock
(93). The valve was successfully delivered via a transseptal approach. The success of this
procedure confirmed the feasibility of TAVI in humans, with a good hemodynamic
profile and absence of the most feared periprocedural complications (no significant
paravalvular aortic regurgitation, no coronary obstruction, and no associated
atrioventricular block). Afterwards, the early Cribier-Edwards 23-mm valve was
redesigned and the TAVI procedure began the transition to a mainstream clinical and
commercial reality (94). Thereafter, Webb and colleagues reported the transfemoral
retrograde trans-arterial implantation technique issuing a deflectable pusher sheath along
with the first transapical implantations (95-97). Beyond the cited balloon-expandable
system, Grube et al reported the first human implants of a self-expanding transfemoral
transcatheter heart valve (THV) system in 2005 (98,99).

1.7.2 TAVI procedure: devices, approaches, and complications

The TAVI procedure is the deployment of a biological prosthesis at the level of
the aortic valve, performed in a beating heart without the need for cardio-pulmonary

bypass (Figure 12).

Figure 1.12. Schematic illustration of transfemoral aortic valve implantation.
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The valve is advanced using a catheter or delivery system that is usually
introduced through a large-bore sheath placed in the common femoral artery
(transfemoral [TF] approach) (100). The procedure is usually performed in a cardiac
catheterization laboratory room or hybrid (interventional/surgical) suite. In contemporary
practice, the TAVI technique is commonly performed under conscious sedation (101).
However, the technique is different depending on the type of device. Among others, two
main THVs systems exist: balloon-expandable and self-expanding valves (100). Table 4

summarizes the older and current generation of main THVs.

1.7.2.1. TAVI procedure: devices

The current United States Food and Drug Administration (FDA) approved
balloon-expandable TAVI devices are the SAPIEN 3 and SAPIEN 3 Ultra, which are the
new-generation Edwards Lifesciences valves (former Cribier-Edwards, SAPIEN, and
SAPIEN XT valves). The SAPIEN 3 valve is composed of a trileaflet bovine pericardial
valve mounted in a cobalt-chromium frame with an outer seal cuff to reduce paravalvular
leak (PVL) (102). In this line, the recently released SAPIEN 3 Ultra incorporated an
increased outer skirt to reduce residual PVL (Figure 13) (103).
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Figure 13. Edwards Lifesciences balloon-expandable SAPIEN valves family (104).

The SAPIEN 3 Ultra valve has four different sizes: 20-mm, 23-mm, 26-mm, and
29-mm, which covers aortic annulus diameters from 16 to 28 mm. The size of the
prosthesis should be selected according to the measurements of the native aortic annulus,
which are measured by computed tomography images (105). The prosthesis is crimped
into a balloon and, after placing a stiff guidewire in the left ventricle, is advanced through
this wire and deployed by means of a balloon inflation. The balloon inflation is performed
during rapid pacing (to minimize cardiac output and avoid valve embolization during the

deployment) through a right ventricular temporary lead or through the left ventricular
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wire (106). A dedicated, deflectable delivery system is used to advance and facilitate the

valve alignment and position (Figure 14) (102).

Figure 14. Implantation sequence. A-B. Optimal implant angle with the three Valsalva sinus alienated in
the same plane. C. After crossing the valve, balloon aortic valvuloplasty was performed (not mandatory).
D-E. Positioning of the SAPIEN valve and deployment under rapid ventricular pacing. F-H. Delivery
system withdrawal and assessment of the final position. From Binder et al (102).

Several self-expanding THVs are nowadays in commercial use or under clinical
investigation (Figure 15 and Table 4). Currently, the more implanted self-expanding
valve worldwide is the Evolut PRO + (Medtronic), the last generation of the CoreValve
family (the former THV systems are the CoreValve, the Evolut R, and the Evolut PRO

valves) (107).
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Figure 15. Older and current generations of self-expandable THV systems (104).

The Evolut PRO + THV consists of a self-expanding nitinol frame with a porcine
trileaflet supra-annular pericardial valve. The valve is available in four sizes: 23, 26, 29, and
34 mm, which cover aortic annular sizes from 18 to 29 mm. The Evolut PRO + is
recapturable and repositionable and has a skirt in the inflow tract and an external tissue
wrap, which reduces the risk of significant PVVL. The prosthesis is deployed by retrieving

the delivery system and no rapid pacing is mandatory (Figure 16) (107).

Figure 16.

A-B. Initial phase of the deployment.

C. The valve is functional at this point (2/3 of the
deployment) and can be recaptured and repositioned.
D-E. Completion of deployment.
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Compared with balloon-expandable THVs, the supra-annular design of the

CoreValve family may lead to lower gradients. On the other hand, the increased frame

height compared to the SAPIEN THV family make the coronary access after the

procedure more challenging (108-111).

Other self-expandable valves include the ACURATE neo2 valve (Boston
Scientific) and the Portico valve (Abbott Structural Heart) (112,113). Finally, the

mechanically expandable LOTUS valve (Boston Scientific) was approved for non-

operable patients (114), but is not currently available due to issues related to the delivery

system. Table 4 summarizes the main features of THV systems.

Table 4. Main features of old and current transcatheter heart valve systems

Prosthesis Frame Valve Valve Sheath sizes Position Reposi-
sizes, tionable
mm
Balloon-Expandable
SAPIEN Stainless Bovine 23,26 22 Fr (23 mm); 24 Intra- No
steel pericardial Fr (26 mm) annular
SAPIEN XT Cobalt- Bovine 23, 26, 16 Fr (23 mm); 18 Intra- No
Chromium  pericardial 29 Fr (26 mm); 20 Fr annular
(29 mm)
SAPIEN 3 Cobalt- Bovine 20, 23, 14 Fr (20, 23, 26 Intra- No
Chromium  pericardial 26, 29 mm); 16 Fr (29 mm)  annular
SAPIEN 3 Cobalt- Bovine 20, 23, 14 Fr Intra- No
Ultra Chromium  pericardial 26, 29 annular
Self-
Expandable
CoreValve Nitinol Porcine 26, 29, 18 Fr Supra- Yes
pericardial 31 annular
CoreValve Nitinol Porcine 23, 26, 14 Fr equivalent Supra- Yes
Evolut R pericardial 29, 34 (23,26, and 29 annular
mm); 16 Fr
equivalent (34 mm)
CoreValve Nitinol Porcine 23, 26, 16 Fr equivalent Supra- Yes
Evolut Pro pericardial 29 annular
CoreValve Nitinol Porcine 23, 26, 14 Fr equivalent Supra- Yes
Evolut Pro+ pericardial 29, 34 (23,26, and 29 annular
mm); 16 Fr
equivalent (34 mm)
ACURATE Nitinol Porcine 23, 25, 18 Fr Supra- No
neo pericardial 27 annular
ACURATE Nitinol Porcine 23, 25, 14 Fr Supra- No
neo2 pericardial 27 annular
Portico Nitinol Bovine 23, 25, 18 Fr (23, 25 mm); Intra- Yes
pericardial 27, 29 19 Fr (27,29 mm) annular
Fr: French.
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1.7.2.2. TAVI procedure: approaches

TAVI is nowadays performed using the TF approach in about 95% of cases
(Figure 17) (115,116). This high percentage has been achieved due to the improvements
in THV delivery systems (reduction of the catheter profile to 14-16 French diameter), and
undoubtedly ranks the TF approach as the preferred route for TAVI. The TF approach
represents the less invasive access, allowing the possibility of conscious sedation without
the need for general anesthesia. Consequently, it is favored by international guidelines
because of its reported superiority to alternative transthoracic approaches (transapical
[TA], transaortic [TA0]) (43,54,117).
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Figure 17. Percentage of patients with different approaches in the STS-ACC TVT Registry (Society of
Thoracic Surgeons—American College of Cardiology Transcatheter Valve Therapy Registry).

However, the progressive increase in TAVI indications (discussed later) will mean
that a significant number of patients would require a non-transfemoral approach, even if
it represents a relatively small percentage of TAVI recipients. At the beginning of the
TAVI therapy, the transapical (TA) approach was the first to be introduced (118). Later,
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newer and less-invasive approaches have been developed, including transcarotid (TC),
transaortic (TAO0), trans-axillary/subclavian (TS), transiliac, and transcaval (TCv)
(Figure 18 and Table 5) (119).
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Figure 18. Schematic illustration of contemporary TAVI access options.

Therefore, patients with a non-suitable TF approach (iliofemoral artery diameter
< 5-6mm and/or significant tortuosity, calcification, or angulation) may undergo TAVI
through an alternative, non-transfemoral access. Among them, current recommendations
discourage the use of a transthoracic approach (TA, TA0) according to the less invasive
nature of non-transthoracic alternative approaches (TC, TS, TCv) (119). However, little
data exist comparing alternative TAVI approaches (119). Whereas a fully percutaneous
alternative access under conscious sedation and local anesthesia may be preferred, the
final decision will usually be based on local experience at each cardiovascular institution.

Table 4 summarizes the main pros and cons of alternative TAVI approaches.
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Table 5. Advantages and disadvantages of alternative TAVI approaches

Advantages

Disadvantages

Transapical
(TA)

- Easy aortic valve crossing

- Excellent THV maneuverability

- Not limited by peripheral vascular anatomy and
size

- General anesthesia and ventilation
needed.

- Mini-thoracotomy

- Damage to left ventricular apex

- Longer in-hospital stay

Transaortic
(TA0)

- Excellent THV maneuverability

- No guidewire manipulation in aortic arch and
supra-aortic vessels.

- Not limited by peripheral vascular anatomy and
size

- General anesthesia and mechanical
ventilation needed.

- Partial sternotomy (unless
suprasternal access)

- Longer in-hospital stay.

Transcarotid
(TC)

- Atherosclerotic disease is usually less frequent
in common carotid artery compared with
femoral arteries.

- No guidewire manipulation of aortic arch.

- Surgical cut-down is necessary
- Need for common carotid artery
minimal lumen diameter >6mm.
- Need for absence of contralateral
significant carotid artery disease.

Trans- - Possibility of local anesthesia and conscious - Difficult alignment with the aortic
subclavian sedation. annulus.
(TS) - Atherosclerotic disease is usually less frequent - Deep location and proximity of the
in the subclavian artery compared with femoral brachial plexus
arteries.
Transcaval - Fully percutaneous venous access with - Extensive preoperative planning
(TCv) possibility of local anesthesia and conscious (computed tomography).

sedation.

- Challenging technique involving an
arterial puncture in the abdominal aorta
from the inferior venous cava to allow
the passage of the TAVI sheath.

TAVI: Transcatheter aortic valve implantation; THV: Transcatheter heart valve.

1.7.2.3. TAVI procedure: complications

The TAVI field has progressively evolved to lower surgical-risk patients (120).
Also, the improvements in THV systems and the operators’ experience in TAVI have led
to a reduction of most major complications related to the procedure (115,121-123). In
order to standardize definitions and to allow proper comparison between studies, the
Valve Academic Research Consortium (VARC) proposed consensus definitions for
important clinical endpoints (124), including major complications (e.g. all-cause
mortality, major stroke, vascular complications and bleeding, acute kidney injury), that
has recently been updated as the VARC-3 criteria (125). As previously mentioned, the
rate of mortality and major complications has decreased during recent years. As an

example, the United Kingdom registry reported a dramatic reduction in in-hospital
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mortality and major complications (tamponade, dialysis post-TAVI, stroke) following
TAVI (mortality rate of 9.09% in 2008 and 1.84% in 2016) (120) (Figure 19).
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Figure 19. In-hospital mortality and major complication rates from 2008 to 2016 according to the United
Kingdom registry (120).

In concordance, the STS-ACC transcatheter valve therapy (TVT) registry reported
a major reduction in in-hospital, 30-days, and 1-year mortality from 2012 to 2019 (115)
(Figure 20). Consequently, these improvements in the TAVI outcomes implied a
progressive evolution to a “minimalist” approach with a short post-procedural length of

stay (24-48h after the procedure or even same-day discharge in selected cases) (126,127).
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Figure 20. Mortality rates from 2012 to 2019 in the STS-ACC TVT registry.
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On the other hand, vascular complications at the access site (i.e. bleeding,
dissection, thrombosis) are common in patients undergoing TAVI, especially using the
transfemoral approach. In the early TAVI era, the rate of vascular complications using
first-generation 18-22 Fr devices was around 15% (128,129). Also, its occurrence has
been classically associated with poorer outcomes (130,131). In contemporary cohorts, the
use of smaller sheaths has translated to a reduction in bleeding and vascular complications
(132), which are around 5% in current practice (133). Again, both bleeding and vascular
complications are linked with adverse cardiovascular outcomes (133), which underlines

the need to improve this complication and make the TAVI procedure safer.

Cerebrovascular events after TAVI may be devastating and are clearly associated
with short-term mortality (134,135). TAVI recipients are at risk of embolic stroke during
the procedure (positioning and deployment of the valve) and at follow-up (134,136,137).
Data from the large STS-ACC TVT analysis reported a rate of clinically significant stroke
of 2.3% at 30 days and 4.1% at 1 year (115,138). During the last years, the strategies to
reduce peri-procedural and post-discharge stroke have focused on embolic protection
during the procedure (139) and post TAVI antithrombotic treatment (140,141),
respectively.

Residual paravalvular leak (PVL) has been one of the main drawbacks of the
TAVI procedure, being more frequent compared to SAVR. When significant PVL is seen
during the procedure (just after valve implantation), the overinflation of a balloon may
reduce or even abolish residual PVL. In balloon-expandable valves, the same delivery
balloon is commonly used. For self-expanding valves, a balloon usually sized to the mean
diameter of the annulus is advanced through the THV to perform post-dilatation. To date,
the known predictive factors for PVL have been asymmetric calcification, valve under-
sizing, and device mispositioning (142,143). Furthermore, moderate or greater PVL has
been associated with mortality and heart failure rehospitalization at one year of follow-
up (144). As previously stated, newer THV generations have focused on anti-paravalvular
leak strategies (capacity to reposition the THV during the procedure, outer seal cuff to

minimize PVL).

Finally, arrhythmic disorders (especially conduction disturbances [CDs] including
new-onset left bundle branch block [LBBB] and/or high-degree atrioventricular block
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leading to PPM implantation) are a frequent complication of the TAVI procedure and its

occurrence has not decreased over time (121,145).

1.7.3 Clinical evidence for TAVI

The clinical evidence concerning TAVI procedures came from studies performed
over the last 15 years, ranging from clinical trials including inoperable aortic valve
replacement (AVR) candidates to the expansion of the therapy to patients at low surgical
risk. The clinical efficacy of TAVI translated in a significant uptake, with >800,000
procedures performed in >65 countries over the last 15 years (125). The initial evidence
came from the first two pivotal trials, the PARTNER (Placement of Aortic Transcatheter
Valve) trial and the US CoreValve Pivotal Trial (146-148).

The PARTNER trial was a randomized, multicenter trial that included 2 arms. The
Cohort A compared TAVI using the SAPIEN device (Edwards Lifesciences, Irvine, CA,
USA) to SAVR in patients considered at high surgical risk. The Cohort B compared TAVI
to medical treatment, which included balloon aortic valvuloplasty, in patients considered
inoperable. For the inclusion in PARTNER A, a minimal STS score of 10% was required.
In the cohort B, patients were enrolled if at last 2 cardiac surgeons agreed that they were
inoperable based on a combined risk of death and severe morbidity >50%. Finally, a total
of 1057 patients were enrolled: 358 patients were included in the cohort B and 699 in the
cohort A.

The PARTNER B cohort demonstrated a 20% survival benefit of TAVI in
inoperable patients compared to medical treatment, with a 1-year mortality of 30.7% in
the TAVI group and a 50.7% in the medical therapy group (146). In the high-risk surgical
cohort, TAVI and SAVR were equivalent for both 30-day mortality (TAVI: 3.4%,
surgical AVR 6.7%, P = 0.07) and 1-year mortality (TAVI, 24.2%; surgical AVR, 26.8%,
P = 0.44). A higher incidence of neurologic events was observed in the TAVI cohort
compared to surgery (5.1 vs. 2.4%, P=0.04), along with a higher rate of vascular
complications (18 vs. 4.8%, P = 0.04) and significant aortic regurgitation (6.8 vs. 1.9%,
P < 0.001). Patients undergoing TAVI had a lower rate of bleeding (14.7 vs. 25.7%, P <
0.001) than surgery (147). The results led to approval by the FDA of the device for

commercial use in inoperable and high-risk surgical patients.
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The CoreValve US pivotal trial also included 2 arms. First, an extreme-risk that
included 489 non-randomized patients which were compared with a pre-specified goal
for all-cause mortality or stroke at 1 year of 43% using a non-inferiority with superiority
test (149). Second, a randomized high-risk cohort where TAVI using the CoreValve
system (Medtronic, Minnesota, USA) was compared to SAVR (148). Like the PARTNER
trial, the patients were included if they had severe AS and a high-surgical risk judged by
interventional cardiologists and cardiac surgeons. The extreme risk cohort confirmed that
the system was safe and led to the FDA approval. In the high-risk cohort, the primary
endpoint of all-cause mortality was observed in 14.2% of the TAVI patients and 19.1%
of the surgical AVR group (P <0.001 for non-inferiority and P=0.04 for superiority)
(148).

Following the pivotal trials focusing on patients at high surgical risk, two
landmark randomized clinical trials reported outcomes in patients at intermediate risk
(150,151). The PARTNER 2A randomized 2032 patients with an STS mortality risk of
4-10% to TAVI (Sapien XT valve) or SAVR. The mean STS score of the population was
5.8%, clearly under the previously cited PARTNER | and CoreValve US Pivotal trials
(147,149). At 2 years of follow-up, there were no significant differences in the composite
endpoint of death from any cause or disabling stroke (hazard ratio in the TAVI group,
0.89; 95% confidence interval [CI], 0.73 to 1.09; P = 0.25). In addition, the transfemoral
subset had a significantly lower rate of death or disabling stroke compared to SAVR
(hazard ratio, 0.79; 95% CI, 0.62 to 1.00; P = 0.05)(150), a finding that was confirmed in

a subsequent meta-analysis (152).

The SURTAVI randomized trial enrolled 1746 intermediate-risk patients to TAVI
using the CoreValve system or SAVR. The mean age was 79.8 years with a mean STS
score of 4.5%. The SURTAVI trial found no significant difference in the primary
endpoint (composite of death from any cause or disabling stroke) between TAVI and
SAVR at 2 years (estimated incidence of the primary end-point was 12.6% in the TAVI
group and 14.0% in the surgery group [95% interval for difference, —5.2 to 2.3%;
p>0.999]) (151).

Whereas both randomized trials demonstrated no differences in the primary

outcome, there were significant differences in the complication profiles between TAVI
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and SAVR. In the PARTNER 2A trial, the TAVI treatment was associated with a higher
rate of major vascular complications (7.9% vs. 5.0%), higher incidence of moderate or
severe PVL (8.0% for TAVI arm and 0.6% in the SAVR arm at 2 years), but lower rates
of new atrial fibrillation (AF) (9.1% vs. 26.4%) and life-threatening bleeding (10.4% vs.
43.4%) were reported (150). In the SURTAVI trial, TAVI was also associated with higher
rates of major vascular complication (6.0 vs. 1.1%), as well as residual moderate or severe
PVL (5.3% vs. 0.6%), and PPM implantation (25.9% vs. 6.6%), but lower rates of acute
kidney injury (1.7% vs. 4.4%) (151).

Finally, two randomized trials evaluated the TAVI therapy against SAVR in
patients at low surgical risk (STS<4%) (153,154), which represents the majority of
patients undergoing SAVR (155). In PARTNER 3, 1182 patients suitable for TF TAVI
were randomized to TAVI or SAVR. At one year, the incidence of the primary endpoint
of all-cause mortality, stroke, or cardiovascular rehospitalization was 15.1% for SAVR
vs. 8.5% for TAVI, HR 0.54 (95% CI: 0.37-0.79, P=0.001) (Figure 21) (153). Regarding
PVL, there was no difference in the incidence of moderate or severe PVL at one year, but
the proportion of patients with mild PVVL were higher (29.4% for TAVI, vs. 2.1% SAVR)
(153)
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Figure 21. Time-to-Event Curves for the Primary Composite End Point and the Individual Components
of the Primary End Point in the Partner 3 trial. A. Primary composite end point. B. Death from any cause.
C. Stroke. D. Rehospitalization. From Mack et al (153).
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In the EVOLUT low-risk study using the self-expandable Evolut valve
(Medtronic, Irvine, CA, USA), 1,468 patients were randomized to TAVI or SAVR. The
composite endpoint of all-cause mortality or stroke at 24 months was 5.3% vs. 6.7%,
which was significant for non-inferiority (Figure 22) (154). In summary, both PARTNER
3 and EVOLUT low-risk demonstrated that the TAVI procedure performed through the

transfemoral approach offers at least equivalence to SAVR in selected low-risk patients.
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Figure 22. Kaplan-Meier time-to-event curves for death from any cause or disabling stroke (primary end
point) at 24 months. From Popma et al (154).

Furthermore, a meta-analysis of all randomized TAVI/SAVR studies reported that
TAVI is associated with a reduced risk of mortality when compared to SAVR (17%
relative risk reduction). While the risk of stroke, major bleeding, new-onset AF, and acute

kidney injury was lower with TAVI, the risk of PPM implantation was higher (116).

The amount of data ranging from inoperable to low-risk patients have extended
the FDA approvals regarding TAVI from high-risk (2012), intermediate-risk (2016) to
low-risk patients (2019), along with the treatment of patients with degenerated surgically
implanted aortic valves (valve-in-valve procedure) (156). Based on the cited evidence,
the current American Heart Association guidelines states (43): 1) Either TAVI or SAVR
can be performed in patients who are 65 to 80 years of age and have no contraindication
to transfemoral TAVI (1-A); 2) Transfemoral TAVI is recommended over SAVR in

patients who are > 80 years of age (I-A); 3) TAVI is recommended in patients of any age
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with high or prohibitive surgical risk (I-A). Furthermore, the very recent European
guidelines recommends TAVI in older patients (>75 years) irrespective of the surgical
risk, or in those who are high risk (STS/EuroSCORE 1l >8%) or unsuitable for surgery
(I-A) (54).

Accordingly, the rapid growth in the indications and the broader spectrum of
treated patients has revolutionized the treatment of AS and has made TAVI the current

dominant therapy for aortic valve intervention in the United States (Figure 23) (115).
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Figure 23. Volume of isolated SAVR, all forms of SAVR (i.e. SAVR and coronary artery bypass
grafting, red line), and TAVI (gray line) from 2012 to 2019. From Carrol et al (115).

However, some issues may be improved before TAVI becomes the preferred
treatment in the whole spectrum of AS including young (<75 years) patients. First, it must
be noted that low-risk patients with unfavorable anatomy (e.g., bicuspid valve) were
excluded from the landmark trials (157). As previously stated, the risk of PVL remains
higher in TAVI compared to SAVR, including data at long-term follow-up (158). Also,
although initial evidence showed promising data regarding very long-term durability (>5
years) of TAVI devices compared to SAVR, these are still preliminary results (159).
Overcoming these challenges will represent the definitive shifting trend favoring TAVI
as the widespread treatment of AS. Figure 24 summarizes the most representative

moments of TAVI history.
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Figure 24. Main representative moments in TAVI history. PA: Pulmonary artery; RCT: Randomized
clinical trial; RV: Right ventricle; TA-TAVI: Transapical transcatheter aortic valve implantation; TF-
TAVI: Transfemoral transcatheter aortic valve implantation; THV: Transcatheter heart valve.

Finally, the occurrence of arrhythmic disorders (tachy- and bradyarrhythmias) and
conduction disturbances (CDs) after TAVI has been a major drawback since the
beginning of the therapy (145). First, the injury to the cardiac conduction system related
to the therapy itself may lead to new CDs such as new-onset LBBB or high-degree
atrioventricular block requiring PPM implantation. Second, new-onset tachyarrhythmias
following the procedure may occur, and little is known regarding its incidence after
hospital discharge. While the in-hospital periprocedural arrhythmic disorders have been
largely studied, little evidence exists regarding those arrhythmic events occurring after
hospital discharge.

The present thesis document focuses on this significant clinical issue of late
arrhythmic disorders after TAVI, especially CDs.
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1.8. ARRHYTHMIC DISORDERS AND TAVI

1.8.1 Anatomy of the aortic valve and implications for conduction disturbances.

The aortic valve is part of the aortic root, which also includes the sinuses of
Valsalva, the aorto-ventricular junction (including the inter-leaflets triangles located
between the basal attachments of the leaflets) and the sino-tubular junction (160). As
depicted in Figure 1.3, the aortic valve is composed of three leaflets (the distal parts of
each leaflet attachment are called the commissures) attached in a semilunar fashion from
the sino-tubular junction to a basal ventricular attachment, crossing the aortic sinuses,
leading to a crown shape of the aortic annulus. As no anatomically circular structure in
the aortic root exists, no clear structure fits with the commonly used term of aortic annulus
(160). However, this term has been used to name two concepts. First, echocardiographers
use this term to name a virtual basal ring constructed by joining together the most
proximal parts of each leaflet. According to this, the aortic annulus is the smallest area
between the left ventricle and the aorta and would determine the size of the prosthetic
valve to be implanted during SAVR. Also, its measurement using computed tomography
is used to size the TAVI devices (105). Also, this term has been used to determine the
position of the prosthesis as ‘supra’ or ‘intra-annular’. Second, for cardiac surgeons, the
aortic annulus is the line formed by the proximal part of the leaflet attachments of the
excised leaflets used for the anchoring of sutures in SAVR procedures. Figure 25 shows

the aortic root (A) and a scheme of the aortic annulus (B) (160).

Sinutubular junction Crown-like

semilunar attachments

Right
ventricle

Anatomic ventriculo-aortic junction
Virtual basal ring

Figure 25. B

A. Placement of the aortic root as the centerpiece of the heart. The root extends from the basal
attachments of the valvar leaflets within the ventricle (yellow arrows) to the sinutubular junction (red
dotted line).

B. Scheme corresponding to an idealized aortic root. The attachments of the valvar leaflets, shown in red,
extend through the entire length of the root, from the sinutubular junction (blue), to the virtual basal ring,
shown in green, and produced by joining together the basal attachments of the leaflets. The crown-like
attachments of the leaflets cross the anatomic ventriculo-aortic junction (yellow). From Anderson (160).
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The cardiac conduction system is composed of myocytes specialized in the
generation and transmission of the cardiac stimulus from the atria to the ventricles. It is
composed of the sinus node, the atrioventricular node, the His bundle, the bundle
branches, and the Purkinje fibers (Figure 26). The sinus node, which cells have the
pacemaker function of the heart, is located at the junction of the superior cava vein with
the right atrium.

SA node

Purkinje fiber network

Atria

AV node Ventricles

Figure 26. The cardiac conduction system.

The atrioventricular node is located within the triangle of Koch, which is
delineated by the tendon of Todaro, the orifice of the coronary sinus, and the insertion

point of the tricuspid valve septal leaflet (161-164).

Figure 27. Triangle of Koch. AVN: Atrioventricular node.
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Afterwards, the atrioventricular node continues as the bundle of His, penetrating
the membranous septum (penetrating bundle) and passing to the left through the central
fibrous body. The conduction system exits immediately under the membranous septum
and is positioned superficially on the crest of the interventricular septum, where it gives
rise to the left bundle branch, which is related to the base of the interleaflet triangle
separating the noncoronary and right coronary leaflets (Figure 28) (161-163). The left
bundle branch has close anatomical proximity to the aortic valve and, as its origin lies
below the commissure between the right and non-coronary cusps, 2-3 mm below the
attachment of the aortic valve leaflets. In this region, the left brunch is superficial, just
under the endocardium (Figure 28) (161-163,165).

Membranous septum

I Non-branching AV bundle
Left bundle branch
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Figure 28. A: Dissection of the human atrioventricular conduction axis relative to the triangle of Koch
(dashed red line), revealing the location of the AV node and penetrating bundle. The right bundle branch
can be seen on the right side of the interventricular septum. B: Schematic drawing representing the
arrangement of the AV conduction axis at the level of the Koch triangle.

CSO = coronary sinus orifice; OF = oval fossa; RVA = right ventricular apex; RVOT = right ventricular
outflow tract; STV = septal tricuspid valve.

This close proximity between the conduction system (especially the bundle of His
and the left bundle branch) to the base of the non-coronary and right-coronary leaflets is

the main explanation of the occurrence CDs after TAVI (Figure 29).
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Figure 29. Relationship between TAVI and the conduction system.

Representation of the Cardiac conduction system in a pathological specimen (Panel A) The blue-line area
highlights the aortic-mitral curtain, the red-line area highlights the membranous septum, and the yellow-
line area highlights the muscular septum. The white arrow indicates the left coronary ostium.

The dashed box represents the virtual space where the transcatheter aortic valve would be placed (Panel
B). Panel C is a graphic representation of the interaction of the transcatheter aortic valve and the
conduction system (frontal plane). RBB: Right bundle branch. LBB: Left bundle branch.

From Bagur et al (Panel A-B) and Muntané-Carol et al (Panel C) (166,167).

The interaction with the cardiac conduction system during TAVI can occur during
wire insertion, valve implantation, and pre/post balloon dilatation. The deployed valves
can cause direct mechanical damage to the conduction system, including edema,
hematoma, and ischemia (168), leading to worsening conduction, either transient or
permanent. Damage to the atrioventricular node, His, and infra-His system during TAVI

procedures has been demonstrated by electrophysiological studies (169).
The effects of the THV on the cardiac conduction system may lead to two main
disorders: new-onset LBBB and high degree or complete atrioventricular heart block

(HAVB/CHB) leading to PPM implantation.

LBBB is defined as a prolongation of > 120 ms in the QRS from the surface ECG,

with a specific ECG pattern (Figure 30) defined in detail in an expert consensus (170).
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Figure 30. Electrocardiographic pattern of a left bundle branch block.

In patients with LBBB, the left ventricle is activated across the right bundle branch
and consequently, the septum is activated from right to left (opposite than in the normal
heart). The presence of LBBB generates electrical and mechanical dyssynchcrony,
affecting systolic and diastolic (LV filling) cardiac phases (171). Chronically, LBBB is
associated with a progressive structural remodeling, promoting a vicious circle of left
ventricular dilatation, asymmetric hypertrophy, and wall stress that leads to deterioration

of the left ventricular function.

Overall, atrioventricular block is defined as a disorder where the atrial impulses
are conducted with delay or are not conducted to the ventricles (excluding the time when
the atrioventricular conduction is physiologically in refractory period) (172).
Atrioventricular blocks are classified according to ECG findings, as first, second, or third
degree, and according to electrophysiological criteria as supra, intra or infrahisian
atrioventricular blocks (173). The latter divides atrioventricular blocks in proximal and
distal. In proximal block (at the level of the AV node), the origin of the escape rhythm is
located above the His bundle bifurcation. Thus, normal QRS duration implies that the
block is located proximal to the bifurcation of the bundle of His. Distal block implies an
origin below the AV node. Third-degree (complete) atrioventricular blocks may be
proximal or distal. In distal block QRS complexes are always wide. In summary,

advanced atrioventricular blocks (HAVB/CHB) will normally provoke symptoms (e.g.
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dyspnea, lightheadedness, syncope or even sudden death) and will require the
implantation of PPM, which is supported by strong evidence (173,174). On the other
hand, one A summary of atrioventricular block EKG definitions is shown in Table 5.

Table 6.Atrioventricular block EKG definitions (170,173)

First-degree P waves associated with 1:1 atrioventricular conduction and a PR interval
atrioventricular block >200 ms.

High degree - Second-degree AV block type 2 (Mobitz I1) in the presence of a QRS
atrioventricular block >120 ms.

(HAVB) - 2:1 AV block in the presence of a QRS >120 ms.

- >2 consecutive P waves at a constant physiologic rate that do not conduct
to the ventricles.
- Transient third-degree atrioventricular block.
- In the setting of atrial fibrillation, a prolonged pause (>3 s) or a fixed
slow (<50 beats/min) ventricular response rate.

Third degree or complete P waves with a constant rate with dissociated ventricular rhythm (no

heart block (CHB) association between P waves and R waves) or fixed slow ventricular
rhythm in the presence of atrial fibrillation.

Like acquired LBBB, the pacing from the apex to the base of the heart in patients
with PPM may induce electrical and mechanical dyssynchrony. This long-term apical
pacing has been associated with an increased risk of heart failure and mortality, and the
occurrence of pacing-induced cardiomyopathy (175-177).

1.8.2. Arrhythmic disorders and degenerative aortic stenosis

The presence of degenerative aortic stenosis per se is associated with a deleterious
effect on the cardiac conduction system, which may lead to conduction abnormalities
(178-187). The close anatomical relationship with the conduction system may explain
this association, and several factors such as older age (182), greater severity of AS (187),
extensive calcification (187), and left ventricular dysfunction (182,186) has been

suggested.

Three recent studies have used continuous ECG monitoring before the TAVI
procedure, providing a significant amount of data regarding arrhythmic disorders in
patients with AS (188-190). Regarding bradyarrhythmias, HAVB/CHB episodes before
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TAVI occurred in 3% (1.9% to 3.2%) of the patients, leading to PPM implantation in 56%
of them (188-190). Moreover, severe bradycardia (defined as heart rate <40 beats/min)
occurred in 6% of patients (188,190). Whereas the relatively low number of patients
included in the studies precluded the identification of independent predictors of severe
bradyarrhythmic events, Asmarats et al. showed a higher rate of bradyarrhythmic events
in patients with either first-degree atrioventricular block (1-AVB) (p = 0.047) or right
bundle branch block (RBBB) (p = 0.008) at baseline (190).

AF is a supraventricular arrhythmia where a very fast, chaotic rhythm is generated
in the atria, which has lost its normal pacemaker capacity that occurs normally in the sinus
node. This uncoordinated atrial activation causes ineffective atrial contraction and may
lead to fast ventricular rates. AF is the most common cardiac arrhythmia worldwide
(191,192). Furthermore, the presence of AF increases the risk of stroke and cardiac and
all-cause mortality (193-195). In AS, the occurrence of AF has been reported in 5% of
patients (annual incidence of 1.2%), and it has been associated with an increased risk of
stroke and heart failure (196).

In the previously cited studies using continuous monitoring before TAVI (188—
190), new-onset atrial fibrillation (NOAF) or atrial tachycardia was detected in 6% of the
TAVI candidates (188-190). Of note, Urena et al. showed that the occurrence of AF or
atrial tachycardia during the 24-h ECG monitoring before the procedure was associated
with an increased risk of cerebrovascular events after TAVI (7.1% vs. 0.4%; p = 0.030)
(188). Overall, the extent of AF in these patients is related to the AS itself but is mainly
caused by multiple factors such as left ventricular hypertrophy with diastolic dysfunction,

atrial enlargement, and comorbidities (hypertension, older age, etc.).

Finally, the incidence and impact of arrhythmic events including CDs in the
setting of SAVR have also been reported. Acute lesions are frequently associated with
CDs and are caused by laceration from sutures, residual calcific material, and
compression by the seat of the prosthesis (197). The incidence of new-onset LBBB and
PPM implantation after SAVR occurred in up to 16-33% and 2-11% of patients in
previous studies, respectively (183,198-204). Of note, up to half of these CDs may
recover. In this line, current guidelines recommend a period of clinical observation of at

least 5 days to assess whether the rhythm disturbance is transient or resolves (174).
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1.8.3. Conduction disturbances and TAVI

As illustrated before, the TAVI treatment has revolutionized the management of
aortic stenosis. During the last years, the successive improvements in THVs and the
growing experience in the field have led to a progressive reduction of periprocedural
complications and death (120,121). However, some drawbacks remain to be resolved.
CDs such as HAVB requiring PPM implantation and new-onset LBBB have not
decreased over time. In fact, the occurrence of CDs persists as the most frequent
complication of the procedure (121,145), and even a further increased risk has been
reported with the use of some newer generation THVs (114,205-209). This is of major

importance when TAVI is now considered for low risk populations.

1.8.3.1 New-Onset left bundle branch block (LBBB

The occurrence of new-onset LBBB remains the most common complication after
TAVI. However, the incidence of new-onset LBBB among TAVI recipients has been
variable. This may be related to the use of different transcatheter devices, inclusion of
transient (vs. persistent) LBBB, unequal baseline risk to develop CDs, and different time-
points regarding the ECG acquisition (resulting in different definitions of new-onset
LBBB). Thus, the reported incidence of new-onset LBBB in new-generation transcatheter
valve systems has ranged from 10% to 77% (153,205,206,210-221) (Figure 31).
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Figure 31. Incidence of new-onset left bundle branch block among new-generation transcatheter heart
valves.
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Predictors of new-onset LBBB after TAVI have been described with the use of
first-generation THVs, being the prosthesis implantation depth the most consistent risk
factor (145). Other risk factors included the implantation of a Medtronic Corevalve versus
an Edwards Sapien valve, the overexpansion of native annulus, and the utilization of
larger valves (Table 7) (145).

Table 7. Main predictors of new-onset left bundle branch block after TAVI

(145)

Variable Multivariable Odds Ratio
Medtronic CoreValve vs Edwards SAPIEN 2.5-85

Depth of implantation, per Imm 1.15-1.4
Overexpansion of the native aortic annulus 1.8/1%; 5.3 if > 15%

Larger valve size
Medtronic CoreValve 26 vs 23mm 4.1
Edwards SAPIEN valve 29 vs 20/23mm 3.12

New-onset LBBB post-TAVI occurs in the procedural period or within the first
24 hours in about 90% of cases (222-224). Thus, around 10% of patients will develop
new-onset LBBB >24h after the procedure (before discharge) (222). Whereas new-onset
LBBB is often transient, about 55% of new-onset LBBBs (ranging from 52 to 62%) will
persist at hospital discharge (222,225,226). Also, the resolution of new-onset LBBB may
occur during the first year after the procedure in around 20-30% of patients (222). No
predictors regarding regression of the LBBB during follow-up have been reported to date.

The clinical impact in new-onset LBBB patients may be determined by two
factors: the potential evolution to HAVB and the chronic effect on LVEF. Regarding the
progression to HAVB, two meta-analyses have reported an increased risk (about 2-fold
in both cases) of PPM implantation after TAVI (227,228). Despite that, current data do
not support an indication of systematic prophylactic PPM implantation in these patients.
However, some studies have shown that patients with a very long PR interval (>240ms)
and/or those exhibiting a QRS interval duration >150-160 ms may have an increased risk
of delayed HAVB and sudden death (229-232). Thus, it can be reasonable to implant a
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prophylactic pacemaker in this specific subset of patients. Finally, electrophysiological
studies in this context may be useful in borderline cases. Nevertheless, the evidence in
this field is scarce and controversial due to the low number of patients included (233—
236).

On the other hand, the impact on mortality and heart failure rehospitalization at
follow-up had shown inconsistent results across the studies with multivariable analysis
(222,225,237-241). However, a recent metanalysis demonstrated that new-onset LBBB
is associated with an increased risk of all-cause death, cardiac mortality, and heart failure
hospitalization (Figure 32) (242)

New-onset persistent left bundle branch block

Outcomes RR (95% CI) P
All-cause mortality & 1.32(1.17,1.49) <0001
Cardiac mortality < 1.46(1.20, 1.78) <0.001
Heart failure hospitalization - 1.35(1.05,1.72) 002
Permanent pacemaker implantation &> 1.89(1.58,2.27) <0.001
. ; i + ¥ i
01 02 05 1 2 5 10
Favours NOP-LBBE Favours no NOP-LEBE

Figure 32. Risk of all-cause death, cardiac death, and heart failure hospitalization in TAVI
recipients with new-onset LBBB. From Faroux et al (242).

1.8.3.2 High degree atrioventricular block and pacemaker implantation

TAVI induced-HAVB and therefore PPM implantation is nowadays the main
concern after the TAVI procedure. As previously mentioned, the newer iterations of
THVs (improved repositioning/retrievability, antiparavalvular leak properties) do not
influence the occurrence of conduction disturbances and the PPM implantation rates have
not decreased with newer generation devices, being nowadays around ~10-15%
(151,205,206,210-214,216-219,229,243-284) (Figure 33). HAVB or CHB will occur
mostly (60-96%) in the periprocedural (within 24h) setting (166,232,285).
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Figure 33. Incidence of PPM implantation among new-generation THVS.

Similar to new-onset LBBB, PPM implantation has been more frequent among
first-generation self-expandable CoreValve recipients compared with patients who
received a balloon-expandable Edwards SAPIEN/SAPIEN XT valve (145). Among the
new-generation valves, the reported PPM implantation rate with the balloon-expandable
Sapien 3 valve ranged between 4-24% compared to the 14.7-26.7% with the self-
expandable Evolut R valve (Figure 33). However, the only randomized comparison
between these two THV systems date did not show relevant differences between self-
expandable and balloon expandable-valves (286). Of note, it was a non-blinded study and
the incidence of PPM implantation was higher than in current clinical practice (19.2%

and 23% for balloon- and self-expandable valves, respectively).

Several factors have been associated with PPM implantation post TAVI (Table
8). Preprocedural predictors included male sex, age, left anterior hemiblock, first-degree
atrioventricular block, and RBBB, being the most consistent factor across studies

(145,287). Anatomical factors determined by computed tomography (membranous
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septum length, calcium volume, non-coronary cusp device-landing zone calcium volume)
have also been identified as risk factors (244,288-290). Finally, associated procedural
factors included depth of prosthesis implantation, overexpansion of native annulus and
the presence of intraprocedural heart block (145,287,291).

Table 8. Main predictors of PPM implantation after TAVI (145)

Variable Multivariable Odds Ratio
Baseline right bundle branch block 2.8-46.7
Medtronic CoreValve vs Edwards SAPIEN 2.6-25.7

Depth of implantation 1.1-1.5/1 mm
Overexpansion of the native aortic annulus 1.02-1.5/1%
First-degree atrioventricular block 4.0-11.4

As previously stated, the deleterious effect of long-term right ventricular pacing
has been demonstrated in other cardiovascular settings (175-177,292). However, there
has been inconsistency regarding clinical consequences in TAVI patients. A publication
from the STS-ACC TVT registry including 9785 TAVI recipients demonstrated an
increased risk in 1-year overall mortality (293) (HR:1.31; 95% CI, 1.09-1.58; P=0.003).
In this line, the recent meta-analysis by Faroux et al showed an increased risk of all-cause
mortality and heart failure hospitalization, but there was no association with cardiac death
(242) (Figure 34).

Permanent pacemaker implantation

Outcomes RR (95% CI) r
All-cause mortality " L7010, 1.25) <0001
Cardiac mortality = 084 (0,67, 1.05) 0.13
Heart failure hospitalization & 118 (103, 1.36) 0.02
EIIZ 0.5 1 =2 il':n
Favours PPl Favours no PPI

Figure 34. Risk of all-cause death, cardiac death, and heart failure hospitalization in TAVI
recipients with new PPM implantation. From Faroux et al (242).

48



On the other hand, very recent research from the national Swedish registry
including 3420 patients (481 of them with PPM implantation following TAVI) and long
follow up (median 2.7 years [interquartile range: 2.5-11.8 years]) failed to show
differences between patients with and without PPM post-TAVI (multivariable-adjusted
HR: 1.03; 95% CI: 0.88-1.22; P = 0.692) (294).

In summary, CDs following TAVI are the most frequent shortcoming of the
procedure. Furthermore, there has been an important lack of consensus regarding their
definitions and treatment among centers, which has translated into significant differences
regarding CDs approach and therefore different PPM implantation rates (295). This
heterogeneity is mainly related to the management of new-onset LBBB, the timing for
PPM implantation following TAVI, the management of patients with prior conduction

disturbances, and the role of continuous ECG monitoring after discharge.

Trying to solve this unmet need, two recent expert scientific panel documents
provided the first guide for the management of conduction disturbances post-TAVI
(296,297).

1.8.4 Tachyarrhythmias and TAVI

Compared to CDs, the prevalence and clinical impact of new-onset
tachyarrhythmias in patients following TAVI have been less studied, especially after
hospital discharge. The evaluation of new-onset tachyarrhythmias following TAVI has
been mostly limited to the periprocedural TAVI period and focused on AF (298-301) ,
which is the most detected arrhythmia post-TAVI (302). Although TAVI patients have
several comorbidities that may be related to AF such as hypertension, diabetes, or heart
failure, the pathophysiology of new-onset atrial fibrillation (NOAF) in patients
undergoing TAVI remains poorly understood. Some studies have reported a systemic
inflammatory response after TAVI (303), which may trigger the occurrence of AF
especially in transapical procedures (304). In this line, the transapical approach along

with a larger atrial size have been associated to the occurrence of AF (301).

NOAF detected during the hospitalization period implies an increase in early and

late mortality post- TAVI due to thromboembolic and bleeding events and hospitalization
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for heart failure (305-308). On the other hand, very scarce data exist on the presence of
silent or symptomatic episodes of AF during the follow-up period post- TAVI. More
studies are needed to shed more light on the AF burden after discharge in TAVI patients,
mainly regarding the indication of anticoagulation treatment to prevent thromboembolic
events. Finally, the published data concerning the occurrence of ventricular tachycardia
in the follow-up after TAVI is even more limited (309,310).

1.8.5. Late arrhythmic disorders and TAVI

As mentioned before, both brady- and tachyarrhythmias occur mostly in the
periprocedural TAVI period, and this period has concentrated most of the research in this
field (145). However, some patients may suffer arrhythmic disorders after discharge,
especially during the first weeks/months following the TAVI procedure. The occurrence
of arrhythmias in the early period following hospitalization could impact the application
of a “minimalist” TAVI approach with early (24-48 hours) discharge (126,127,311). In
this line, recent research reported an increase in readmission for PPM implantation in the
following weeks after TAVI (312).

Ambulatory ECG (AECG) monitoring systems have emerged as a useful tool for
the early detection of arrhythmic events in recent years and are widely used in other
clinical scenarios (313,314). However, data in TAVI patients are scarce (315). The aim
of AECG monitoring is to detect and categorize rhythm abnormalities occurring during
daily life, either silent or symptomatic (palpitations, syncope, dizziness, chest pain, or
shortness of breath) (316). Nowadays, multiple AECG monitoring technologies are
available and can be classified according to their main characteristics, mode of action,
and monitoring duration (Figure 35, Table 9) (315).
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Figure 35. Types of ambulatory ECG monitoring. From Muntané-Carol et al (315).
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Table 9. Ambulatory ECG Monitoring Modalities and Technology (315).

Type of recorder Duration of Modality of Advantages Disadvantages
recording recording
Standard Holter 24-48h Continuous single - Ability to record and - Frequent
monitor and multi-lead document single or 3-  noncompliance
external recorders.  to 12- lead ECG signal ~ with symptom
simultaneously. logs and event
markers.
- Signal quality
issues.
External event <1l min Intermittent - Immediate alarm - Single-lead
recorders/Smartphone- external patient- or  generation upon the devices.
based recorder auto-trigger event detection. - Non-
activated post- - Well-tolerated for the  continuous
event recorders patient. cardiac
recording.
Patch ECG recorders Upto4 Continuous single - Long-term recorder - Records a
weeks or two lead of to 28 days or limited ECG
external recorders  longer. from closely
without and with - Excellent patient spaced
wireless data acceptance. electrodes (lack
transmission of localization
ability of
arrhythmia
origin).
- Inconsistent
optimal ECG
signal quality
due to varying
body types.
External loop 4-8 weeks Intermittent - Records only - Records a
recorders (ELR) external patient- or  selected ECG single-lead
event-activated segments of fixed ECG sequence.
(auto-triggered) duration marked as - P waves may
recorders events either not be visible.
automatically or - Requires
manually by the patients to wear
patient. electrodes
- Immediate alarm continuously.
generation upon event
detection.
Mobile cardiovascular  Real-time External real-time - Immediate alarm - Frequent
telemetry (MCT) streaming to continuous cardiac  generation. electrode
monitoring call centers tele-monitoring changes.
systems - Cost.
Implantable cardiac Upto4.5 Intermittent - Very long-term - Cost.
monitors (ICM) years implantable or recording.

insertable patient-

or auto-trigger
activated post-
event recorders

- Well-tolerated.
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The clinical value of AECG monitoring and its role in early discharge following
all TAVI recipients is in its infancy, with three small publications showing its potential
usefulness in the TAVI context (317-319).

After preliminary results using AECG monitoring after discharge in all TAVI
recipients (320), a subsequent extended analysis including 150 patients was published
by Ream et al (317). This was the first study focusing on delayed HAVB (>2 days after
the procedure) after discharge using mobile cardiovascular telemetry (MCT) event
monitor (Biotel ACT EX, BioTelemetry, Malvern, Pennsylvania). Delayed HAVB
(after hospital discharge) was diagnosed in 10% of the patients and 5 of them presented
with symptoms, including 2 with syncope. The median time for the development of
delayed HAVB was 6 days (range: 3 to 24 days), and all these patients were re-
hospitalized for PPM implantation. Of note, no deaths occurred among the patients
discharged with AECG monitoring. After adjustment, RBBB was found to be the only
independent predictor for delayed HAVB.

Tian et al contributed with novel data on the usefulness of post-discharge AECG
monitoring in all TAVI recipients (318). An MCT system (BodyGuardian, Preventice
Technologies Inc, Rochester, MN) was applied before hospital discharge for 30-day
monitoring. HAVB/CHB (all asymptomatic) and symptomatic sinus pauses were
identified in 9 (7.1%) and 2 (1.6%) patients, respectively, and PPM implantation was
indicated in all cases (mean time of 21+14 days from TAVI). No deaths occurred within
the study period. Patients with RBBB exhibited the highest incidence of late HAVB.

Tarakji et al (319) recently published a prospective, single-center study using
AECG monitoring for 2 weeks pre, immediately post, and 2-3 months after TAVI. Of
note, caring physicians were blinded to the results of the AECG except when predefined
urgent arrhythmias were detected. Of 110 enrolled patients, 81 received AECG
monitoring immediately after discharge. Bradyarrhythmias, defined as a pause > 3
seconds, occurred in 12.7% of patients after discharge. In contrast with previous data
(317,318), these bradyarrhythmic events were mostly pauses in the context of AF/flutter
and sinus pauses, without evidence of HAVB/CHB events. The relatively low number
of patients included may partially explain these findings. Also, the authors stated that

the fact that the clinician caregivers were blinded to the results of the AECG monitoring
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may have mitigated some degree of overtreatment that could exist in the non-blinded

previous studies (319).

Finally, a previous publication used long-term monitoring using an implantable
cardiac monitor in patients with new-onset LBBB (321). The MARE (Ambulatory
Electrocardiographic Monitoring for the Detection of High-Degree Atrio-Ventricular
Block in Patients With New-onset Persistent Left Bundle Branch Block After
Transcatheter Aortic Valve Implantation) study included 103 consecutive patients with
persistent new-onset LBBB (321). The main results of the study were the following: (i)
About 50% of patients exhibited either brady- or tachyarrhythmias, and these events led
to a treatment change in more than one-third of them, (ii) about 10% of the patients
required PPM implantation due to HAVB, (iii) about half of the events occurred within
the first 4 weeks following the procedure. However, the follow-up of this initial

experience was limited to one year.

As previously stated, it has been a significant discrepancy regarding PPM
implantation rates between centers since the beginning of the TAVI technique (295). This
stems mainly from the different management of CDs following the procedure, which has
been again demonstrated in a very recent publication (322). This heterogeneity partially
relates to preprocedural arrhythmic risk evaluation, management of new-onset LBBB,
timing and indication for PPM in patients with periprocedural HAVB/CHB, and the
management of patients with prior conduction disturbances such as right bundle branch
block. Differences in the management of conduction disturbances can have major
consequences in the hospitalization length and costs of the TAVI procedure and may also
affect clinical outcomes. In addition, the TAVI field has progressively evolved to a
“minimalist” approach with a short length of stay (24-48 hours after the procedure or even
same-day discharge), which may be controversial regarding the occurrence of delayed
arrhythmic disorders. In this context, AECG monitoring during the early postdischarge
period has emerged as a tool for the early diagnosis and treatment of delayed arrhythmic
events following TAVR. A recent scientific expert panel focusing on CDs after TAVR
proposed a tailored postprocedural management on the basis of baseline and post-TAVI
electrocardiography, recommending the use of AECG monitoring in specific subsets such
as patients with new ECG CDs post TAVI or baseline RBBB (296). However, such a

strategy lacks prospective validation. On the other hand, the use of continuous monitoring
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may lead to some degree of overdiagnosis of rhythm disorders and in some cases could
lead to controversial PPM implantation. To date, the use of post-TAVI AECG monitoring
is in its infancy and therefore there is no robust evidence to be able to give solid
recommendations. The specific diagnosis between distal versus proximal atrioventricular

block can be difficult in this context and therefore each case must be individualized.

The present thesis focuses on some of the unresolved issues in the field of late
arrhythmic disorders after TAVI, with special attention to late CDs. First, scarce data
reported the long-term ECG and clinical evolution of patients without significant ECG
changes after the TAVI procedure. Second, some issues remain unsolved in patients with
new-onset LBBB (i.e., predictors of PPM implantation and LBBB regression at follow-
up, the timing of late arrhythmic disorders using continuous ACG monitoring). Finally,
the use of continuous AECG may partially overcome the clinical dilemma between early

discharge after TAVI and delayed arrhythmic disorders.
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HYPOTHESIS AND OBJECTIVES
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I. HYPOTHESIS.

I.1. General hypothesis

The occurrence of late arrhythmic disorders after TAVI has a significant clinical impact
with important implications regarding the overall management of TAVI patients after the

procedure.

I.11. Specific hypothesis

1. Patients without ECG conduction disturbances post-TAVI have excellent clinical

outcomes at long-term follow-up.

2. No predictive factors associated with the resolution of new-onset LBBB during follow-
up have been identified in TAVI recipients and this may impact its clinical management.

3. The arrhythmic burden in new-onset LBBB patients using continuous ECG recording

will predominate in the early phase post-discharge.

4. Late cerebrovascular events (>30 days) post-TAVI may impact clinical outcomes.
Their predictors including their potential relationship with late arrhythmic disorders have

not been studied.
5. Non-invasive ECG continuous monitoring in all TAVI patients is safe and would be

useful to diagnose and facilitate the early implementation of specific therapeutic

measures.
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1. OBJECTIVES

I1.1. General objectives

The main objectives of my PhD project are: (i) to assess the incidence and clinical impact
of late arrhythmic disorders (post-discharge) in TAVI recipients (ii) to demonstrate the

safety and usefulness of non-invasive continuous ECG monitoring post-TAVI.

I1.11. Specific objectives

1. To determine the clinical and ECG manifestations in patients without ECG changes
post-procedure, comparing patients with normal ECG and those with ECG-conduction

disturbances.

2. To assess, in patients with new-onset LBBB, the factors associated with LBBB

resolution during follow-up.

3. To determine the arrhythmic burden at 2-years in new-onset LBBB patients using

continuous ECG monitoring.

4. To determine the incidence, predictors, and outcomes of late cerebrovascular events
(>30 days post-procedure) following TAVI and their potential relationship with
arrhythmic disorders post-TAVI.

5. To determine the safety and usefulness of non-invasive ECG continuous monitoring in

all TAVI patients after discharge to diagnose late arrhythmic disorders and to facilitate

the early implementation of specific therapeutic measures.
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1.1 RESUME

L'objectif de cette étude était de rapporter les résultats de 1’¢lectrocardiogramme
(ECG) et de I’évolution clinique a long terme (>1 an) des patients sans changement
significatif de leur ECG aprés implantation d'une valve aortique transcathéter (TAVI).
Parmi les 772 patients consecutifs qui ont subi une TAVI, 397 (51%) sans nouveaux
changements ECG ont été inclus, divisés selon la présence de troubles de la conduction
ECG préexistants (TC-ECG vs non-TC-ECG). Le taux d'implantation d'un stimulateur
cardiaque au cours du suivi (médiane: 35 [22-57] mois) était de 3,5% dans le groupe sans
TC-ECG contre 15,7% dans le groupe avec TC-ECG (p<0,001). Le groupe TC-ECG
présentait un risque plus élevé d'hospitalisation pour insuffisance cardiaque, mais pas
d’excés de mortalité lors du suivi. En conclusion, la présence de ECG-TC preexistant
était associé a un risque accru de PPM et d'hospitalisation a long terme. Ces résultats

soulignent I'importance d'un suivi plus étroit chez les patients avec TC-ECG.
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1.2 ABSTRACT

The objective of this study was to determine the long-term (>1 year)
electrocardiographic (ECG) and clinical outcomes of patients without significant changes
in their ECG after transcatheter aortic valve implantation (TAVI1) (including patients with
preexisting ECG abnormalities). Among 772 consecutive patients who underwent TAVI
in our institution, 397 (51%) without new ECG changes were included. TAVI patients
were divided in two groups for the presence of pre-existing ECG-conduction disturbances
(ECG-CD: 140 patients, non-ECG-CD: 257 patients). Clinical follow-up (median: 35 [22-
57] months) was complete in all patients but 5 (1.3%), and ECG data were available in
291 patients (84.3% of patients at risk) at a median of 29 (20-50) months. In the non-
ECG-CD group, most patients (79.8%) remained without significant ECG changes at
follow-up, and 16.9% developed 1% degree atrioventricular block (1-AVB) and/or bundle
branch block (BBB) over time. The rate of permanent pacemaker implantation (PPM) at
follow-up was 3.5% (1.1%/year) in the non-ECG-CD group vs. 15.7% (5.5%/year) in the
ECG-CD group (p<0.001). The presence of pre-existing CD was an independent
predictor of PPM at follow-up (HR: 3.97, 95% CI. 1.87-8.42, p<0.001). The ECG-CD
group exhibited a higher risk of heart failure (HF) hospitalization (non-ECG-CD: 25%,
ECG-CD: 29%, log-rank p = 0.01), but not mortality (non-ECG-CD: 50%, ECG-CD:
46%, log-rank p=0.60) at 5-year follow-up. In conclusion, the ECG remained unchanged
in most TAVI recipients without new post-procedural CD. Pre-existing ECG-CD was
associated with an increased risk of PPM and HF hospitalization at long-term follow-up.
These results provide reassuring data in the era of TAVI expanding towards candidates
with a longer life expectancy, and highlight the importance of a closer follow-up of those

patients with pre-existing ECG-CDs.
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1.3. INTRODUCTION

The implications of conduction disturbances (CDs) post-TAVI have been largely
evaluated (145,296), but data regarding the long-term (>1 year) electrocardiographic
(ECG) and clinical outcomes in patients without ECG changes after the procedure is
scarce. While some studies showed reassuring data in patients with narrow QRS after the
procedure, the follow-up has been limited to the early post-TAVI period (231,232,323).
In addition, poorer outcomes have been reported in patients with baseline right bundle
branch block (RBBB) or left bundle branch block (LBBB) (324,325). However, there is
a lack of information regarding ECG changes over time in patients with normal or
abnormal baseline ECG and without significant changes after the procedure. Thus, it
remains unknown whether the mechanical interaction between the transcatheter valve and
the conduction system could translate into late and very late ECG changes with potential
clinical consequences. The aim of our study was to determine the long-term ECG and

clinical outcomes of TAVI recipients without ECG changes related to the procedure.

1.4. METHODS

The flowchart of the study population is shown in Figure 1.1. A total of 772
consecutive patients underwent TAVI at our institution between May 2007 and
November 2016. Patients with periprocedural death, permanent pacemaker (PPM) prior
or after the procedure (during initial hospitalization), and patients with new CDs post-
TAVI (de novo first-degree atrioventricular block [1-AVB] or complete bundle branch
block [BBB]) were excluded, leading to a population of 402 patients without significant
new ECG changes between baseline and hospital discharge. Of these, 397 patients
completed a clinical follow-up > 1 year (5 patients lost to follow-up, 1.2%). A total of 46
patients died during the first year after TAVI. Among those patients that survived >1 year,
291 patients (84.3% of patients at risk) had an ECG at a median follow-up of 29 (IQR:
20-50) months post-TAVI.

Patients were divided in two groups according to the presence of pre-existing CDs:
ECG-conduction disturbances (ECG-CD) versus non-ECG-conduction disturbances
(Non-ECG-CD) according to baseline ECG analysis. ECG-CD were classified as follows:
1) first degree atrioventricular block (1-AVB), defined as a PR interval > 200 ms; 2)
complete bundle branch block (BBB), defined as a QRS duration >120 ms and further
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classified as LBBB, RBBB or nonspecific intraventricular conduction disturbance
(NIVCD). All ECG analysis were performed according to the American Heart
Association, American College of Cardiology Foundation, and Heart Rhythm Society
recommendations for standardization and interpretation of the ECG (170). Patients with
1"AVB and/or complete BBB were included in the ECG-CD group, and the rest of patients
represented the non-ECG-CD group.

772 TAVI paticnts

Periprocedural death {(46)
PPM pre procedure (137)
PPM post procedure (59)
De nove 1-AVB or BBB (128)
A

] Lastto FL 5 (1.2%) . L. B
402 patients . 397 patients (clinical analysis)

Death = 1y post TAVI (46)
Tatients death <2y post TAVR withoul available ECG (9)
Paticnts lost o [ollew-up {56)

291 patients (CCG analysis) J J
140 ECG-CD patients 257 Non-LCG-CD paticns

. l

108 RCG-CD patients

‘ 183 Non-ECG-CD patients

Figure 1.1. Flow chart of the study population.

TAVI: Transcatheter aortic valve implantation. PPM: Permanent pacemaker. 1-AVB: First-degree
atrioventricular block. BBB: Bundle Branch Block. FU: Follow up. ECG: Electrocardiogram. CD:
Conduction disturbances.

Baseline, procedural and follow-up data were prospectively collected in a TAVI
dataset. Clinical follow-up was performed by clinical visits (with ECG acquisition) and/or
through telephone contact at 1-, 6-, and 12-months’ post-procedure, and yearly thereafter.
In patients with phone contact follow-up (usually due to long distance between the
hospital and patient’s home), an ECG was requested at the center closest to patient’s
home. Clinical events were defined according to the Valve Academic Research
Consortium 2 (VARC 2) criteria (326).

Quialitative variables were reported as percentages and continuous data as mean
(standard deviation) or median (interquartile range [IQR]), depending on variable
distribution. Continuous variables were compared using t test (2-tailed) or Mann-Whitney

rank sum tests as appropriate. Qualitative variables were compared with chi-square or
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Fisher exact tests. A paired t-test was used to compare PR and QRS duration between

discharge and last ECG at follow-up. Survival curves were summarized using Kaplan-

Meier estimates, and long-rank tests were used to compare groups. A Cox multivariate

regression analysis was performed to identify independent predictors of PPM during

follow up. Variables with clinical interest and p value < 0.05 on univariable analysis were

entered in the multivariable analysis. A 2-sided alpha level of 0.05 was used for all

statistical testing. All statistical analyses were performed using the statistical package
STATA version 14.0 (StataCorp, College Station, Texas).

1.5. RESULTS

Baseline and periprocedural characteristics of the study population according to

the presence of pre-existing ECG abnormalities are shown in Table 1.1.

Table 1.1 Baseline and periprocedural characteristics according to the presence of
ECG-conduction disturbances.

Overall Non-ECG-CD ECG-CD p
(n=397) (n=257) (n=140) Value
Variable
Baseline characteristics
Age (years) 78 +/-9 77 +/-9 79+/-8 0.04
Female 206 (51.9%) 142 (55.3%) 64 (45.7%) 0.07
Hypertension 336 (84.6%) 212 (82.9%) 124 (88.6%) 0.11
Diabetes mellitus 128 (32.2%) 87 (33.9%) 41 (29.3%) 0.35
Chronic obstructive 116 (292%)  73(284%)  43(30.7%)  0.63
pulmonary disease
Peripheral artery disease 123 (31.0%) 78 (30.4%) 45 (32.1%) 0.71
Cerebrovascular disease 62 (15.6%) 35 (13.6%) 27 (19.3%) 0.14
Coronary artery disease 261 (65.7%) 166 (64.6%) 95 (67.9%) 0.51
Previous cardiac surgery 166 (41.8%) 105 (40.9%) 61 (43.6%) 0.60
Chronic renal disease
(estimated glomerular 210 (52.9%) 136 (52.9%) 74 (52.9%) 0.99
filtration rate <60 mL/min)
Creatinine (mmol/L) 98 (79-123) 97 (77-120) 99 (80-129) 0.28
Hemoglobin (g/L) 116.9 +/-16 115.9 +/-15 118.7+/-17 0.10
Atrial fibrillation or flutter 103 (25.9%) 70 (27.2%) 33 (23.6%) 0.43
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Porcelain aorta 91 (23.0%) 66 (25.9%) 25 (17.9%) 0.07
Society of Thoracic
Surgeons Predicted Risk of 5.4 (3.6-8.2) 5.1(3.3-7.9) 6.22 (4.1-9.3) 0.01
Mortality (%)
Beta blocker treatment 137 (34.8%) 92 (36.2%) 45 (32.1%) 0.42
Calcium channel blockers 24 (6.1%) 21 (8.2%) 3 (2.1%) 0.02
Amiodarone treatment 17 (4.3%) 11 (4.3%) 6 (4.3%) 0.98
Digoxin treatment 10 (2.5%) 7 (2.8%) 3 (2.1%) 1
Echocardiography at baseline
Left ventricular ejection 103 (25.9%) 0 0 <0.00
fraction <50% 41 (16.0%) 62 (44.3%) 1
Mean aortic gradient i i i
(mmHg) 41 (31-52) 43 (32-54) 37 (30-48) 0.004
Aortic valve area (cm?) 0.65 (0.51-0.8) 0.64 (0.5-0.8) 0.67(0.54-0.8) 0.27
Aortic Regurgitation >2 65 (16.5%) 42 (16.5%) 23 (16.6%) 0.98
Mitral Regurgitation >2 76 (19.2%) 53 (20.8%) 23 (16.4%) 0.29
Pulmonary artery systolic 40 (31-51) 40 (31-50.5)  38(32-51)  0.98
pressure (mmHQ)
Procedural characteristics
Valve-in-Valve S1(129%) 34 (13.2%) 17 (12.1%)  0.76
Primary access
Transfemoral 211 (53.2%) 131 (51.0%) 80 (57.1%)
0.24
Non-transfemoral 186 (46.6%) 126 (49.0%) 60 (42.9%)
Predilatation 307 (77.3%) 200 (77.8%) 107 (76.4%) 0.75
Valve type
Balloon-Expandable 343 (86.6%) 226 (88.3%) 117 (83.6%) 0.19
Self-Expandable 53 (13.4%) 30 (11.7%) 23 (16.4%)
Mean area oversizing (%) 11.1 +/-12.8 12.4 +/-12.8 8.9 +/-12.7 0.08
Echocardiography post procedure
Mean valve gradient
(mmHg) 11 (8-14) 11 (8-15) 10 (8-13) 0.18
Aortic valve area (cm?) 1.4 (1.2-1.8) 1.4 (1.2-1.7) 1.45(1.2-1.8) 0.16
Aortic Regurgitation >2 18 (4.7%) 11 (4.5%) 7 (5.2%) 0.75

Values are mean + SD, median and interquartile range or n (%).
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The main ECG changes over time in the non-ECG-CD and ECG-CD groups are
summarized in Figure 1.2. In the non-ECG-CD group, most patients (146/183, 79.8%)
remained without significant changes in the ECG. A total of 17 patients (9.3%) and 19
patients (10.4%) developed 1"'AVB and BBB, respectively. Of these, 5 patients (2.7%)
had both 1"AVB and BBB at follow-up. In patients with new BBB; LBBB, RBBB and
NIVCD occurred in 14 (7.7%), 3 (1.6%), and 2 (1.1%) patients, respectively.
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Figure 1.2. ECG at follow-up according to the presence of ECG conduction disturbances pre-TAVI.
A. Non-ECG-CD patients. B. ECG-CD patients.

1-AVB : First-degree atrioventricular block. LBBB: Left bundle branch block. RBBB: Right bundle
branch block. NIVCD: nonspecific intraventricular conduction disturbance.
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Overall, there was a mild but significant increase in mean PR and QRS duration
at follow-up (p<0.01 for both) (Figure 3.1). A PPM was implanted in 9 patients (3.5%)
during follow-up, with an annual PPM rate of 1.1% per year. PPM was implanted at a
median time of 33 months [IQR: 14 to 40 months]), and the reason was high-degree or
complete heart block in 5 patients, severe bradycardia in 2 patients and AV node ablation
due to rapid atrial fibrillation in 2 patients. The PPM rate related to severe
bradyarrhythmias was 2.7% (0.8% /year).

In the ECG-CD group, 80 patients (91%) remained with similar ECG findings at
last ECG recording, and 3 cases exhibited a resolution of ECG abnormalities at follow-
up. Overall, there was a modest but significant increase in PR and no statistically

significant changes in QRS duration over time (Figure 1.3).
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Figure 1.3. Changes in PR and QRS duration over time.
A. Non-ECG-CD patients. B. ECG-CD patients

A total of 22 patients (15.7%) had PPM implantation, with an annual PPM rate of
5.2%. PPM was implanted at a median time of 14 months post-TAVI (IQR: 8 to 26
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months). High-degree or complete heart block was the PPM indication in 19 patients
(86.4%) and severe bradycardia in 1 patient (4.5%). Two patients (9.1%) received a PPM
in the setting of cardiac resynchronization therapy. The PPM rate due to severe
bradyarrhythmias was 14.3% (4.8%/year). Patients in the ECG-CD exhibited a higher rate
and earlier PPM implantation over time (15.7%; PPM related to severe bradyarrhythmias:
90.1%) compared to non-ECG-CD group (3.5%; PPM related to severe
bradyarrhythmias: 77.8%), p<0.001.

The Kaplan-Meier curves for PPM implantation up to 5-year follow-up are shown
in Figure 1.4.
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Figure 1.4. Kaplan-Meier curves at 5-year follow-up for PPM implantation according to the
presence of ECG-CD.

A. All PPM.

B. PPM related to HAVB/CHB or SB.

PPM: Permanent pacemaker. HAVB/CHB: High-degree atrioventricular block/complete heart block. SB:
Severe bradycardia.
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The uni- and multivariable analyses for determining factors associated with PPM
at follow up are shown in Table 1.2. The single independent predictor of PPM at follow-
up was the presence of pre-existing ECG-CD (HR: 3.97; 95% ClI: 1.87-8.42, p<0.001).

Table 1.2. Predictors of PPM implantation during follow-up

Univariate model Multivariate model

HR (95%Cl) p Value HR (95%Cl) VaF;ue
Left ventricular ejection fraction <50%  2.30 (1.13-4.66) 0.02 - -
Self-Expandable Valve 2.40 (1.02-5.62) 0.04 2.15 (0.92-5.06) 0.08
Electrocardiographic conduction 4.82 (2.22- i
disturbances 10.48) <0.001 4.67 (2.15-10.16)  <0.001

The Kaplan-Meier curves for clinical outcomes (heart failure [HF] hospitalization,
cardiovascular mortality, all-cause mortality) at 5-year follow-up are shown in Figure
15.
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1.6. DISCUSSION

The present study provided, for the first time, long-term ECG data in those
patients without new CDs in the post-procedural TAVI period. In those patients without
pre-existing CDs, most patients remained without significant ECG changes after a mean
follow-up of 2 years. This suggests a lack of a late significant interaction between the
transcatheter valve and the conduction system late (within the weeks-months) and very
late (years) after the procedure. Also, the rate of advanced CDs requiring PPM was low
(3.5% at 5-year follow-up), with PPMs being implanted at a median time of about 3 years
post-TAVI, which would reflect the spontaneous occurrence, unrelated to TAVI, of
conduction abnormalities in an elderly population with multiple risk factors for PPM. In
a population-based observational study, Bradhsaw et al (327) reported an annual
incidence of PPM of ~0.5% in elderly people (=75 years), a rate slightly lower than that
observed in our study. However, it is known that the presence of calcific aortic stenosis
can have a deleterious effect on the conduction system (180), likely contributing to the
mild increased rate of CDs within the years following the TAVI procedure in those
patients with normal ECG. Overall, our findings add reassuring data regarding the safety
of transcatheter heart valves at long-term follow-up. Some studies with short-term follow
up (up to 30 days) suggested that early discharge post-TAVI was safe in patients without
ECG-CD (231,232,323). However, only 1 previous study provided data beyond 30 days
(328), showing the lack of any episodes of HAVB/CHB (high-degree atrioventricular
block/complete heart block) at 10-month follow-up. Our data confirm the good outcomes
at long-term follow-up regarding HAVB/CHB in this group of patients. Interestingly, the
median time of advanced CDs leading to PPM was >2 years post-TAVI, suggesting a
spontaneous progression of conduction abnormalities related to the ageing of the
population as underlying mechanism, and no direct relationship with the TAVI procedure.
On the other hand, new-onset 1-AVB and LBBB appeared in 9.3% and 7.6% patients,
respectively, at follow-up. Previous data in this field are scarce and limited to the
occurrence of new-onset LBBB between discharge and 12 months post-TAVI, showing
an incidence that ranges from 0 to 2.9% (222,226,329).

The presence of pre-existing ECG-CD (even in the absence of ECG changes post-
TAVI) was associated with an increased risk of HAVB/CHB at follow-up. Thus, the
overall PPM rate at 5-year follow-up was 15.6% (5.3% per year), 14.3% when

considering only PPM related to severe bradyarrhythmias (4.8% per year), a rate about 4
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times higher than the annual rate observed in non-ECG-CD patients. This annual PPM
incidence is also much higher than the 1-2% annual rate reported in non-TAVI patients
with BBB (330,331). This, along with the fact that PPM was implanted within the 1% year
post-TAVI in a significant proportion of patients (median time of PPM: 14 months),
suggest a potential delayed negative effect of the transcatheter valve in this group. Among
the patients with ECG-CD and PPM implantation during follow up, LBBB, RBBB,
NIVCD and isolated 1-AVB were present at discharge in 32%, 36%, 14% and 20% of
patients, respectively.

In the TAVI field, only a few previous studies reported outcomes in patients with
baseline BBB (RBBB or LBBB) (324,325). Fischer et al evaluated the impact of previous
LBBB, showing a higher cumulative rate of PPM at 20-month follow-up (325). However,
there were no differences in PPM rate after excluding the initial 30-day period. Auffret et
al determined the impact of RBBB on late outcomes post-TAVI, showing an increased
risk (>2 times) of the composite of sudden death or PPM among RBBB-TAVI recipients
(324). These results agree with those observed in our study and suggest that a closer
follow-up, probably with continuous ECG monitoring systems, should probably be
implemented in TAVI recipients with pre-existing BBB (particularly RBBB).

Previous studies have shown the negative impact of BBB (particularly LBBB) on
left ventricular function and HF hospitalization in non-TAVI and TAVI patients (239—
241,332,333). In accordance with these results, our study showed a higher risk of HF
hospitalization at follow-up among TAVI recipients with pre-existing CDs. This
highlights the importance of a systematic implementation of optimal medical/device HF
therapies (including cardiac resynchronization) in such patients within the months
following TAVI (334,335). Despite an increased rate of HF hospitalization in ECG-CD
patients, there were no differences in mortality between ECG-CD and non-ECG-CD
groups. Several reasons may explain this finding. First, the relatively small sample of the
study may have limited this analysis. Second, our study mixed patients with baseline
RBBB and LBBB. Previous data have shown poorer hard outcomes in TAVI patients
with baseline RBBB (324), but this finding has not been confirmed in patients with
baseline LBBB (325). Finally, our study focused on patients without changes between
pre- and post-procedure ECG. Patients at higher risk such as those with periprocedural
death and with new-onset CDs were excluded. The latter may have selected a cohort
where hard endpoints such as mortality were more balanced than expected between the

two groups.
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This study has some limitations. Although data were recorded prospectively, this
analysis was of retrospective nature. No event adjudication was done, nor
echocardiographic and ECG core laboratories available. Finally, this was a single center
study with a relatively small sample size, which could have restricted the analysis of hard

endpoints as mortality.
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2.1. RESUME

L’objectif était de déterminer, chez les patients TAVI présentant un bloc de
branche gauche persistant de novo (BBG-P), I'incidence et les facteurs associes a: (i)
récupération du BBG-P et (ii) implantation d'un cardiostimulateur permanent (CP) a 1 an.
Etude multicentrique incluant 153 patients. Une récupération du BBG-P a été observée
chez 50 patients (33 %) et 14 patients (9 %) ont nécessité un CP. Aucune variable n'a été
associee a la récupération du BBG-P. La fibrillation auriculaire au départ et un PR plus
long a la sortie de I'népital étaient associés a un risque de CP. En conclusion, le BBG-P
post-TAVI s'est résolu chez un tiers des patients lors du suivi a 1 an. Aucune variable
clinique ou ECG n'était associée a la récupération du BBG-P. A l'inverse, un rythme non
sinusal au départ et un PR plus long étaient associés a un risque accru d'implantation de
CP.
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2.2. ABSTRACT

This study sought to determine, in patients with new-onset persistent left bundle
branch block (NOP-LBBB) after transcatheter aortic valve implantation (TAVI), the
incidence and factors associated with (i) LBBB recovery and (ii) permanent pacemaker
implantation (PPI) at 1-year follow-up. This was a multicenter study including 153
patients (mean age: 815 years, 56% of women) with NOP-LBBB post-TAVI (balloon-
expandable valve in 112 patients). Delta PR (APR) and delta QRS (AQRS) were defined
as the difference in PR and QRS length between baseline and hospital discharge ECG,
and the relative APR and AQRS as absolute APR and AQRS divided by baseline PR and
QRS length, respectively. The patients had a clinical visit and 12-lead ECG at 1-year
follow-up. LBBB recovery was observed in 50 patients (33%) and 14 patients (9%) had
advanced conduction disturbances requiring PPI during the follow-up period. No clinical
or ECG variables were associated with LBBB recovery, including prosthesis type (self-
or balloon-expandable valve, p=0.563), QRS width at baseline/discharge or
absolute/relative AQRS (p>0.10 for all). The presence of atrial fibrillation at baseline
(0.026), a longer PR interval at discharge (0.009) and a longer absolute and relative APR
(p=0.002 and p=0.004, respectively) were associated with an increased risk of PPI at 1-
year follow-up. In conclusion, NOP-LBBB post-TAVI resolved in one third of patients
at 1-year follow-up, but no clinical or ECG variables were associated with LBBB
recovery. Conversely, a non-sinus rhythm at baseline and a longer APR were associated

with an increased risk of PPI within the year after TAVI.
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2.3. INTRODUCTION

Transcatheter aortic valve implantation (TAVI) is projected to expand towards the
treatment of lower risk patients in the near future (153,154,336). However, the occurrence
of conduction disturbances remains the most frequent drawback of the procedure
(145,153,154). New-onset persistent left bundle branch block (NOP-LBBB) occurs in
about 25% of TAVI procedures (145), and it has been associated with an increased risk
of advanced CD requiring permanent pacemaker implantation (PPI) (145,227). In
addition, LBBB may induce a reduction of ventricular function (337-339). Current
guidelines state that PPI may be considered in patients with NOP-LBBB post-TAVI
(173), and some authors suggested that cardiac resynchronization therapy (CRT) could
confer some benefit (171). However, about one third of post-procedural NOP-LBBB
abnormalities recover and only about 10% exhibit a progression towards advanced CD
within the months post-TAVI (321). Determining the factors associated with the
regression-progression of NOP-LBBB would be key to optimize the management of such
patients. We aimed to determine, in patients with NOP-LBBB post-TAVI, the factors
associated with (i) ECG recovery, and (ii) progression towards advanced CD requiring

PPI within the year following the procedure.

2.4. METHODS

This multicenter study included 153 patients with NOP-LBBB after TAVI with
either the self-expanding CoreValve/Evolut R system (Medtronic, Dublin, Ireland) or the
balloon-expanding SAPIEN XT/3 valve (Edwards Lifesciences, Irvine, CA) between
2007 and 2018. Patients were on continuous ECG monitoring during the hospitalization
period (or at least the first 72h), and a 12-lead ECG was performed daily until hospital
discharge in all patients. NOP-LBBB was defined as a new LBBB that occurred peri-
procedurally and persisted at day 3 following the procedure. ECG interpretation and
intraventricular CD definitions followed the ACC/AHA/HRS guidelines(170). Patients
with prior PPI or complete bundle branch block, PPI during the TAVI hospitalization,
and a follow-up <12 months were excluded. Data were collected in accordance to the
ethics committee of each participating center, and all patients provided signed informed
consent for the procedures. A total of 98 patients had been part of the MARE trial (321).

77



LBBB recovery was based on 12-lead ECG findings at 1-year follow-up. If
complete LBBB or a paced rhythm was found at 1-year ECG, patients were considered
as no-LBBB recovery. PPI during the follow-up period was indicated if third-degree or
advanced second-degree atrioventricular block occurred or in the presence of sinus node
dysfunction and documented symptomatic bradycardia, as recommended by current
guidelines (173,340).

An exploratory analysis was performed in 37 patients with post-TAVI
angiography available to investigate a potential relationship between transcatheter valve
implantation depth and LBBB recovery. Implantation depth was determined on the basis
of post-implantation aortography and was defined as the average distance from the native
aortic annulus plane to the most proximal edge of the implanted prosthesis, as previously
described (245).

Qualitative variables were expressed as number (percentage), and continuous data
as mean (standard deviation) or median (interquartile range [IQR]) according to variable
distribution. Categorical variables were compared using the chi-square or Fisher exact
test as appropriate. Numerical variables were compared using the Student t-test or U
Mann-Whitney non-parametric test according to their distribution (assessed by the
Kolmogorov-Smirnov test). Comparison of QRS width measured at different time points
was performed using the Wilcoxon signed-rank test. Receiving-operating characteristic
(ROC) curves were used to compare abilities of QRS length at baseline/discharge and
absolute/relative AQRS to predict LBBB recovery. Statistical analyses were performed
with SAS version 9.4 (SAS Institute, Cary, NC, USA) and Prism version 8.1.2 (GraphPad
Software, San Diego, CA, USA).

2.5. RESULTS

The main baseline, procedural and ECG data of the study population are shown in
Table 2.1. The median age of the patients was 81 (IQR: 76 to 85) years and the median
STS-PROM was 5.2% (IQR: 3.2% to 7.7%). A total of 71 patients (47%) received beta-
blocker therapy and 37 (24%) had a history of atrial arrhythmias. Most procedures (71%)
were performed through transfemoral approach and 112 patients (73%) received a

balloon-expanding valve, whereas 41 patients (27%) received a self-expanding valve.
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Most patients (86%) were on sinus rhythm at baseline. A 1% degree atrioventricular block
(AVB) was identified in 35 patients (27%) and the median QRS duration at baseline was
92 msec (IQR: 80 to 100 msec). Absolute and relative AQRS were 50 msec (IQR: 40
msec to 60 msec) and 55% (IQR: 40% to 71%), respectively.

Table 2.1. Baseline, Procedural and ECG Characteristics of
the Study Population

Baseline variables

Age, years 81 (76-85)
BMI, kg/m? 27.2 (23.8-30.0)
Women 86 (56.2)
Hypertension 133 (86.9)
Diabetes mellitus 72 (47.1)
CKD 62 (42.2)
Previous CAD 75 (49.0)
STS-PROM, % 5.2 (3.2-7.7)
Beta-blocker 71 (46.4)
Digoxin 6 (3.9)
Calcium-blocker 55 (36.0)
Amiodarone 2 (1.3)
LVEF, % 60 (55-61)
Mean AV gradient, mmHg 42 (35-50)
AV area, cm? 0.70 (0.54-0.84)
Procedural characteristics
Trans-femoral approach 108 (70.6)
Valve-in-valve 17 (11.3)
Pre-dilatation 80 (52.6)
Self-expanding valve 41 (26.8)
New-generation valves
SAPIEN 3 49 (32.0)
Evolut R 28 (18.3)
Post-dilatation 30 (19.6)
New-onset AF 20 (13.1)
Baseline ECG
Sinus rhythm 132 (86.3)
PR interval, msec 178 (159-200)
1% degree AVB (n=132) 35 (26.5)
QRS width, msec 92 (80-100)
QRS morphology:
Normal 112 (73.1)
Incomplete LBBB 28 (18.3)
Incomplete RBBB 1(0.7)
Anterosuperior hemiblock 8(5.2)
Inferoposterior hemiblock 1(0.7)
Non-specific disturbances 3(2.0)
Discharge ECG
Sinus rhythm 128 (83.7)
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PR interval, msec 190 (165-212)

1% degree AVB (n=128) 54 (42.2)
Absolute APR, msec 10 (0-33)
Relative APR, % 6 (0-21)

QRS width, msec 140 (130-152)
Absolute AQRS, msec 50 (40-60)
Relative AQRS, % 55 (40-71)

AF: Atrial fibrillation; AV: Aortic valve; AVB: Atrio-ventricular block; BMI:
Body mass index; CAD: Coronary artery disease; CKD: Chronic kidney
disease; LBBB: Left bundle branch block; LVEF: Left ventricular ejection
fraction; RBBB: Right bundle branch block; STS: Society of thoracic surgeons;

Fifty patients (33%) exhibited a LBBB recovery whereas 103 patients (67%) had
persistent LBBB or paced QRS at 1-year follow-up. The changes in QRS duration over
time in the LBBB recovery and no-LBBB recovery groups are shown in Figure 2.1. The
main baseline, procedural and ECG characteristics according to the occurrence of LBBB

recovery are shown in Table 2.2.
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Figure 2.1. Evolution of mean + standard deviation of QRS duration at baseline, discharge and 1-
year follow-up in the “LBBB recovery” group (A) and the “no LBBB recovery” group (B).

* Discharge vs. Baseline p-value; 1 1-year vs. Discharge p-value

LBBB: Left bundle branch block
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Table 2.2 Baseline, Procedural and ECG Characteristics According to LBBB

recovery
No LBBB LBBB recovery p-value
recovery (n=103)  (n=50)

Baseline variables
Age, years 81 (76-85) 82 (76-85) 0.978
BMI, kg/m? 26.8 (23.9-29.6) 27.5 (23.2-30.2) 0.711
Women 56 (54.4) 30 (60.0) 0.603
Hypertension 90 (87.4) 43 (86.0) 0.803
Diabetes mellitus 52 (50.5) 20 (40.0) 0.233
CKD 39 (37.9) 23 (46.0) 0.286
Previous CAD 54 (52.4) 21 (42.0) 0.234
STS-PROM, % 5.0 (3.2-7.9) 5.4 (3.2-6.7) 0.797
Beta-blocker 51 (49.5) 20 (40.0) 0.303
Digoxin 4 (3.9) 2 (4.0) 1.000
Calcium-blocker 35 (34.0) 20 (40.0) 0.478
Amiodarone 1(1.0) 1(2.0) 0.548
LVEF, % 60 (55-60) 60 (50-65) 0.904
Mean AV gradient, mmHg 42 (35-50) 42 (35-50) 0.469
AV area, cm? 0.70 (0.54-0.74) 0.66 (0.54-0.82) 0.639
Procedural characteristics
Trans-femoral approach 71 (68.9) 37 (74.0) 0.574
Valve-in-valve 12 (11.7) 5 (10.0) 1.000
Pre-dilatation 52 (50.5) 28 (56.0) 0.490
Self-expanding valve 26 (25.2) 15 (30.0) 0.563
New-generation valves (n=77):

SAPIEN 3 (n=49) 35 (70.0) 14 (51.9) 0.140

Evolut R (n=28) 15 (30.0) 13 (48.2)
Post-dilatation 21 (20.4) 9 (18.0) 0.829
New-onset AF 14 (13.6) 6 (12.0) 1.000
Baseline ECG
Sinus rhythm 87 (84.5) 45 (90.0) 0.456
PR interval, msec 174 (160-200) 180 (150-185) 0.328
1% degree AVB (n=132) 26 (29.9) 9 (20.0) 0.299
QRS width, msec 95 (81-104) 90 (80-100) 0.148
QRS morphology:

Normal 76 (73.8) 36 (72.0)

Incomplete LBBB 19 (18.5) 9 (18.0)

Incomplete RBBB 1(1.0) 0(0)

Anterosuperior 4(3.9) 4 (8.0) 0.453

hemiblock 0 (0) 1(2.0) '

Inferoposterior 3(2.9) 0 (0)

hemiblock

Non-specific

disturbances
Discharge ECG
Sinus rhythm 83 (80.6) 45 (90.0) 0.167
PR interval, msec 190 (165-220) 188 (170-210) 0.516
1 degree AVB (n=128) 38 (45.8) 16 (35.6) 0.349
Absolute APR, msec 6 (0-36) 12 (0-32) 0.481
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Relative APR, % 3(0-21) 6 (0-21) 0.504

QRS width, msec 140 (130-153) 140 (130-152) 0.629
Absolute AQRS, msec 50 (40-60) 55 (40-65) 0.230
Relative AQRS, % 52 (40-71) 60 (41-75) 0.123

AF: Atrial fibrillation; AV: Aortic valve; AVB: Atrio-ventricular block; BMI: Body mass index; CAD:
Coronary artery disease; CKD: Chronic kidney disease; LBBB: Left bundle branch block; LVEF: Left
ventricular ejection fraction; RBBB: Right bundle branch block; STS: Society of thoracic surgeons

There were no differences in clinical and ECG characteristics between patients
with and without LBBB recovery at 1-year follow-up. In addition, ROC curve analyses
showed that QRS length at baseline (area under the curve [AUC], 0.572; 95% confidence
interval [CI], 0.475-0.668; p=0.151), QRS length at discharge (AUC, 0.524; 95% ClI,
0.426-0.623; p=0.631), absolute AQRS between baseline and hospital discharge (AUC,
0.541; 95% Cl, 0.446-0.634; p=0.394) and relative AQRS between baseline and hospital
discharge (AUC, 0.549; 95% CI, 0.455-0.643; p=0.300) had no association with LBBB

recovery at 1-year follow-up (Figure 2.2).
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Figure 2.2. Receiving-operator characteristics curves of the QRS duration at baseline (green), QRS

duration at discharge (blue), absolute QRS increase (red) and relative QRS increase (orange) to
predict the LBBB recovery at 1 year.

Sub-analyses were performed in both balloon-expandable and self-expanding
valve population and failed to find any factor associated with LBBB recovery
(Supplemental Table 2.1). Of the 37 patients with angiographic data available for valve
implantation depth evaluation, 15 (41%) exhibited LBBB recovery at 1-year follow up.
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The mean implantation depth was 7.7 + 5 mm and 7.6 £ 2.4 mm in the LBBB recovery

and no-LBBB recovery groups, respectively (p=0.795).

A total of 14 patients (9%) had a PPI during the follow-up period (13 patients in
the no-LBBB recovery group and 1 patient in the LBBB recovery group [13% vs. 2%,
p=0.037]). The reasons for PPl were advanced or complete AVB in 10 patients and severe
bradycardia in 4 patients. One-third of PPIs were performed within the first month
following TAVI (Figure 2.3), and 9 patients (6% of the total population, 64% of the PPI
population) presented paced QRS at 1-year ECG.
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Figure 2.3. Days between TAVI and PPI.
PPI: Permanent pacemaker implantation; TAVI: Transcatheter aortic valve implantation

The main baseline, procedural and ECG characteristics according to the need of
PPI during the follow-up period are shown in Table 2.3. A non-sinus rhythm at baseline
(p=0.026), a longer PR interval at discharge and a longer absolute and relative APR
(p=0.009, p=0.002 and p=0.004, respectively) were associated with an increased risk of
PPI. Patients who benefited from PPI within the year after TAVI had less frequent LBBB
recovery than patients without PPI at follow-up (p=0.037). Finally, a sub-analysis was
performed according to valve type (balloon-expandable and self-expanding) and found
similar results to those obtained in the whole population analysis (Supplemental Table
2.2).
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Table 2.3. Baseline, Procedural and ECG Characteristics According to
Permanent Pacemaker Implantation

Baseline variables

Age, years

BMI, kg/m?

Women

Hypertension

Diabetes mellitus

CKD

Previous CAD

STS-PROM, %

Beta-blocker

Digoxin

Calcium-blocker

Amiodarone

LVEF, %

Mean AV gradient, mmHg

AV area, cm?

Procedural

characteristics

Trans-femoral approach

Valve-in-valve

Pre-dilatation

Self-expanding valve

New-generation valves

(n=77):
SAPIEN 3 (n=49)
Evolut R (n=28)

Post-dilatation

New-onset AF

Baseline ECG

Sinus rhythm

PR interval, msec

1% degree AVB (n=132)

QRS width, msec

QRS morphology:
Normal
Incomplete LBBB
Incomplete RBBB
Anterosuperior
hemiblock
Inferoposterior
hemiblock
Non-specific
disturbances

Discharge ECG

Sinus rhythm

PR interval, msec

No PPI (n=139)

81 (76-85)

27.1 (23.8-30.0)
80 (57.6)

121 (87.1)

67 (48.2)

54 (38.8)

66 (47.5)

5.0 (3.2-7.7)

64 (46.0)
4(2.9)

50 (40.0)

2 (1.4)

60 (55-62)

42 (35-51)

0.77 (0.55-0.83)

98 (70.5)
13 (9.4)

73 (52.5)
36 (25.9)

43 (63.2)
25 (36.8)

26 (18.7)
18 (13.0)

123 (88.5)
177 (160-199)
30 (24.4)

90 (80-100)

104 (74.8)
23 (16.6)
1(0.7)

8 (5.8)
1(0.7)

2 (1.4)

119 (85.6)
188 (165-210)

84

PPI (n=14)

80 (74-84)

27.3 (24.8-31.3)
6 (42.9)

12 (85.7)

5 (35.7)

8 (57.1)

9 (64.3)

5.4 (3.2-7.9)

7 (50.0)

2 (14.3)

5 (35.7)

0 (0)

60 (55-60)

41 (36-46)

0.76 (0.52-0.90)

10 (71.4)
4 (28.6)
7 (50.0)
5 (35.7)

6 (66.7)
3(33.3)

4 (28.6)
2 (14.3)

9 (64.3)

200 (155-216)
5 (55.6)

99 (90-105)

8 (57.1)
5 (35.7)
0(0)
0(0)
0(0)
1(7.1)

9 (64.3)
228 (200-260)

p-value

0.551
0.512
0.398
1.000
0.414
0.154
0.271
0.768
0.787
0.095
1.000
1.000
0.600
0.503
0.312

1.000
0.054
1.000
0.527

1.000

0.485
1.000

0.026
0.241
0.055
0.117

0.214

0.055
0.009



15t degree AVB (n=128) 48 (40.3) 6 (66.7) 0.166

Absolute APR, msec 6 (0-30) 42 (30-48) 0.002
Relative APR, % 4 (0-20) 24 (13-29) 0.004
QRS width, msec 140 (130-152) 143 (140-156) 0.191
Absolute AQRS, msec 50 (40-60) 48 (40-58) 0.718
Relative AQRS, % 56 (40-72) 50 (40-63) 0.416

AF: Atrial fibrillation; AV: Aortic valve; AVB: Atrio-ventricular block; BMI: Body mass index;
CAD: Coronary artery disease; CKD: Chronic kidney disease; LBBB: Left bundle branch block;
LVEF: Left ventricular ejection fraction; RBBB: Right bundle branch block; STS: Society of
thoracic surgeons;

2.6. DISCUSSION

The present study is, to the best of our knowledge, the first to investigate the
factors associated with LBBB recovery and progression to advanced CD requiring PP in
patients with NOP-LBBB post-TAVI. The main findings can be summarized as follows:
(i) in a population of patients with NOP-LBBB post-TAVI, a LBBB recovery was
observed in 33% of patients whereas 9% benefited from a PPI within the year post-TAVI;
(i) no clinical or ECG variables including prosthesis type and QRS evolution between
baseline and discharge were associated with LBBB recovery; and (iii) a non-sinus rhythm
at baseline and a longer APR in sinus rhythm patients were associated with an increased
risk of PP1 within the year after TAVI.

In accordance with prior studies (222,329), NOP-LBBB recovered in about one
third of patients in the present study. However, QRS width at baseline/discharge or
absolute/relative AQRS failed to predict LBBB recovery. These findings highlight the
difficulties to identify patients in whom LBBB would recover over time. This also
highlights the potential limitations of electrophysiological studies performed within the
days following TAVI in NOP-LBBB patients since changes in conduction properties can
evolve over time. A deeper valve implantation has been shown to be a major predictor of
NOP-LBBB, and the mean implantation depth >7 mm in a subset of patients from our
study is in accordance with previous studies including LBBB post-TAVI patients
(245,289). However, the implantation depth sub-analysis failed to show any differences
between LBBB and no-LBBB recovery patients, further underscoring the complexity of
ECG changes in this context. Some studies have shown significant inter-individual

differences in both the septum membranous length and His bundle location (289,341),
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which may translate into different mechanical interaction forces despite similar valve
implantation depth. Further studies with a more detailed anatomical analysis in NOP-

LBBB patients are warranted.

The use of a self-expanding valve has been associated with an increased risk of
NOP-LBBB and PPI post-TAVI (145,222,230), as well as with a lower rate of conduction
disturbances recovery over time. The present study including exclusively patients with
NOP-LBBB post-TAVI showed that the type of valve (i.e. balloon-expandable or self-
expanding) did not impact the likelihood of late PP1 or LBBB recovery, and similar results
were obtained in a sub-analysis including exclusively new generation devices (i.e.
SAPIEN 3 and Evolut R). This finding suggests that, similar to the balloon-expanding
valve systems, the mechanical interaction and potential damage of the conduction system
induced by self-expanding valves occurs early post-valve implantation and does not
persist during the follow-up period in most patients. This is also supported by the fact that
QRS width did not increase between discharge and 1-year follow-up in the “no-LBBB

recovery’’ group.

PR length at discharge and absolute and relative APR between baseline and
discharge were found to be associated with a higher risk of PP within the year after
TAVI. These results are consistent with prior studies demonstrating that 1% degree AVB
(145) was associated with an increased risk of PPI post-TAVI, and that post-TAVI PR
interval (231) and APR between baseline and 48H post- TAVI (230) were predictors of
late PPI. Of note, the increased risk of PPI in these studies was limited to the month
following TAVI (230,231), whereas more than half of the advanced conduction
abnormalities requiring PPI in the present study occurred after the first month post-
TAVI. Careful ECG evaluation post TAVI should be performed since the absolute
change in PR interval in the PPI group was only 42 ms and the median PR interval at
discharge 228 ms. Also, the presence of atrial arrhythmias was associated with a higher
rate of PP1 within the year after TAVI in patients with NOP-LBBB. These results are in
accordance with previous studies reporting a trend toward a higher rate of PPl in
patients with atrial fibrillation (220,241,293). These results would support the
implementation of strategies with close follow-up and ambulatory continuous cardiac
monitoring after discharge in patients with NOP-LBBB post-TAVI (296), particularly in
those exhibiting features of increased risk.
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Given the nonrandomized nature of the study, the presence of unmeasured
confounders cannot be excluded. In addition, the relatively small sample size may limit
the statistical power and does not allow to perform multivariate analysis, particularly
regarding the factors associated with PPI at follow-up. Finally, the sub-analysis of valve
implantation depth included a small number of patients, and the results on the clinical
impact of this factor on ECG changes over time should be interpreted as hypothesis

generating.

Although current guidelines suggest that PPl may be considered in patients with
NOP-LBBB post-TAVI (class Ilb recommendation) (173), the high proportion (~90%)
of patients with LBBB stability/recovery over time would not support such a
recommendation particularly in patients with no change in PR interval after TAVI. In
fact, a recent expert consensus document on the management of conduction disturbances
post-TAVI did not recommend PPI in the majority of NOP-LBBB patients (296). On the
other hand, no clinical or ECG variables (including prosthesis type and QRS evolution
between baseline and discharge) were able to predict LBBB recovery, and progression
from LBBB to advanced conduction disturbances requiring PPI after hospital discharge
occurred in about 1 out of 10 patients. These findings highlight the importance of a close
follow-up with more frequent visits and continuous ECG monitoring in those patients at
increased risk (non-sinus rhythm, long APR in sinus rhythm patients) (296). Also, the
potential role of electrophysiological studies in high-risk patients should be further
evaluated. Finally, continuous efforts to identify new anatomical parameters determining
LBBB progression-regression are of paramount clinical importance.

87



2.7. ACKNOWLEDGEMENTS

Drs. Guillem Muntané-Carol and Lluis Asmarats were supported by a grant from
the Fundacion Alfonso Martin Escudero (Madrid, Spain). Dr. Rodés-Cabau holds the
Research Chair “Fondation Famille Jacques Larivicre” for the Development of

Structural Heart Disease Interventions.

88



2.8. SUPPLEMENTAL MATERIAL

Supplemental Table 2.1: Sub-analysis of factors associated with LBBB recovery according to valve
type

Balloon-expandable valve Self-expanding valve (n=41)
(n=112)
Variable LBBB recovery p- LBBB recovery p-value
value
No (n=77) Yes No (n=26)  Yes (n=15)
(n=35)
Trans-femoral approach 50 (64.9%) 23 (65.7%) 1.000 21(80.8%) 14 (93.3%) 0.388
Valve-in-valve 8 (10.4%) 3(8.8%) 1.000 4(16.0%) 2(13.3%) 1.000
Pre-dilatation 44 (57.1%) 23 (65.7%) 0.415 8(30.8%) 5(35.7%) 1.000
Post-dilatation 16 (21.9%) 6 (17.7%) 0.798 5(19.2%) 3 (21.4%) 1.000
New-onset atrial 12 (15.6%) 5(14.3%) 1.000 2 (7.7%) 1 (6.7%) 1.000
fibrillation
Baseline ECG
Sinus rhythm 64 (83.1%) 32 (91.4%) 0.383 23(88.5%) 13 (86.7%) 1.000
PR interval (msec) 180 (160- 166 (148- 0.063 160 (150- 180 (178- 0.179
200) 188) 195) 180)
1t degree atrio- 21 (32.8%) 6(18.8%) 0.228 5(21.7%) 3 (23.1%) 1.000
ventricular block
QRS width (msec) 96 (85-106) 95 (80- 0.203 90 (80- 80 (80-100) 0.573
100) 100)
QRS morphology:
Normal 55 (71.4%) 25 (71.4%) 21 (80.8%) 11 (73.3%)
Incomplete LBBB 15 (19.5%) 8 (22.9%) 4 (15.4%) 1(6.7%)
Incomplete RBBB 1(1.3%) 0 (0%) 0.826 0 (0%) 0 (0%) 0.358
Left anterior hemiblock 3 (3.9%) 2 (5.7%) ' 1 (3.9%) 0 (0%) ‘
Left posterior hemiblock 0 (0%) 0 (0%) 0 (0%) 1 (6.7%)
Non-specific 3 (3.9%) 0 (0%) 0 (0%) 0 (0%)
disturbances
Discharge ECG
Sinus rhythm 60 (77.9%) 32(91.4%) 0.111 23(88.5%) 13 (86.7%) 1.000
PR interval (msec) 190 (164- 185 (165-  0.393 200 (180- 200 (180- 0.766
218) 200) 200) 230)
1%t degree AVB 25 (41.7%) 9(28.1%) 0.259 13(56.5%) 7 (53.9%) 1.000
Absolute APR (msec) 5 (0-29) 11 (0-30) 0.400 20 (0-45) 20 (0-40) 0.973
Relative APR (%) 3 (0-16) 6 (0-19) 0.436 10 (0-29) 11 (0-25) 0.959
QRS width (msec) 140 (132- 140 (128- 0.683 152 (128- 140 (132- 0.704
150) 152) 160) 150)
Absolute AQRS (msec) 50 (38-57) 50 (40-62) 0.342 55 (41-67) 60 (50-65) 0.635
Relative AQRS (%) 50 (36-67) 54 (40-68) 0.245 61 (50-75) 70 (68-75) 0.323

89



Supplemental Table 2.2: Sub-analysis of factors associated with permanent pacemaker implantation

according to valve type

Balloon-expandable valve (n=112)

Self-expanding valve (n=41)

Variable Permanent Pacemaker p- Permanent Pacemaker p-
Implantation value Implantation value

No (n=103)  Yes (n=9) No (n=36) Yes (n=5)

Trans-femoral approach 68 (66.0%) 5 (55.6%) 0.717 30 (83.3%) 5 (100%) 1.000

Valve-in-valve 8 (7.8%) 3 (33.3%) 0.044 5 (14.3%) 1 (20.0%) 1.000

Pre-dilatation 63 (61.2%) 4 (44.4%) 0.480 10 (28.6%) 3 (60.0%) 0.307

Post-dilatation 20 (20.4%) 2 (22.2%) 1.000 6 (17.1%) 2 (40.0%) 0.257

New-onset atrial 15 (14.6%) 2 (22.2%) 0.624 3 (8.3%) 0 (0%) 1.000

fibrillation

Baseline ECG

Sinus rhythm 90 (87.4%) 6 (66.7%) 0.118 33 (91.7%) 3 (60.0%) 0.104

PR interval (msec) 173 (154- 216 (200- 0.004 180 (160- 150 (140- 0.036
199) 230) 195) 155)

1%t degree atrio- 22 (24.4%) 5 (83.3%) 0.006 8 (24.2%) 0 (0%) 1.000

ventricular block

QRS width (msec) 95 (82-104) 100 (96-106) 0.124 88 (80-100) 95 (90-98) 0.342

QRS morphology:

Normal 76 (73.8%) 4 (44.4%) 28 (77.8%) 4 (80.0%)

Incomplete LBBB 19 (18.4%) 4 (44.4%) 4 (11.1%) 1 (20.0%)

Incomplete RBBB 1 (1.0%) 0 (0%) 0.108 0 (0%) 0 (0%) 0.731

Left anterior hemiblock 5 (4.9%) 0 (0%) ' 3 (8.3%) 0 (0%) '

Left posterior hemiblock 0 (0%) 0 (0%) 1 (2.8%) 0 (0%)

Non-specific 2 (1.9%) 1 (11.2%) 0 (0%) 0 (0%)

disturbances

Discharge ECG

Sinus rhythm 86 (83.5%) 6 (66.7%) 0.200 33 (91.7%) 3 (60.0%) 0.104

PR interval (msec) 184 (163- 229 (227- 0.008 200 (180- 200 (180- 0.646
210) 260) 220) 280)

1%t degree AVB 30 (34.9%) 4 (66.7%) 0.189 18 (54.6%) 2 (66.7%) 1.000

Absolute APR (msec) 5 (0-30) 32 (28-14) 0.018 10 (0-40) 45 (40-130)  0.053

Relative APR (%) 3 (0-16) 14 (13-20) 0.055 6 (0-25) 29 (29-87) 0.038

QRS width (msec) 140 (130- 140 (140- 0.483 143 (130- 155 (145- 0.337
150) 152) 157) 156)

Absolute AQRS (msec) 50 (40-60) 41 (40-52) 0.405 57 (44-66) 58 (54-60) 0.984

Relative AQRS (%) 53 (36-70) 46 (40-52) 0.210 64 (50-75) 63 (59-68) 0.873
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Branch Block After Transcatheter Aortic Valve Implantation:
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3.1. RESUME

Etude prospective multicentrique (n=103) ol I’ objectif était de déterminer le type
d'arythmies a 2 ans de suivi chez les patients présentant un bloc de branche gauche (BBG)
aprés une procédure TAVI. Un moniteur cardiaque implantable a été mis en place avant
la sortie de I'ndpital. 1836 nouveaux événements arythmiques sont survenus apreés 2 ans.
Au total, 71 bradyarythmies tardives ont été détectées chez 17 (21 %) patients. A deux
ans, 18 (17 %) patients avaient recu un stimulateur cardiaque. L'implantation d’un
stimulateur cardiaque a prédominé dans la phase précoce post-TAVI, avec seulement 1
événement aprés 1 an. Les patients avec BBG aprés une TAVI ont présenté un nombre
élevé d'événements arythmiques a 2 ans de suivi. Alors que les nouveaux événements
tachyarrhytmiques étaient répartis de maniére homogéne, la majorité des nouveaux
épisodes conduisant a I'implantation d'un stimulateur cardiaque permanent sont survenus

tot apres l'intervention.
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3.2. ABSTRACT

Aim: We determined the incidence and type of arrhythmias at 2-year follow-up in patients
with new-onset persistent left bundle branch block (LBBB) following transcatheter aortic
valve implantation (TAVI).

Methods: Multicenter prospective study including 103 consecutive patients with new-
onset persistent LBBB post-TAVI (SAPIEN XT/3: 53; CoreValve/Evolut R: 50). An
implantable cardiac monitor (Reveal XT, Reveal Ling) was implanted before hospital
discharge, and patients had continuous monitoring for up to 2 years. Arrhythmic events
were adjudicated in a central core lab.

Results: 1836 new arrhythmic events (tachyarrhythmias: 1655, bradyarrhythmias: 181)
occurred at 2 years. Of these, 283 (15%) occurred beyond 1 year (tachyarrhythmias 212,
bradyarrhythmias 71) in 33 (36%) patients, without differences between valve type. Most
late (>1 year) arrhythmic events were asymptomatic (94%) and led to a treatment change
in 17 (19%) patients. A total of 71 late bradyarrhythmias (high-degree atrioventricular
block [HAVB]: 3, severe bradycardia: 68) were detected in 17 (21%) patients. At 2-years,
18 (17%) patients had received a permanent pacemaker (PPM) or implantable cardiac
defibrillator (ICD). PPM implantation due to HAVB predominated in the early phase
post-TAVI, with only 1 HAVB event requiring PPM implantation after 1 year.
Conclusions: Patients with new-onset LBBB post-TAVI exhibited a very high burden of
arrhythmic events within the 2 years post-procedure. While new tachyarrhythmic events
were homogeneously distributed over time, the vast majority of new HAVB episodes
leading to PPM implantation occurred early after the procedure. These results should help
to guide the management of this challenging group of patients. (clinicaltrials.gov:
NCT02153307)
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3.3 INTRODUCTION

Conduction disturbances (high-degree atrioventricular block [HAVB] and new-
onset left bundle branch block [LBBB]) after transcatheter aortic valve implantation
(TAVI) have not decreased over time (145) and their management is still under discussion
(296). The incidence of new-onset LBBB post-TAVI has ranged from 6 to 77% with the
use of newer generation transcatheter heart valve (THV) systems and remains the most
frequent drawback of the procedure (167). The clinical impact and management of new-
onset LBBB have been under debate since the beginning of TAVI. A recent meta-analysis
(242) showed an increased risk of permanent pacemaker (PPM) implantation and
mortality at 1-year follow-up among patients with new-onset LBBB post-TAVI, further
highlighting the need to better understand the clinical evolution (mainly regarding new
arrhythmic events) of this challenging group of patients. The 1-year follow-up results of
the MARE study (321), which used an implantable cardiac monitor in new-onset LBBB
post-TAVI patients, showed a high burden of tachy- and bradyarrhythmias. However,
scarce data exist on arrhythmic events beyond 1-year follow-up in such patients (167),
and to date, no studies using continuous ECG monitoring have evaluated the occurrence
of late (>1 year) arrhythmic events in TAVI recipients. The role of the mechanical
interaction between the THV and the conduction system regarding the occurrence of
bradyarrhythmias in the long-term is largely unknown. On the other hand, the mechanical
dyssynchrony and potential lack of systolic function improvement seen in patients with
new-onset LBBB after TAVI may be associated with a higher risk of tachyarrhythmias.
This study reports the 2-year results of the MARE study, focusing on the occurrence of
new late (>1 year) arrhythmic events in patients with new-onset persistent LBBB
following TAVI.

3.4. METHODS

The details of the MARE study (NCT02153307) design have been previously
described (321). The MARE study was a prospective, multicenter study including patients
that underwent TAVI with either self- or balloon-expanding valves (CoreValve or Evolut
R [Medtronic, Minneapolis, Minnesota]; Edwards SAPIEN XT or SAPIEN 3 [Edwards
Lifesciences, Irvine, California]). Patients with new-onset LBBB that persisted >3 days

received a Reveal ICM XT or LINQ (Medtronic) as implantable loop recorder before
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hospital discharge. LBBB was defined according to the American College of
Cardiology/American Heart Association/Heart Rhythm Society (ACC/AHA/HRS)
recommendations (170). Patients were followed for 24 months, and in-office visits and
12-lead electrocardiogram (ECG) were performed at 1- and 12-, and 24-month follow-
up. Automatic wireless transmission of data was obtained in those patients with the
Reveal LINQ device and device interrogation at 1-, 3-, 6-, 9-, 12-, 24- month follow-up
was performed in those patients who received the Reveal XT device. Clinical events were
defined according to the Valve Academic Research Consortium 2 (VARC 2) criteria
(326).

The primary outcomes were the incidence of arrhythmic events leading to a
treatment change at 12 and 24-month follow-up, and the incidence of adjudicated HAVB
at 12- and 24-month follow-up. All arrhythmic episodes and electrocardiograms were
adjudicated in a central core lab. Significant arrhythmias were defined according to the
ACC/AHA/HRS guidelines (342) and classified as: 1) significant bradyarrhythmia
(HAVB, severe bradycardia [heart rate <30 bpm for 4 consecutive beats or pause >3 sec];
2) atrial fibrillation (AF)/atrial flutter (AFL)/atrial tachycardia/supraventricular
tachycardia episodes lasting >30 s; 3) ventricular tachycardia (nonsustained: lasting

between 6 and 30 s; sustained: lasting >30 s); and 4) ventricular fibrillation.

3.4.1. Statistical analysis

Qualitative variables were expressed as percentages and numerical variables as
mean SD or median (interquartile range [IQR]) according to variable distribution.
Categorical variables were compared using the chi-square or Fisher exact test as
appropriate. Numerical variables were compared using the t-test or Wilcoxon test as
appropriate. Event rates over time were summarized using Kaplan-Meier estimates, and
log-rank tests were used to perform comparisons between groups. Changes in LVEF over
time between groups (according to the occurrence of tachyarrhythmias) were evaluated
using a repeated-measures mixed-model with group by time interaction as fixed effects.
Posterior comparisons were performed using the Tukey technique. A p value <0.05 was
considered statistically significant. All statistical analyses were performed using the
statistical package STATA version 14.0 (StataCorp, College Station, Texas).
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3.5 RESULTS

The MARE study included 103 patients with new-onset persistent LBBB post-

TAVI (321). Baseline and procedural characteristics of the study population are

summarized in Table 3.1.

Table 3.1. Baseline and Procedural Characteristics of the Population.

Overall Sapien XT/3 CoreValve/Evo p

(n=103) (n=53) IutR (n=50) Value
Age, yrs 80 +/-7 79 +/-8 82+/-7 0.13
Female 59 (57) 24 (45) 35 (70) 0.01
Diabetes mellitus 44 (43) 27 (51) 17 (35) 0.10
Atrial fibrillation, n (%) 27 (26) 17 (32) 10 (20) 0.20

Paroxysmal 13 (48) 9 (53) 5 (50)

Permanent 14 (52) 8 (47) 5 (50) 1
STS-PROM score, % 5.0 (3.3-7.7) 5.0 (3.1-9.2) 4.7 (3.6-7.1) 0.26
CHADS-VASCc score, % 4.7 +/-1.4 4.6 +/-15 4.9 +/-1.2 0.39
ECG

PR interval, ms 183 +/-36 181 +/-35 186 +/-38 0.51

QRS duration, ms 102 +/-24 103 +/-21 103 +/-27 0.90
Echocardiography

LVEF, % 56 +/-11 55 +/-11 56 +/-11 0.67

Mean gradient, mmHg 41 +/-14 41 +/-14 41 +/-15 0.87

Aortic valve area, cm2 0.70 (0.52-0.82) 0.72 (0.62-0.87) 0.60(0.50-0.80) 0.19
Approach

Transfemoral 89 (86) 44 (83) 45(90) 0.92

Transapical/transaortic 10 (10) 9 (17) 1(2) 0.01

Subclavian/transcarotid 4 (4) 0 (0) 4 (8) 0.05
New-onset persistent LBBB

PR interval, ms 197 +/-42 188 +/-32 207 +/-50 0.07

QRS duration, ms 142 +/-20 144 +/-18 141 +/-22 0.40

Time to implantable monitor, 4 (3-6) 5(3-7) 4 (2-6) 0.22
days post-TAVI

Type of device, XT/LINQ 8/95 5147 3/45 0.53

Hospitalization length, days 7 (5-8) 7 (6-8) 6 (4-8) 0.71

Values are mean +/- SD, n (%), or median (interquartile range).
ECG = electrocardiogram; LBBB = left bundle branch block; LVEF = left ventricular ejection fraction;

STS-PROM = Society of Thoracic Surgeons Predicted Risk of Mortality;

The arrhythmic events up to 1-year follow-up have been previously reported

(321). Briefly, a total of 1553 new arrhythmic events were detected in 44 patients (1443

episodes of tachyarrhythmia in 26 patients [atrial fibrillation/flutter/atrial tachycardia:

1427, ventricular tachycardia: 16]; 110 episodes of bradyarrhythmia in 21 patients

[HAVB: 54, severe bradycardia: 56]). The arrhythmic event led to a treatment change in

19 patients (18%), and 11 patients (11%) required pacemaker or implantable cardioverter-

defibrillator implantation (due to HAVB, severe bradycardia or ventricular tachycardia
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episodes in 9, 1, and 1 patient, respectively). A total of 12 patients died at 1-year follow-
up, 1 from sudden death.

3.5.1. Late (> 1 year) arrhythmic burden

The clinically significant arrhythmic events detected between 12 and 24 months are
shown in Table 3.2.

Table 3.2. Late (>12 months) Arrhythmic Events.

Overall Sapien XT/3  CoreValve/ p
(n=91) (n=45) Evolut R
(n =46)
Global Arrhythmic Burden

Total number of new arrhythmic events 283 76 207 -

Patients with arrhythmic events 33 (36) 16 (36) 17 (37) 0.89

Arrhythmic events per patient 3(1-7) 3(1-5) 3(1-13) 0.46

Patients with arrhythmic events requiring treatment 17 (19) 8 (18) 9 (20) 0.83

Bradyarrhythmias*

Total number of events 71 36 35 -
High-degree atrioventricular block 3 3 0 -
Severe Bradycardia 68 33 35 -

Patients with bradyarrhythmic events 17 (21) 8 (21) 9 (22) 0.88

Patients with high-degree atrioventricular block 1(1) 1(3) 0 0.49

Patients with severe bradycardia 16 (20) 7 (18) 9 (22) 0.66

Patients with bradyarrhythmias requiring treatment 11 (14) 4 (10) 7(17) 0.38

Pacemaker implantation 5 (6) 2(4) 3(7) 1

Change in medical treatment 6 (8) 2 (5) 4 (10) 0.68

Tachyarrhythmias
Total number of events 212 39 173 -
Atrial arrhythmias 74 19 55 -
Atrial fibrillation/atrial flutter 43 18 25 -
Atrial tachycardia 27 0 27 -
Supraventricular tachycardia 4 1 3 -
Ventricular arrhythmias 138 20 118 -
Sustained ventricular tachycardia 109 5 104 -
Nonsustained ventricular tachycardia 25 11 14 -
Atrial Fibrillation/atrial flutter
Patients with new episodes of atrial 8/52 (15) 3/19 (16) 5/33 (15) 0.48
fibrillation/atrial flutter**
Atrial fibrillation episodes per patient 2(1-8) 1(1-8) 2 (2-8) 0.37
Duration of atrial fibrillation episodes per patient, 7(0.5-883) 608 (6-4202) 1.5 (0.5- 0.11
min 883)

Patients with new episodes of atrial fibrillation/atrial 2 (4) 1(5) 1(3) 1
flutter leading to anticoagulation therapy
Ventricular Tachycardia

Patients with episodes of ventricular tachycardia 13 (14) 7 (16) 6 (13) 0.73

Ventricular tachycardia episodes per patient 1(1-7) 1(1-5) 6 (1-33) 0.35

Duration of ventricular tachycardia episodes per 12 (8-16) 7(7-7) 13 (9-16) 0.20

patient, seconds

Patients with ventricular tachycardia episodes who 4 (4) 3() 1(2) 0.36

had a treatment modification

Implantable cardioverter defibrillator 22 1(2 1(2 1

Values are n, n (%), n/N (%), or median (interquartile range). *Only patients without pacemaker or cardiac
defibrillator implanted during the first year in the denominator for the %.
**Only patients without prior atrial fibrillation in the denominator for the %.
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Recurrent AF/AFL episodes in patients already diagnosed during the 1% year post-
procedure were not included in this analysis. A total of 283 new arrhythmic events (94%
silent) were detected in 33/91 (36%) patients, with no differences between valves.
Arrhythmic events leading to a treatment change occurred in 17 (19%) patients. After the
exclusion of the patients with PPM/ICD implantation during the first year, a total of 71
clinically significant bradyarrhythmic events were detected occurring in 17/80 (21%)
patients. Of them, 10 (13%) episodes were symptomatic and 1 patient (1%) suffered 3
episodes of HAVB. As a result, 5 (6%) patients required PPM implantation due to
bradyarrhythmias. Regarding episodes of tachyarrhythmia, a total of 212 episodes
occurred between 12 and 24-months of follow-up. Eight patients had new AF/AFL
episodes (15% among those patients without previously diagnosed AF/AFL), leading to
the implementation of anticoagulation treatment in 25% of them. All AF/AFL episodes
were silent. A total of 138 episodes of ventricular tachycardia occurred in 13 patients
(14%), leading to a treatment change in 4 (31%) of them. Of these, 109 episodes occurring

in 3 (3%) patients consisted of sustained ventricular tachycardia.

3.5.2. Cumulative 2-year rate of the first arrhythmic episode

The cumulative 2-year rate of new arrhythmic events (first event of any type of

arrhythmia) are summarized in Table 3.3.

Table 3.3. Cumulative Rate of First Arrhythmic Event at 2-year of Follow-up (n= 103 patients)
At 12 months Between 13-24 At 24

months months

Global Arrhythmic Burden

Patients with first arrhythmic event 44 (43) 19 (21) 63 (61)
Bradyarrhythmias

Patients with first bradyarrhythmic event 21 (20) 15 (16) 36 (35)

Patients with high-degree atrioventricular 15 (15) 1(1) 16 (16)
block

Pacemaker implantation 10 (10) 5 (5) 15 (15)
Atrial Fibrillation/atrial flutter

Patients with new episodes of atrial 13/76 (17) 8/52 (15) 21/76
fibrillation/atrial flutter* (28)
Ventricular Tachycardia

Patients with new episodes of ventricular 13 (13) 9 (10) 22 (21)
tachycardia

Implantable cardioverter defibrillator 2(2) 1D 33

Values are n, n (%), n/N (%)
*Only patients without prior atrial fibrillation in the denominator for the %.
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A total of 63 patients (61%) suffered at least 1 arrhythmic episode throughout the
study period. At two-year of follow-up, 36 (35%) patients suffered a bradyarrhythmic
event, 16 (44%) of them classified as HAVB. A total of 21 (28%) patients presented at
least one episode of AF/AFL, and 22 (24%) patients suffered at least one episode of
ventricular tachycardia.

The Kaplan-Meier curves regarding the time to the first arrhythmic episode
(overall, bradyarrhythmic [HAVB, severe bradycardia], tachyarrhythmic and AF/AFL
events); in the whole cohort and according to valve type are shown in Figures 3.1 and
3.2.
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Figure 3.1. Time to First Arrhythmic event Post-TAVI for the Entire Study Population.

A. Time to the first arrhythmic (brady- or tachyarrhythmia) episode. B. Time to the first episode of
bradyarrhythmia. C. Time to the first episode of high-degree atrioventricular block. D. Time to the first
episode of severe bradycardia. E. Time to the first episode of tachyarrhythmia. F. Time to the first episode
of atrial fibrillation/atrial flutter.
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TAVI: Transcatheter Aortic Valve Implantation, HAVB: high-degree atrioventricular block, SB: Severe
bradycardia.
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Figure 3.2. Time to First Arrhythmic Event Post-TAVI, According to Valve Type.

A. Time to the first arrhythmic (brady- or tachyarrhythmia) episode. B. Time to the first episode of
bradyarrhythmia. C. Time to the first episode of high-degree atrioventricular block. D. Time to the first
episode of severe bradycardia. E. Time to the first episode of tachyarrhythmia. F. Time to the first episode
of atrial fibrillation/atrial flutter.

TAVI: Transcatheter Aortic Valve Implantation, HAVB: high-degree atrioventricular block, SB: Severe
bradycardia.

There were no significant differences in arrhythmic events between valve types.

Landmark analysis regarding the first arrhythmic episode (overall, bradyarrhythmic, and
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tachyarrhythmic events) at different time periods (<1 month, 1-12 months, 13-24 months)
are depicted in Figure 3.3. The overall rate of arrhythmic events was similar between
periods, but the distribution of bradyarrhythmic episodes followed different patterns.
While HAVB episodes dropped drastically after 1-year, severe bradycardia episode

tended to increase during the same period.
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Figure 3.3. Landmark analysis showing first arrhythmic episode according to 3 time periods (<1
month, 1-12 months, and 13-24 months).

A. Time to the first arrhythmic (brady- or tachyarrhythmia) episode. B. Time to the first episode of
bradyarrhythmia. C. Time to the first episode of high-degree atrioventricular block. D. Time to the first
episode of severe bradycardia. E. Time to the first episode of tachyarrhythmia. F. Time to the first episode
of atrial fibrillation/atrial flutter.
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TAVI: Transcatheter Aortic Valve Implantation, HAVB: high-degree atrioventricular block, SB: Severe
bradycardia

3.5.3. PPM/ICD implantation.

Individual data of the 18 patients (17%) who received a PPM/ICD device during
the study period are shown in Supplemental Table 3.1. The indications for PPM/ICD
according to time period (<1 month, 1 to 12 months, 13-24 months) are shown in Figure
3.4. PPM implantation due to HAVB predominated in the early phase post-TAVI, as 5/10
(50%) of the episodes occurred <1-month post-TAVI, and 8/10 (80%) within the first 4
months after the procedure. The annual rate of PPM implantation during the study period
was 7.3%. The Supplemental Table 3.2 depicts the baseline, electrocardiographic and
procedural characteristics according to PPM implantation at follow-up. There were no
statistically significant differences between groups.

PPM/ICD indication
100%

90%
80%
70%
60%
50%
40%
30%
20%

10%

0%

<1 month 1-12 months 13-24 months
B HAVB BSND mVT LVEF dysfonction

Figure 3.4. Reason for PPM/ICD implantation according to time period following TAVI (<1month,
1 to 12 months, 13-24 months).

PPM: Permanent pacemaker, ICD: Implantable cardiac defibrillator, HAVB: high-degree atrioventricular
block, SND: Sinus node disease; VT: ventricular tachycardia, LVEF: left ventricular ejection fraction.

* 1 patient with ICD implantation <1 month post-TAVI suffered both HAVB and VT.

3.5.4 Overall clinical outcomes.
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The clinical outcomes, overall and according to valve type, at 1-year and at 1- to
2-year follow-up are shown in Supplemental Table 3.3. The overall and cardiac
mortality rates were 17% and 6%, respectively. Two patients suffered a sudden death
during the study period. The first one was 10 months after TAVI and was likely secondary
to a coronary event. The second sudden death occurred 19 months post-TAVI. The patient
had coronary artery disease at baseline and suffered an unwitnessed cardiac arrest. No
tachyarrhythmic events were detected in the Reveal device within the weeks preceding
the sudden death. However, the patient had suffered 17 asymptomatic pauses (~3 seconds
in the context of chronic atrial fibrillation) within the 4 months before the sudden death.
Unfortunately, no arrhythmic data were available concerning the two last days before the
unwitnessed death. Finally, a total of 3 (3%) patients (none of them under anticoagulation
therapy) suffered an ischemic stroke during the second year of follow-up and of these, 1

patient had new-onset AF.

Overall, there was a significant reduction in left ventricular ejection fraction over
time (p=0.02) (Supplemental Figure 3.1-A). Data regarding the changes in left
ventricular ejection fraction over time according to the occurrence of tachyarrhythmias
during the follow-up period are shown in Supplemental Figure 3.1-B. The left
ventricular ejection fraction decreased (p=0.04) and tended to increase (p=0.10) in
patients with and without tachyarrhythmias, respectively (p=0.07 for the comparison

between groups).

3.6. DISCUSSION

The 2-year results of the MARE study showed a very high arrhythmic burden in
new-onset persistent LBBB post-TAVI patients, with about two-thirds of patients
suffering at least one arrhythmic episode. However, the time distribution of new
arrhythmic events varied according to the type of arrhythmia. New episodes of
tachyarrhythmia (AF/AFL, ventricular tachycardia) were homogenously distributed over
time, with no decrease in its incidence beyond 1 year. On the other hand, a higher rate of
bradyarrhythmic events was observed within 1-year follow-up (particularly within the 1%

month), with a major decline in HAVB episodes beyond 1 year.
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Conduction disturbances and particularly new-onset LBBB post-procedure are
nowadays the main drawback of TAVI (145,167). In addition to the initial harm caused
by the deployment of the valve, on may wonder if the interaction between the THV and
the cardiac conduction system may extend beyond the initial period post-TAVI. Previous
studies reported a PPM implantation rate of 5 to 20% at 1-year follow-up in new-onset
LBBB patients, with HAVB episodes being the most frequent indication (47-100%)
(167). In the current analysis, results at 2-year follow-up showed that 16% of patients
suffered an episode of HAVB. Hence, most patients (84%) did not present HAVB events,
reinforcing the concept that preventive PPM should not be recommended in all patients
with new-onset LBBB post-TAVI. Interestingly, all HAVB episodes leading to PPM
implantation but one occurred within the first year post-procedure. PPM implantation due
to HAVB predominated in the early phase post-TAVI, with 50% and 80% of the events
occurring within the first and 4 months after the procedure, respectively. These results do
not support a continuous harm to the conduction system and reinforce the safety of THVs
in the long-term follow-up. However, a more intense clinical surveillance with ECG

monitoring may be necessary during the first weeks post TAVI.

The annual rate of PPM implantation in the MARE study was 7.3%. A recent
study analyzed the clinical outcomes of patients that underwent TAVI and had no ECG
changes after the procedure (343), showing an annual rate of PPM implantation of 2.5%
(1.1% and 5.2% in patients without and with pre-procedural ECG conduction
disturbances, respectively), much lower than the rate observed in the MARE study.
Furthermore, it is known that the annual rate of PPM implantation in patients with LBBB
in the general population is around 1-2% (340) . Of note, 7 out of 15 patients who received
a PPM in the current cohort did not present symptoms. While all arrhythmic events
fulfilled the criteria for PPM implantation, this may have increased the PPM rate in our

study.

No significant differences between the valve type (CoreValve/Evolut R system or
SAPIEN XT/ 3 valve) were observed at 2-year follow-up (overall and by time period,
before and after 1 year). While several studies have shown an increased risk of peri-
procedural conduction disturbances and PPM among CoreValve/Evolut (vs. SAPIEN)
recipients (145), the risk of late arrhythmic events according to different valve types

remains largely unknown. A continuous expansion of the nitinol frame was suggested to
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explain the hemodynamic changes and paravalvular regurgitation improvement over time
in CoreValve recipients (344). Whereas this could have translated into a higher incidence
of late CDs compared to the balloon-expandable system, the results of the MARE study
failed to show any increase in late CDs in CoreValve/Evolut patients. Other factors such
as valve positioning and baseline risk factors favoring the development of conduction
disturbances might have also contributed to the occurrence of late bradyarrhythmias in
both valve groups (145), and will need to be evaluated in future studies. Also, the need
for optimizing valve implantation depth should be underlined in order to avoid damaging

of the conduction system and prevent the occurrence of conduction disturbances.

New-onset AF is common after TAVI and its occurrence in the early
postprocedural period has been associated with poorer outcomes, with an increased risk
of mortality and stroke (299). However, very limited data exist regarding the occurrence
of silent/subclinical or symptomatic AF beyond the hospitalization period following
TAVI. A very recent publication (345) including 172 patients with PPM implantation
post-TAVI evaluated the occurrence of AF episodes during device interrogation at
follow-up. After a median follow-up of 15 months, one fourth of patients exhibited at
least one episode of AF, which indeed was associated with an increased risk of stroke. In
accordance with these results, 28% of the patients in the MARE study exhibited new-
onset AF episodes at 2-year follow-up. However, no relationship with cerebrovascular
events was found in our cohort, likely related to the relatively small number of patients
and short duration of the AF episodes. Contrary to HAVB, the risk of late NOAF (beyond
the hospitalization period) did not seem to decrease over time in the new-onset LBBB

population.

AF is the most common cardiac arrhythmia worldwide and its presence implies
an increased risk of stroke. Nevertheless, silent AF is common and may be associated
with a higher risk of stroke (346). A study using an implantable cardiac monitor (Reveal)
in a high-risk population (mean CHADS-VASc of 4.4) showed an AF detection rate of
29% at 18 months (347), comparable to the one observed in our study. On the other hand,
TAVI recipients have an increased risk of AF and silent episodes may be present before
the TAVI procedure (188), identifying a potential subset of patients that may benefit from
anticoagulant therapy. The relatively high rate of AF in the MARE study may support the
use of anticoagulation therapy following TAVI. A-recent publication focusing on late
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cerebrovascular events (LCVES) post-TAVI1 (348) showed that the lack of anticoagulation
at discharge was associated with an increased risk of ischemic cerebrovascular events.
Echocardiographic data at the time of stroke failed to show any relationship with valve
thrombosis or structural degeneration, indirectly suggesting the potential implication of
subclinical AF. On the other hand, Chakravarty et al (349) reported that subclinical leaflet
thrombosis (as determined by 4D-CT) was associated with ischemic LCVEs and
anticoagulation appeared to be an effective preventive therapy. Finally, the results of the
very recent GALILEO trial (350) advise against the systematic use of anticoagulation
treatment post-TAVI (especially if added to an antiplatelet agent). Future studies will
provide definite evidence on the potential role of anticoagulation post-TAVI. Meanwhile,
identifying those patients with atrial arrhythmias prior to the procedure may be useful for

implementing a tailored antithrombotic approach following the TAVI procedure.

The burden of ventricular arrhythmias following TAVI is largely unknown. To
date, data with ECG monitoring is limited to one single study using 24-hour Holter
monitoring performed 1-year post-procedure (310). The authors reported a 2% rate of
ventricular tachycardia episodes (all of them non-sustained). In our cohort, the cumulative
rate of newly diagnosed ventricular arrhythmia events at 2 years reached 21%. Despite
of this high incidence, an ICD was implanted in a relatively low number of patients (3%).
More data with a larger number of patients are needed to identify patients at risk of

ventricular events.

3.6.1 Study limitations

The MARE study was a single-arm, non-randomized study with relatively low
sample size. While arrhythmic events were adjudicated in a central core lab, the initial
diagnosis and management was performed in each participating center. Some variability
in the interpretation and management of the events between centers cannot be excluded.
Finally, the non-randomized nature of the study and the relatively limited sample size
precluded to drawn definite conclusions regarding the comparison between valve types.
Future randomized trials are needed to provide definite data on potential differences in
late arrhythmic events between valve types.
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3.7. CONCLUSIONS

In conclusion, the 2-year follow-up results of the MARE study provided unique
data on the long-term arrhythmic burden in the high-risk group of patients with new-onset
LBBB following TAVI. About two thirds of the patients exhibited at least one arrhythmic
episode, reflecting the very high arrhythmia burden in this group of patients. While a
continuous risk of significant bradyarrhythmias was observed throughout the 2-year
period, HAVB events were mainly limited to the initial months after the procedure. These
results suggest the lack of delayed damage of the conduction system in such patients, do
not support systematic prophylactic PPM implantation, and favor limiting the use of
continuous ECG monitoring to the initial period after TAVI. The high rate of new-onset
AF/AFL episodes, with no significant decrease beyond 1 year, may suggest a role for
anticoagulation therapy in such patients, and highlight the importance of further studies
determining the optimal antithrombotic treatment in TAVI recipients. Finally, 1 out of 5
patients exhibited episodes of ventricular arrhythmias, with a similar burden early and
late after TAVI. Future studies are needed to determine the potential role of ventricular

arrhythmias on the increased risk of death among new-onset LBBB patients.
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3.9. SUPPLEMENTAL MATERIAL

Supplemental Table 3.1. Individual Characteristics of the Patients Requiring

Permanent Pacemaker or Implantable Cardioverter Defibrillator Implantation at 2

years
Timing of
Age yrs (Sex)  Valve PPM or PPM or
Type ICD (days) ICD Reasons for PPM or ICD
65 (male) Sapien 3 5 ICD-CRT HAVB (A), low LVEF
90 (male) Evolut R 5 PPM HAVB (S), syncope
73 (male) Evolut R 6 PPM HAVB (S), pre-syncope
81 (male) Sapien 3 12 ICD HAVB (A)/VT (S)
85 (male) CoreValve 18 PPM HAVB (S), pre-syncope
84 (female) Sapien 3 42 PPM HAVB (A)
75 (female) Sapien 3 108 PPM HAVB (S), pre-syncope
86 (male) Sapien XT 127 PPM HAVB (A)
75 (female) CoreValve 217 ICD Polymorphic NSVT (A)
85 (female) Evolut R 280 PPM HAVB (A)
83 (male) Sapien 3 281 PPM Severe bradycardia (A)
89 (male) CoreValve 455 PPM Sinus pause (A)
84 (female) Evolut R 483 PPM Sinus pause (S)
90 (female) Evolut R 571 PPM Tachy-Brady Syndrome (S)
78 (male) Sapien 3 580 ICD-CRT VT and low LVEF
88 (male) Sapien XT 613 ICD-CRT  Clinical HF and low LVEF
88 (male) Sapien XT 641 PPM HAVB (S), pre-syncope
92 (female) Sapien XT 663 PPM Sinus pause (S), pre-syncope

A = asymptomatic; HAVB = high-degree atrioventricular block; ICD = implantable cardioverter-
defibrillator; LVEF = left ventricular ejection fraction; NSVT = nonsustained ventricular tachycardia; PPM
= permanent pacemaker implantation; S = symptomatic; VT = ventricular tachycardia.
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Supplemental Table 3.2. Baseline and Procedural Characteristics of the Population
according to pacemaker implantation after TAVI

PPM No PPM p
implantation  implantation  Value
(n=15) (n=88)
Age, yrs 83 +/-7 80 +/- 8 0.20
Female 6 (40) 53 (60) 0.17
Diabetes mellitus 3 (20) 41 (47) 0.09
Atrial fibrillation (paroxysmal or permanent) 6 (40) 21 (24) 0.22
STS-PROM score, % 45 (3.5-9.1) 5.2 (3.2-7.1) 0.20
CHADS-VASc score, % 4.2 +/-0.8 4.8 +/-14 0.30
ECG
Sinus rhythm, % 9 (60) 73 (83) 0.08
PR interval, ms 177 +/- 43 177 +/- 31 0.98
1-AVB, % 1(11) 13 (18) 1
QRS duration, ms 93 +/-12 96 +/- 20 0.61
QRS> 120ms, % 0 (0) 10 (12) 0.35
QRS morphology
Normal 9 (64) 59 (70)
RBBB 0 (0) 0 (0)
Left anterior or posterior hemiblock 0 (0) 9(11)
Incomplete RBBB 1(7) 1(1)
Incomplete LBBB 2 (14) 10 (12)
NIVCD 2 (14) 5 (6) 0.22
Echocardiography
LVEF, % 57 +/- 18 57 +/- 14 0.77
Mean gradient, mmHg 45 +/- 19 40 +/- 13 0.20
Aortic valve area, cm2 0.50 (0.46- 0.70 (0.57- 0.36
0.75) 0.83)
Computed Tomography
Surface, mm2 465 (332-585) 431 (341-528) 0.76
Agatston score 1912 (1879- 1990 (1112- 0.88
3018) 2918)
Procedure
Transfemoral approach (vs other) 14 (93) 75 (85) 0.69
Pre-dilatation, % 8 (62) 34 (40) 0.15
Valve-in-valve, % 1(7) 10 (12) 1
<23 mm valve (vs > 23 mm) 2 (13) 20 (23) 0.52
Edwards Sapien valve (vs Medtronic 8 (53) 45 (51) 0.88
CoreValve/Evolut)
Post-dilatation, % 2 (15) 15 (19) 1
ECG prior to discharge
Sinus rhythm, % 9 (60) 71 (81) 0.1
1-AVB, % 3(38) 30 (45) 1
PR interval, ms 184 +/- 33 198 +/- 42 0.36
QRS duration, ms 147 +/- 20 141 +/- 20 0.42

Values are mean +/- SD, n (%), or median (interquartile range).

ECG = electrocardiogram; NIVCD: Unspecific intraventricular conduction delay; LBBB = left bundle branch
block; LVEF = left ventricular ejection fraction; RBBB: right bundle branch lock; STS-PROM = Society of
Thoracic Surgeons Predicted Risk of Mortality.
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Supplemental Table 3.3. Clinical outcomes according to time period and valve type

At 12 months

Between 13 and 24 months

Overall Sapien CoreValve Overall  Sapien CoreValve/
(n=103) XT/3 /EvolutR p (n=91) XTI3 Evolut R p
(n=53) (n=50) (n=45) (n=46)
Overall Death 12(12) 8(15) 4(8) 0.26 5(5) 2(4) 3(7) 1
Cardiovascular 4 (4) 2(4) 2(4) 1 2 (6) 1(6) 1(6) 1
Death
Sudden Death 1(1) 1(2) 0 (0) 1 1(1) 0 (0) 1(2) 1
Stroke/TIA 8 (8) 4 (8) 4 (8) 1 3(3) 0 3() 0.22
Myocardial 4 (5) 2(4) 2(4) 1 1(1) 1(2) 0 (0) 0.49
Infarction
Rehospitalization 19 (18)  12(23) 7 (14) 0.26 19(21) 7 (16) 12 (26) 0.45
Rehospitalization 12 (12) 8 (15) 4 (8) 0.26 18 (20) 6 (13) 12 (26) 0.31
because of
cardiac causes
PPM/ICD 11(11) 6(11.3) 5(10) 0.83 7(8) 4(9) 3() 0.8
implantation
TIA = Transient ischemic attack. Other abbreviations as in Supplemental Table 3.1.
A B
S 657 - Tachyarrhythmias
58 60 = No Tachyarrhythmias
b 27 i
= > 55
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Supplemental Figure 3.1. Evolution of the mean left ventricular ejection fraction (LVEF, mean and

standard error) in the global cohort (Panel A) and according to the occurrence of

tachyarrhythmias during the follow-up (Panel B). Panel A shows a significant reduction in left
ventricular ejection fraction over time (mixed model p=0.02). In panel B, patients with and without
tachyarrhythmias present a statistically significant decrease (mixed model p=0.04) and a non-statistically
significant increase (mixed model p=0.10) in left ventricular ejection at follow-up (mixed model p=0.07
for the comparison between groups). LVEF: Left ventricular ejection fraction.
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4.1 RESUME

Il existe peu de données concernant les événements cérébrovasculaires tardifs
(>30 jours) apres une procédure TAVI. Cette étude a inclus 3750 patients et a déterminé
I'incidence, les caractéristiques cliniques, les facteurs associés et I'impact des événements
cerébrovasculaires tardifs. Les événements cerébrovasculaires tardifs sont survenus chez
5,1% des patients aprés un suivi median de 2 ans. Deux tiers des événements
cerébrovasculaires tardifs étaient invalidants et associés a des taux de mortalité élevés.
La plupart des évenements cérébrovasculaires tardifs étaient ischémiques, et I'age avancé,
les antécédents de maladie cérébrovasculaire, un gradient aortique plus élevé, un accident
vasculaire cérébral périprocédural et I'absence d'anticoagulation a la sortie de I'hdpital
étaient associés a un risque accru. Ces résultats peuvent éclairer les études futures
concernant les mesures préventives potentielles des événements cérébrovasculaires

tardifs aprés une procédure TAVI.
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4.2 ABSTRACT

Objectives: To determine the incidence, predictors, clinical characteristics and outcomes
of late cerebrovascular events (LCVEs, >30 days post-procedure) following transcatheter
aortic valve implantation (TAVI).

Background: Scarce data exist on LCVEs following TAVI.

Methods: This was a multicenter study including 3750 consecutive patients (mean age:
80 + 8 years, 50.5% of women) who underwent TAVI and survived beyond 30 days.
LCVEs were defined according to VARC-2 criteria.

Results: LCVEs occurred in 192 (5.1%) patients (stroke: 80.2%, TIA: 19.8%) after a
median follow-up of 2 (1 to 4) years. Late stroke was of ischemic, hemorrhagic and
undetermined origin in 80.5%, 18.8% and 0.7% of patients, respectively. Older age,
previous cerebrovascular disease, higher mean aortic gradient at baseline, the occurrence
during the periprocedural TAVI period, and the lack of anticoagulation (NOACs or
vitamin K antagonists) post-TAVI were independent predictors of late ischemic
stroke/T1A (p<0.05 for all). Echocardiographic data showed no signs of valve thrombosis
or degeneration in the vast majority (97%) of patients. Late stroke was disabling in 107
(69.5%) patients (ischemic: 68%, hemorrhagic 79%), and associated with an in-hospital
mortality rate of 29.2%.

Conclusions: LCVEs occurred in 5.1% of TAVI recipients after a median follow-up of
2 years. LCVEs were ischemic in most cases, with older age, previous cerebrovascular
events, higher mean aortic gradient at baseline, the occurrence during the periprocedural
TAVI period, and lack of anticoagulation (but not valve thrombosis/degeneration)
determining an increased risk. Late stroke was disabling in most cases and associated

with dreadful early and midterm outcomes.
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4.3. INTRODUCTION

Transcatheter aortic valve implantation (TAVI) has become the preferred
treatment for patients with severe symptomatic aortic stenosis at intermediate to high
surgical risk (336), and recent data from 2 randomized trials have provided the basis for
its expansion toward the treatment of low-risk patients (153,154). However,
periprocedural stroke remains one of the most worrisome complications of TAVI, and
numerous studies have evaluated its incidence, predictive factors, and clinical impact
(351,352). Also, substantial efforts (particularly with the use of embolic protection
devices) have been undertaken for its prevention (353).

Although the risk of cerebrovascular events post- TAVI peaks within the days
following the procedure, it persists later on (beyond the 30-day period) (354). However,
scarce data exist on the occurrence, clinical characteristics, and factors associated with
late cerebrovascular events (LCVES) post-TAVI (134,136,137). Also, recent data suggest
a potential relationship between subclinical transcatheter valve thrombosis and
cerebrovascular events (particularly transient ischemic attack [TIA]) (349), further
fueling the interest on the most appropriate antithrombotic treatment for preventing
cerebrovascular events post-TAVI. Finally, no studies to date have determined the
clinical impact of late stroke among TAVI recipients. Thus, the objectives of our study
were to determine the incidence, clinical characteristics, associated factors, and impact of
LCVEs (>30-day) following TAVI.

4.4. METHODS

This multicenter study included a total of 3,750 consecutive patients from 7
centers (Canada, France, and Spain) who underwent TAVI and survived the
periprocedural (30-day) period. Procedural aspects, valve type, access, and post-
procedural management were at the discretion of the heart team in each center. Baseline,
procedural, and follow-up data were prospectively collected in each center. Follow-up (at
1 and 12 months, and yearly thereafter) was completed in all patients but 180 (4.8% of
patients lost to follow-up). Clinical follow-up was performed in each participating center,
either by medical visit or by telephone. If the patient went to a different center for the
neurological event, that center was contacted to obtain the information about the event.

Cerebrovascular events were defined according to the Valve Academic Research

115



Consortium 2 (VARC 2) criteria (326). LCVEs were defined as those occurring after 30
days (355). Stroke was defined as an acute episode of focal or global neurological
dysfunction caused by a brain, spinal cord, or retinal vascular injury because of infarction
or hemorrhage. Ischemic stroke was defined as an acute neurological episode caused by
infarction of central nervous system tissue. Hemorrhagic stroke was defined as an acute
neurological episode caused by intraparenchymal, intraventricular, or subarachnoid
hemorrhage. The stroke was classified as “undetermined” if there was insufficient
information to assess this categorization. The stroke event was considered as disabling if
resulted (at 90 days after stroke onset) in a modified Rankin Score (mRS) score of >2 and
an increase in >1 mRS category from an individual’s pre-stroke baseline (326). A
nondisabling stroke was the one that resulted (at 90 days after stroke onset) in an mRS
score of <2 or that did not result in an increase in >1 mRS category from an individual’s
pre-stroke baseline. TIA was defined as a transient episode of focal neurological
dysfunction caused by the brain, spinal cord, or retinal ischemia without acute infarction.
The difference between TIA and ischemic stroke was the presence of tissue damage on
neuroimaging studies or new sensory—motor deficit persisting >24 h. As a result, TIA was
not associated with any lasting disability. When an LCVE was identified,
echocardiographic data and antithrombotic treatment at the time of the event were
recorded. The presence of valve hemodynamic deterioration, a possible surrogate of valve
thrombosis, was evaluated in the echocardiography performed at the time of the LCVE
(79). Also, inhospital and late clinical outcomes following the LCVE were recorded. All

clinical events were defined according to the VARC-2 criteria.

4.4.1. Statistical analysis

Qualitative variables were reported as percentages and continuous data as mean
(standard deviation) or median (interquartile range [IQR]), depending on their
distribution. Continuous variables were compared using Student’s t-test (2-tailed) or
Mann-Whitney U rank sum tests as appropriate. Qualitative variables were compared
with chi-square or Fisher exact tests. Survival curves were summarized using Kaplan-
Meier estimates, and log-rank tests were used to compare groups. Cox multivariable
regression analysis was performed to identify independent predictors of ischemic
cerebrovascular events (TIA and ischemic stroke) and the predictors of mortality in the

whole TAVI cohort. Variables with clinical interest and with p <0.05 on univariable
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analysis were entered in a multivariable analysis. The multivariate analysis was
performed using backward stepwise Cox regression. All analyses were performed using
a hierarchical method to account for between-center variability. A 2- sided alpha level of
0.05 was used for all statistical testing. Data of patients were censored after the first
LCVE. All statistical analyses were performed using STATA version 14.0 (StataCorp,
College Station, Texas) and SAS version 9.4 (SAS Institute, Cary, North Carolina).

4.5. RESULTS

Baseline, procedural characteristics, and in-hospital outcomes of the study

population are shown in Table 4.1.

Table 4.1. Baseline, procedural characteristics, and in-hospital outcomes
according to the occurrence of late cerebrovascular events.

Overall LCVEs No LCVEs Value

(n=3750)  (n=192)  (n=3558) P
Baseline characteristics
Age, years 80 +/-8 82 +/-7 80 +/-8 0.001
Female (15%9;1) 104 (54.2) 1790 (50.3)  0.301

) 26.7 (23.8- 27.0 (24.2- 26.8 (23.8-
BMI, kg/m 30.4) 30.1) 30.5) 0.911
2999 2841
HTA (80.1) 158 (82.2) (80.01) 0.439
1272

DM (33.9) 74 (38.5) 1198 (33.7)  0.167
History of smoking 712 (26.6) 32 (21.9) 680 (26.9) 0.186
COPD 859 (22.9) 43(23.3) 816 (22.9) 0.899
Cerebrovascular disease 464 (12.4)  40(20.8) 424 (11.9) <0.001
Peripheral artery disease 747 (19.9)  38(19.7) 709 (19.9) 0.956
Coronary artery disease (134(?) 78 (40.8) 1570 (44.2)  0.358
Atrial fibrillation or 1169
flutter (31.2) 56 (29.3) 1113(31.3)  0.557
Chronic renal disease 1986
(eGFR (<60 mL/min) (53.1) 100 (52.0) 1886(53.1) 0.775
CHADS score (mean) 3.17(1.04) 3.42+/-1.18 3.15+/-1.03 <0.001
STS-PROM (%) 4.9?.%)37- 4.858(5’3.22- 4.957.(:).38- 0.865
Echocardiography
baseline findings
LVEF, % 60 (48-62) 60 (50-65) 60 (48-61) 0.044
Median aortic gradient, 5 37.55) 47 (38-59) 45 (36-55)  0.027

mmHg

117



: ? 0.70 (0.55- 0.66 (0.5- 0.70 (0.56-
Aortic valve area, cm 0.8) 0.8) 0.8) 0.058
MR>2 493 (13.9) 22(12.0) 473(13.9) 0.580
Procedural and in-
hospital outcomes
Valve-in-Valve 190 (5.1) 7(3.7) 183 (5.2) 0.353
Primary access, n (%)
Transfemoral 2970 156 (81.25) 2814 (80.4)
(80.51) ' ' 0.790
Non-transfemoral 719 (19.4) 36 (18.7) 683 (19.5)
Valve type, n(%)
Balloon-Expandable (1?39% 88 (46.3) 1611 (45.7) 0.874
Self-Expandable éal;) 102 (53.6) 1912 (54.2)  0.874
Valve Embolization 28 (0.8) 3(1.5) 25 (0.7) 0.183
Need 2nd valve 86 (2.4) 5(2.7) 81 (2.4) 0.803
Acute renal failure 360 (9.9) 19 (10.2) 341 (9.9) 0.886
Major vascular 249(6.6) 14(7.2)  235(66)  0.716
complication
Stroke (Hospitalization) 74 (1.9) 10 (5.2) 64 (1.8) 0.004
New-onset atrial
fibrillation 334 (12.8) 20(13.6) 314 (12.7) 0.774
Echocardiography post
procedure
LVEF, % 60 (50-61) 60 (55-65) 60 (50-60) 0.005
Mean valve gradient,
mmHg 10 (7-13) 9 (7-12) 10 (7-13) 0.302
Aortic valve area, cm? 161(91)3 1.6(1.3-1.9) 1.6(1.3-1.9)  0.950
AR >2 118 (3.3) 11 (6.1) 107 (3.1) 0.031
Treatment at discharge
MAPT 578 (15.4) 29 (15.1) 549 (15.4) 0.903
1752
DAPT (47.2) 102 (53.1) 1650 (46.8)  0.092
Anticoagulation (133193) 60 (31.2) 1239(34.8) 0.311

Values are mean + SD, median and interquartile range or n (%). LCVEs: late cerebrovascular
events; BMI: Body mass index; HTA: Hypertension; D.M. Diabetes mellitus; COPD: chronic
obstructive pulmonary disease; CABG: Coronary artery bypass grafting; NYHA: New York heart
association; eGFR: estimated glomerular filtration rate; STS-PROM: Society of Thoracic

Surgeons Predicted Risk of Mortality

MAPT: mono antiplatelet therapy; DAPT: dual antiplatelet therapy; LCVEs: Late
cerebrovascular events; LVEF: Left ventricular ejection fraction; AR: Aortic regurgitation; MR:

Mitral regurgitation; TR: Tricuspid regurgitati

on.
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Mean age of the patients was 80 +/- 8 years, 50.5% were women, and the mean
Society of Thoracic Surgeons Predicted Risk of Mortality score was 4.9% (IQR: 3.4% to
7.5%). Most procedures (80.5%) were performed through the transfemoral approach and
balloon- and self-expanding transcatheter valves were used in 46% and 54% of cases,
respectively. Inhospital stroke occurred in 2% of patients, and 34.6% of patients were
discharged on anticoagulation therapy. Among them, 77.1% and 22.9% were under
vitamin K antagonists (VKA) and novel oral anticoagulants (NOACs), respectively.
Patients not receiving anticoagulation therapy were under mono or dual-antiplatelet
therapy in 24.8% and 75.2% of cases, respectively. Supplemental Tables 4.1 and 4.2
provide details about antithrombotic treatment at discharge (according to the occurrence

of late ischemic or hemorrhagic cerebrovascular events).

4.5.1. Incidence, type, and factors associated with LCVEs

After a median follow-up of 2 years (IQR: 1 to 4 years), a total of 192 (5.1%)
patients had an LCVE. The LCVE occurred at a median of 16 months (IQR: 5 to 33
months) post-TAVI, and the annual incidence (up to 4-year follow-up) ranged from 1.5%
to 2.1% (2.14 per 100 person-years) (Central Illustration 4.1). The LCVE consisted of
astroke and a TIA event in 154 (80.2%) and 38 (19.8%) patients, respectively. The stroke
was of ischemic, hemorrhagic, and undetermined origin in 124 (80.5%), 29 (18.8%), and

1 (0.7%) patients, respectively (Figure 4.1).

70

LCVEs (%)

20
) I .
0

TIA Ischemic stroke Hemorrhagic stroke Undetermined stroke

n: 38 n: 124 n:29 n:1

Figure 4.1. Type of LCVEs post-TAVI. TIA: Transient ischemic attack.
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Central Illustration 4.1. Annual incidence, clinical severity and survival after LCVESs. Annual incidence
of LCVEs in the first 4 years after the TAVI procedure (top), stroke severity (bottom, left), Kaplan-Meier
curve for all-cause mortality up to 4 years following LCVE (bottom, right).

TIA: Transient ischemic attack.

The clinical and procedural characteristics of patients according to the occurrence
of a LCVE are shown in Table 4.1. Patients with an LCVE were older, had more
frequently a history of cerebrovascular disease, a higher CHADs score, a more severe
aortic stenosis (higher transvalvular gradient), and had presented more frequently a stroke
event during the periprocedural period (p < 0.05 for all). The clinical and procedural
characteristics of patients who had an ischemic and hemorrhagic LCVE are shown in
Supplemental Tables 4.3 and 4.4, respectively. The univariable and multivariable
analyses for determining the predictors of LCVEs of ischemic origin (ischemic stroke or
TIA) are shown in Table 4.2. The independent predictors of late ischemic events were
older age (hazard ratio [HR]: 1.04 for each increase of 1 year; 95% confidence interval
[CI]: 1.02 to 1.06), history of cerebrovascular disease (HR: 1.87; 95% CI: 1.57 to 2.21),
higher baseline mean aortic gradient (HR: 1.05 for each increase of 10 mm Hg; 95% ClI:
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1.01 to 1.09), periprocedural stroke at the time of the TAVI procedure (HR: 3.21; 95%
Cl: 1.46 to 7.07), and the lack of anticoagulation (hence, patients that had received either

single or dual-antiplatelet treatment) therapy at hospital discharge (HR: 1.41; 95% CI:
1.20 to 1.64).

Table 4.2. Factors associated with late ischemic events (TIA, ischemic stroke) after TAVI.

Univariable model Multivariable model

HR (95%CIl) pvalue HR(95%CI) pvalue

Age, years 1.04 (1.02-1.06) <0.001 1.04(1.02-1.06) <0.001
Cerebrovascular disease 1.85(1.53-2.24) <0.001 1.87(1.57-2.21) <0.001
Baseline mean aortic gradient, mmHg* 1.08 (1.03-1.13) <0.001 1.05(1.01-1.09) 0.035
Periprocedural stroke during TAVI 3.55 (1.50-8.38) 0.004  3.21(1.46-7.07) 0.004
Lack of anticoagulation at discharge 1.33(1.01-1.64) 0.005 1.41(1.20-1.64) <0.001

*For each increase in 10 mmHg

Antithrombotic treatment according to the type of stroke is shown in Figure 4.2.
Whereas most patients who had an ischemic stroke were on single antiplatelet therapy,
anticoagulation treatment was more frequent in patients who had a hemorrhagic stroke
(48.3% vs. 27.4%; p = 0.027) (Supplemental Table 5.4). Among the 14 patients under
anticoagulation therapy who suffered a hemorrhagic stroke, 5 (36%) were also under

antiplatelet treatment at the time of the event.
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Figure 4.2. Antithrombotic treatment at the time of the stroke event, according to stroke type.
MAPT: Mono-antiplatelet therapy. DAPT: Dual antiplatelet therapy.
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4.5.2. Echocardiographic assessment at the time of LCVE

Among those patients with late ischemic cerebrovascular events (TIA and
ischemic stroke), transthoracic echocardiography at the time of the event was available in
94 patients (58% of patients at risk). No signs suggestive of valve thrombosis were
detected in any of these patients, and the mean transvalvular gradient at the time of the
event was similar to the values obtained at hospital discharge post-TAVI (Figure 4.3).
The presence of possible structural valve degeneration (increase in mean gradient >10
mm Hg) was found in 2 (2.1%) patients and clinically relevant structural valve

degeneration was present in 1 (1%) patient.

20
1

15

Mean: 10.6 mmHg
Mean: 10.1 mmHg

Valve gradient (mmHg)
10
1

I:I Valve mean gradient post procedure :l Valve mean gradient peri ischemic event

Figure 4.3. Changes in aortic valve gradient over time.

Aortic valve gradient immediately after the TAVI procedure compared to valve gradient at the time of
LCVE. Values inside the box indicates the mean from aortic mean valve gradients (mmHg). The line
within the box indicates the median value. Top and bottom of the box are the 75th and 25th percentiles,
respectively. Error bars (end of the whisker) indicate upper and lower adjacent values (the most extreme
values within 1.5 interquartile range of the nearer quartile).

4.5.3. LCVE and clinical outcomes

Late stroke was disabling in 107 (69%) patients and associated with an in-hospital
mortality rate of 29% (Central Illustration 4.1). Among patients with hemorrhagic

stroke, disabling status and in-hospital mortality rates increased up to 79% and 66%,
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respectively. After a median follow-up of 15 months (IQR: 1 to 34 months) following the
LCVE, a total of 92 patients (48%) had died. The Kaplan-Meier curves for all cause
mortality up to 4 years following the LCVE are shown in Figure 4.4.
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Figure 4. Kaplan-Meier curves for all-cause mortality post-LCVE.
A. Kaplan-Meier curve for all-cause death after LCVEs.

B. Kaplan-Meier curve for all-cause death after late ischemic stroke.

C. Kaplan-Meier curve for all-cause death after late hemorrhagic stroke.

The univariable and multivariable analyses of the factors associated with

increased all-cause late (>30 days) mortality following TAVI (overall population) are

123



shown in Table 4.3. The occurrence of an LCVE was identified as an independent
predictor of all-cause mortality following TAVI (HR: 1.34; 95% CI: 1.12 to 1.59; p %
0.001). The Kaplan-Meier curves for all-cause mortality following TAVI according to

the occurrence of LCVE are shown in Figure 4.5.

Table 4.3. Factors associated with all-cause mortality after TAVI.

Univariable model

Multivariable model

HR (95%CI) p value HR (95%CI) p value
Age, years 1.01 (1.01-1.02) <0.001 1.02 (1.01-1.02) <0.001
Female 0.78 (0.68-0.87) <0.001 - -
Diabetes 1.16 (1.08-1.24) <0.001 - -
History of smoking 1.14 (1.04-1.24) 0.004 - -
COPD 1.48 (1.24-1.75) <0.001 1.53 (1.27-1.83) <0.001
Peripheral artery disease 1.38 (1.16-1.65) <0.001 - -
Coronary artery disease 1.15 (1.03-1.30) 0.017 - -
'f““tjrti;:rﬁb””aﬁon or 142 (1.29-156)  <0.001 1.48 (1.29-1.70) <0.001
Baseline LVEF, % 0.99 (0.99-0.99) <0.001 0.99 (0.99-0.99) <0.001
;g?g;:emora' primary 0.68 (0.56-0.83) <0.001 0.69 (0.61-0.79) <0.001
?;‘ﬁ renal failure post 1.64 (1.26-2.13) <0.001 1.52 (1.19-1.95) <0.001
Mol AB@sie  eon -
LCVEs 1.26 (1.01-1.58) 0.047 1.34 (1.12-1.59) 0.001

Abbreviations as in Table 1
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Figure 4.5. Kaplan-Meier curves for all-cause mortality according to the occurrence of LCVEs.

4.6. DISCUSSION

The main results of our study showed that LCVEs post-TAVI occurred in 5.1%
of patients after a median follow up of 2 years post-TAVI, with an annual incidence of
1.5% to 2.1% over the 4 years following the procedure. Most LCVEs consisted of
ischemic strokes, and older age, history of cerebrovascular disease, higher mean aortic
gradient, periprocedural stroke at the time of the TAVI procedure, and the lack of
anticoagulation (VKA or NOACSs) therapy at hospital discharge (post-TAVI) were
associated with an increased risk. However, one-half of patients suffering a hemorrhagic
stroke were under anticoagulation therapy at the time of the event (a combination with
antiplatelet therapy was present in one-third of them). The echocardiographic assessment
at the time of the LCVE did not show signs of valve thrombosis and structural valve
degeneration was detected in a minority (~3%) of patients. Two thirds of late strokes were
disabling and associated with very high in-hospital (29%) and late (~50% at a median of
15 months) mortality rates. Clinical outcomes were particularly dreadful among patients

with hemorrhagic stroke (disabling, 79%; in-hospital mortality, 66%).
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The present study is the largest to date evaluating late neurological events in the
TAVI setting. Kleiman et al. (136) reported 123 stroke events beyond the periprocedural
TAVI period, but late stroke was defined as any episode occurring >10 days (instead of
>30 days) after TAVI. The cumulative yearly incidence of LCVESs ranged between 1.5%
and 2.1% (2.14 per 100 person-years), similar to the incidence reported in previous
studies (134,136,356). Despite the use of antithrombotic therapy in most patients, this
yearly cerebrovascular event rate seems to be higher than that reported in a general
population of similar age (0.7 to 0.9 per 100 person-years in the 75 to 85 year old interval
according to the ARIC [Atherosclerosis Risk In Communities] trial (357)]). This
emphasizes the importance of identifying the factors associated with an increased risk of
LCVEs in the TAVI population.

First, one may wonder whether the transcatheter aortic bioprosthesis per se may
increase the risk of late stroke. The present study provides, for the first time, reassuring
data regarding the echocardiographic findings at the time of the cerebrovascular event.
Thus, no cases of clinically relevant valve thrombosis or endocarditis were detected, and
the rate of possible or clinically relevant structural valve degeneration was low (3%),
similar or even lower than that reported in previous TAVI studies with a similar follow-
up period (79). Also, the rate of late stroke in PARTNER (Placement of AoRTic
TraNscathetER Valve) and SURTAVI (Surgical Replacement and Transcatheter Aortic
Valve Implantation) trials was similar in TAVI and SAVR patients (137,358), suggesting
the lack of impact of transcatheter (vs. surgical) valves in LCVEs. Finally, TAVI
candidates frequently exhibit a high atherosclerotic burden, and studies including elderly
patients with coronary artery disease (non-TAVI) have reported similar rates of stroke at
midterm follow-up, indirectly suggesting the lack of negative impact of the transcatheter
valve on LCVEs (359).

Older age and a history of cerebrovascular disease were found to be independent
predictors of ischemic LCVESs post-TAVI. These 2 factors have been associated with an
increased risk of cerebrovascular events in the general population (357,360), and they
have also been identified as risk factors of both early (periprocedural) and late stroke post-
TAVI (134,358,361). A higher mean aortic gradient at baseline was also associated with

late ischemic events. This suggests the presence of a more calcified aortic valve, a
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condition that has already been associated with an increased risk of neurological events
in the TAVI periprocedural period (354,358). A higher amount of aortic valve
calcification may also reflect an increased atherosclerotic/inflammation burden that
would indeed contribute to the risk of LCVESs (362).

Interestingly, the occurrence of periprocedural stroke was also associated with a
3-fold increased risk of LCVEs post-TAVI. Thus, in addition to mechanical factors
leading to brain embolization during the TAVI procedure, periprocedural stroke seems to
identify a group of patients at global risk of cerebrovascular events, and this may be
considered in future studies for preventing subsequent events in these patients. Finally,
the lack of anticoagulation therapy (NOACs or VKAS) at hospital discharge post-TAVI
was associated with an increased risk of ischemic LCVEs. The occurrence of delayed
episodes of atrial arrhythmias may partially explain such an association. In fact, the
MARE trial (321), using an implantable cardiac monitoring device in TAVI recipients,
showed that close to one-fifth of patients presented episodes of new-onset atrial
fibrillation (most of them silent) within the months following the procedure. Identifying
those patients with atrial arrhythmias could be useful to implement specific therapies as
anticoagulation treatment. However, Chakravarty et al. (349) reported that subclinical
leaflet thrombosis (as determined by 4-dimensional computed tomography [CT] scan)
was associated with ischemic LCVEs (TIA or ischemic stroke) and anticoagulation
seemed to be an effective preventive therapy. No CT data were available in the present
study, but the echocardiographic data showing no significant changes in valve
hemodynamics at the time of the ischemic event were not supportive of the role of valve
thrombosis or structural degeneration on such events. Also, the median time of LCVEs
(16 months post-TAVI) seems to be beyond the time period of subclinical transcatheter

valve thrombosis, usually within the initial weeks/months post-TAVI (79).

Ongoing randomized studies will provide definite data on the potential
relationship between subclinical valve thrombosis and neurological events, and on the
potential role of anticoagulation post-TAVI (363,364). Meanwhile, it is important to
consider that anticoagulation therapy increases the risk of bleeding events, including
intracranial hemorrhage (365). In fact, the relative proportion of hemorrhagic stroke
(18%) in our study population seems to be higher than that observed in the general stroke
population (10% to 16%) (357,366,367), suggesting that TAVI recipients may be at
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higher risk of intracranial bleeding. In fact, one-half of patients who had a hemorrhagic
stroke in our study were receiving anticoagulants at the time of the event, and a significant
proportion was under a combination of anticoagulant and antiplatelet drugs. Abdul-Jawad
et al. (368) showed that combining anticoagulation and antiplatelet therapy in TAVI
recipients increased late bleeding rates with no additional benefit with respect to ischemic
events. Thus, current data along with the results from our study do not support the use of
multiple antithrombotic drugs (particularly anticoagulation plus antiplatelet therapy) in
TAVI and highlight the importance of implementing appropriate and evidence-based
antithrombotic therapies, also considering the difficult balance between ischemic and
hemorrhagic events in such patients (369,370). Finally, it should be noted that no
supplemental benefit was observed in patients discharged under dual over single

antiplatelet therapy regarding the occurrence of late ischemic events.

LCVEs post-TAVI had a major impact on clinical outcomes and were identified
for the first time as an independent predictor of all-cause mortality among TAVI
recipients. About two-thirds of stroke events were disabling and close to one-third and
one-half of the patients died in-hospital and after a median follow-up of 15 months,
respectively. Clinical outcomes were particularly dreadful among patients with
hemorrhagic stroke, with extremely high disabling status (79%) and in-hospital mortality
(66%) rates. Overall, the impact of late stroke among TAVI recipients seems to be similar
to that observed in non-TAVI stroke cohorts of similar age (371). The high comorbidity
burden and frequent frailty conditions in elderly individuals may likely contribute to such
poor outcomes, but the possibility of elderly patients not receiving appropriate evidence-
based therapies at the same level of their younger counterparts has also been pointed out
as a contributing factor (372). Future studies need to determine the use of stroke evidence

based therapies among TAVI recipients suffering a late stroke event.

4.6.1. Study Limitations

Although data were recorded prospectively, data analysis for this study was of
retrospective nature. No event adjudication committee or echocardiographic core
laboratory were available. No CT data were available for the evaluation of subclinical
valve thrombosis. Finally, data on the specific treatment during the LCVE (i.e.,

thrombolysis or hospitalization in a specialized stroke unit) were not recorded.
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4.7. CONCLUSIONS

LCVEs post-TAVI occurred at a rate of 2.14 per 100 person-years, which seems
to be higher than the incidence reported in a general population of similar age. Most
LCVEs were of ischemic origin and older age, prior stroke (before or during the TAVI
procedure), a more severe aortic stenosis, and the lack of anticoagulation therapy post-
TAVI were identified as independent risk factors. Importantly, echocardiographic studies
at the time of the LCVE failed to identify valve thrombosis or degeneration as underlying
factors. These data may be considered in further studies regarding potential preventive
measures of LCVEs following TAVI. Most late stroke events were disabling and
associated with very high early and late mortality rates, further highlighting the
importance of future efforts to reduce their occurrence and implement the most

appropriate therapies to improve outcomes.
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4.8. CLINICAL PERSPECTIVES

What's known?

While the risk of cerebrovascular events post-TAVI peaks within the days following the

procedure, very scarce data exist on late (>30 days) cerebrovascular events post-TAVI.

What's new?

LCVEs occurred in 5.1% of patients after a median follow-up of 2 years. Most LCVEs
were ischemic, and older age, history of cerebrovascular disease, a higher mean aortic
gradient, periprocedural stroke at the time of the TAVI procedure, and the lack of
anticoagulation therapy at discharge were identified as independent predictors.
Echocardiographic data did not show signs of thrombosis or degeneration in the vast
majority of patients. LCVES were associated with very high in-hospital and midterm

mortality rates.
What's next?

These data may inform future studies to both reduce the occurrence of and implement the

most appropriate therapies to improve outcomes following LCVEs in TAVI recipients.
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4.10. SUPPLEMENTAL MATERIAL

Supplemental Table 4.1. Detailed treatment at discharge according to the presence of late
ischemic events (TIA and late ischemic stroke).

Overall Late Non- Late
(n=3750) ischemic ischemic p
events events Value
(n=162) (n=3588)
MAPT alone AAS 460 (12.3) 17 (10.5) 443 (12.4)  0.482
Clopidogrel 110 (2.93) 9 (5.56) 101 (2.81)  0.054
Other 8 (0.22) 0 (0) 8 (0.21) 1
DAPT alone AAS+Clopidogrel 1746 93 (57) 1653 (46.07) 0.005
(45.56)
AAS+Ticagrelor/Prasugrel 6 (0.16) 0 (0) 6 (0.17) 1
Anticoagulation VKA 1010 (26.9) 33(20.37) 977 (27.23) 0.057
NOACs 297 (7.9) 9 (5.6) 288 (8) 0.255
Anticoagulation VKA + MAPT 738 (19.7) 24 (14.8) 714 (19.9) 0.129
+ MAPT
NOACs + MAPT 139 (3.71) 2 (1.23) 137 (3.82)  0.089
Triple therapy (Anticoagulation + DAPT) 97 (2.6) 2(1.23) 95 (2.65) 0.442

Values are n (%). MAPT: mono-antiplatelet therapy; DAPT: dual antiplatelet therapy; VKA: vitamin
K antagonists; NOACs: novel oral anticoagulants.

Supplemental Table 4.2. Detailed treatment at discharge according to the presence of late
hemorrhagic stroke

Overall Late Non- Late
(n=3750) hemorrhagic hemorrhagic p
stroke stroke Value
(n=29) (n=3721)
MAPT alone AAS 460 (12.3) 2 (6.9) 458 (12.31) 0570
Clopidogrel 110 (2.93) 0 (0) 110 (2.96) 1
Other 8(0.22) 0 (0) 8(0.21) 1
DAPT alone AAS+Clopidogrel 1746 (45.56) 9 (31) 1737 (45.68)  0.134
AAS+Ticagrelor/P 6 (0.16) 0(0) 6 (0.16) 1
rasugrel
Anticoagulation VKA 1010 (26.9) 16 (55.2) 994 (26.7)  0.001
NOACs 297 (7.9) 2 (5.6) 295(7.93)  0.255
Anticoagulation VKA + MAPT 738 (19.7) 13 (44.8) 725 (19.9) 0.129
+ MAPT
NOACs + MAPT 139 (3.71) 1(3.5) 138 (3.7) 1
Triple therapy (Anticoagulation + 97 (2.6) 3(10.3) 94 (2.5) 0.038
DAPT)

Values are n (%). MAPT: mono-antiplatelet therapy; DAPT: dual antiplatelet therapy; VKA: vitamin
K antagonists; NOACs: novel oral anticoagulants.
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Supplemental Table 4.3. Baseline, procedural characteristics and in-hospital

outcomes according to the presence of late ischemic events (TIA and late

ischemic stroke).

Overall L ate ischemic Non- Late
(n=3750) ischemic
events p Value
(n=162) events
(n=3588)
Baseline characteristics
Age, years 80 +/-8 82 +/-7 80 +/-8 0.001
Female 1894 (50.53) 92(56.79) (5183 %é) 0.301
26.79(23.82- 26.78
BMI, kg/m2 30.44) % (02;‘)'24' (2380-  0.9994
' 30.45)
2999 (80.12) 2866
HTA 133 (82.10) (80.03) 0.519
1272 (33.94) 1214
DM 58 (35.80) (33.85) 0.608
History of 712 (26.62) 26(21.14) 686 (26.88)  0.159
smoking
COPD 859 (22.99) 36(23.38)  823(2297)  0.906
Cerebrovascular 464 (12.41) 34 (20.99) 430 (12.02) 0.001
disease ' ' '
Peripheral artery 747 (19.95) 28 (17.28) 719 (20.07) 0.386
disease ' ' '
Coronary artery 1648 (44.05) 1590
disease 58 (36.02) (44.412) 0.036
Atrial fibrillation 1169 (31.24) 1127
or flutter 42(26.09) (31.47) 0.149
Chronic renal 1986 (53.09) 1899
disease (eGFR 87 (53.70) (53.06) 0.872
(<60 mL/min) '
CHADS (mean) 3.17 +/-1.04 3.44+/-1.14  3.15+/-1.04  0.0007
STS-PROM 4.93(3.37-1.53) 4.8(3.16-8) 4'9‘7‘%38' 0.8356
Echocardiography baseline findings
LVEF, % 60(48-62) 60(55-65) 60(48-61) 0.0051
Mean aortic 45(37-55) 45(36.85-
gradient, mmHg 47(38-60) 55) 0.0299
Aortic valve area, 0.7(0.55-0.8) 0.7(0.56-
orm? 0.65(0.5-0.8) 0.8) 0.0475
MR>2 493 (13.87) 20 (12.90)  473(13.92)  0.721



Procedural and in-hospital outcomes

Valve-in-Valve 190 (5.08) 7 (4.32) 183 (5.11) 0.653
Primary access, n
(%)
Transfemoral 2970 (80.51) 134 (82.72) 2836
(8041)  0.468
Non-transfemoral 719 (19.49) 28 (17.28) 691 (19.59)
Valve type, n(%)
Balloon- 1632
Expandable 1699 (45.76) 67 (41.88) (45.93) ) a1s
1921 '
Self-Expandable 2014 (54.24) 93 (58.13) (54.07)
Valve
Embolization 28 (0.78) 3(1.88) 25 (0.73) 0.110
Need 2nd valve 86 (2.42) 5 (3.18) 81 (2.38) 0.523
fA‘?Ute renal 360 (9.96) 17 (10.83) 343(9.92)  0.886
ailure
Major vascular 249 (6.65) 14 (8.64) 235 (6.56)  0.299
complication
Stroke
(Hospitalization) 74 (1.98) 10 (6.17) 64 (1.79)  <0.001
New-onset atrial
fibrillation 334 (12.84) 17 (13.60) 317 (12.80)  0.794
Echocardiography post procedure
LVEF, % 60 (50-61) 60 (55-65) 60 (50-60)  0.0009
Mean valve
gradient, mmHg 10 (7-13) 9 (7-12) 10 (7-13)  0.2978
g\rgg“c valve area, 1.6 (1.3-1.9) 16(1.3-1.9)  1.6(1.3-1.9) 0.8102
AR >2 118 (3.34) 7 (4.70) 111 (3.28)  0.346
Treatment at discharge
MAPT 578 (15.41) 26 (16.05) 552 (15.38)  0-819
1659 0.008
DAPT 1752 (47.21) 93 (57.41) (46.75)
. . 1257 0.017
Anticoagulation 1299 (34.64) 42 (25.93) (35.03)

Values are mean + SD, median and interquartile range or n (%). LCVESs: late cerebrovascular events;
BMI: Body mass index; HTA: Hypertension; D.M. Diabetes mellitus; COPD: chronic obstructive
pulmonary disease; CABG: Coronary artery bypass grafting; NYHA: New York heart association;
eGFR: estimated glomerular filtration rate; STS-PROM: Society of Thoracic Surgeons Predicted Risk
of Mortality

MAPT: mono-antiplatelet therapy; DAPT: dual antiplatelet therapy; LVEF: Left ventricular ejection
fraction; AR: Aortic regurgitation; MR: Mitral regurgitation; TR: Tricuspid regurgitation.
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Supplemental Table 4.4. Baseline, procedural characteristics and in-hospital
outcomes according to the presence of late hemorrhagic stroke.

Overall Late Non- Late
(n=3750) hemorrhagic  hemorrhagic
stroke stroke p Value
(n=29) (n=3721)
Baseline characteristics
Age, years 80 +/-8 79 +/-8 80 +/-8 0.338
Female 1894 (50.53) 12 (41.38) 1882 (50.61)  0.322
26.79(23.82- 2751 (24.24-  26.78 (23.81-

BMI, kg/m?2 30.44) 30.11) 30.44) 0.8085
HTA 2999 (80.12) 24 (82.76) 2975 (80.10)  0.721
DM 1272 (33.94) 16 (55.17) 1256 (33.77)  0.015
History of 712(26.62) 6 (26.09) 706 (26.62)  0.159
smoking
COPD 859 (22.99) 7 (24.14) 852 (22.98)  0.906
(Cj:_erebrovascular 464 (12.41) 6 (20.69) 458 (12.35) 0.175

isease
(Fj’_erlpheral artery 747 (19.95) 10 (34.48) 737 (19.83) 0.049

isease
g.oronary artery  1648(44.05)  g553502) 1500 (44.41)  0.036

isease
Atrial fibrillation 1169 (31.24) 14 (48.28) 1155 (31.11) 0.047
or flutter
Chronic renal 1986 (53.09)
disease (eGFR 12 (41.38) 1974 (53.18)  0.0.205
(<60 mL/min)
CHADS (mean) 3.17 +/-1.04 3.34+/-1.37 3.16+/-1.04  0.3522
STS-PROM 4'973(5%;37' 5.34(4.22-10.03) 4.92(3.36-7.5) 0.2586
Echocardiography baseline
findings
LVEF, % 60(48-62) 55(38-60) 60(48-62) 0.1791
Mean aortic 45(37-55) 47(40-52) 45(37-555)  0.8494
gradient, mmHg
pofticvalvearea,  0.70055:08) 9705108  07(055-08) 09603
MR>2 493 (13.87) 2 (8.33) 491 (13.91)  0.565
Procedural and in-hospital outcomes
Valve-in-Valve 190 (5.08) 0(0)) 190 (5.12) 0.4

Primary access, n
(%)
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Transfemoral 2970 (80.51) 21 (72.41) 2949 (80.57)
0.269
Non-transfemoral 719 (19.49) 8 (27.59) 711 (19.43)
Valve type, n(%)
Balloon-
Expandable 1699 (45.76) 20 (68.97) 1679 (45.58) 0,012
Self-Expandable 2014 (54.24) 9 (31.03) 2005 (54.42)
Valve
Embolization 28 (0.78) 0(0) 28 (0.79) 1
Need 2nd valve 86 (2.42) 0(0) 86 (2.44) 1
Acute renal
failuire 360 (9.96) 2 (7.41) 358 (9.98) 0.656
Major vascular 249 (6.65) 0 (0) 249 (6.71)  0.258
complication
Stroke
(Hospitalization) 74 (1.98) 0(0) 4(2) 1
New-onset atrial
fibrillation 334 (12.84) 3(13.64) 331(12.83)  0.794
Echocardiography post procedure
LVEF, % 60 (50-61) 60 (46-61) 60 (50-61)  0.5964
Mean valve
gradient, mmHg 10 (7-13) 10 (7.5-10.5) 10 (7-13) 0.7809
{jrggt'c valvearea, 4 51 3.1 9) 1.7 (1.4-2) 16(1.3-1.9) 0.9643
AR >2 118 (3.34) 4 (14.29) 114 (3.25) 0.013
Treatment at discharge
MAPT 578 (15.41) 2 (6.90) 576 (15.48)  0-300
DAPT 1752 (47.21) 9 (31.03) 1743 (47.34) ~ 0.080
Anticoagulation 1299 (34.64) 18 (62.07) 1281 (34.43) 0002

Values are mean + SD, median and interquartile range or n (%). LCVES: late cerebrovascular events;
BMI: Body mass index; HTA: Hypertension; D.M. Diabetes mellitus; COPD: chronic obstructive
pulmonary disease; CABG: Coronary artery bypass grafting; NYHA: New York heart association;
eGFR: estimated glomerular filtration rate; STS-PROM: Society of Thoracic Surgeons Predicted Risk
of Mortality

MAPT: mono-antiplatelet therapy; DAPT: dual antiplatelet therapy; LVEF: Left ventricular ejection
fraction; AR: Aortic regurgitation; MR: Mitral regurgitation; TR: Tricuspid regurgitation.

136



Supplemental Table 4.5. Anticoagulation vs Non-anticoagulation according
to type of stroke in the moment of stroke event.

Ischemic Hemorrhagic p value
stroke stroke
Anticoagulation 34 (27.4) 14 (48.3) 0.029
Non-Anticoagulation 90 (72.6) 15 (51.7)
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5.1. RESUME

Etude prospective multicentrique incluant 459 patients TAVI sans stimulateur
cardiaque. L'objectif était de determiner I'impact du bloc auriculo-ventriculaire complet
ou de haut degré tardif (BAC/BHD) en utilisant une approche minimaliste (séjour a
I'ndpital : 2 [1-3] jours) suivie d'une surveillance ambulatoire par électrocardiogramme
(SAE). La surveillance systématique pendant 2 semaines a détecté des épisodes de
BAC/BHD dans ~5% des cas, sans mortalité a 1 mois. Alors que le BAC/BHD était rare
chez les patients sans modification de 1’électrocardiogramme apres la procédure (2,2 %),
les patients avec bloc de branche droite (13,6 %) et les patients avec troubles de
conduction de novo (8,5 %) ont déterminé un risque accru. Ces résultats plaident en faveur
d'une prise en charge individualisée post TAVI, en utilisant une surveillance continue
apres la sortie de 1’hopital et en évaluant des périodes d'hospitalisation plus longues chez
les patients a haut risque de troubles du rythme tardifs.
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5.2. ABSTRACT

Background: Little is known regarding the clinical impact of high-degree
atrioventricular or complete heart block (HAVB/CHB) in the early period after discharge
following transcatheter aortic valve implantation (TAVI).

Objectives: To determine the impact of delayed HAVB/CHB after TAVI using a
minimalist approach followed by ambulatory electrocardiographic (AECG) monitoring.
Methods: Prospective, multicenter study including 459 consecutive TAVI patients
without permanent pacemaker (PPM) who had continuous AECG monitoring for 14 days
(hospital stay: 2 [1-3] days), using two devices (CardioSTAT and Zio AT). Primary
endpoint: occurrence of HAVB/CHB. Patients were divided into 3 groups: 1) No right
bundle branch block (RBBB) and no electrocardiographic (ECG) changes; Il) Baseline
RBBB with no further changes; I11) New-onset ECG conduction disturbances (ECG-
CDs).

Results: Delayed HAVB/CHB episodes occurred in 21 (4.6%) patients (median: 5 [4-6]
days post-procedure), leading to PPM in 17 (80.9%). HAVB/CHB events were rare in
group 1 (7/315 [2.2%]), and its incidence increased in group 11 (5/38 [13.6%], p<0.001 vs
group I) and I11 (9/106, [8.5%]; p=0.007 vs group I, p=0.523 vs group Il). No episodes of
sudden or all-cause death occurred at 30-day follow-up.

Conclusions: Systematic 2-week AECG monitoring following minimalist TAVI
detected HAVB/CHB episodes in ~5% of cases, with no mortality at 1-month. Whereas
HAVB/CHB was rare in patients without ECG changes post-TAVI, baseline RBBB and
new-onset CDs (particularly new-onset first-degree atrioventricular block) determined
an increased risk. These results would support a tailored management using AECG
monitoring and the possibility of longer hospitalization periods in patients at higher risk
of delayed HAVB/CHB.
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5.3. INTRODUCTION

Transcatheter aortic valve implantation (TAVI) has revolutionized the treatment
of aortic stenosis. However, the occurrence of new-onset left bundle branch block
(LBBB), high-degree atrioventricular block (HAVB), or complete heart block (CHB)
leading to permanent pacemaker (PPM) implantation remains the most frequent drawback
of the procedure (145), and its management is still under debate (296,297). Whereas
periprocedural arrhythmic disorders have been largely studied, scarce data exist regarding
delayed (>48 hours) events, particularly those occurring after hospital discharge. Also,
the TAVI field has progressively evolved to a “minimalist” approach with a short length
of stay (24-48 hours after the procedure or even same-day discharge) (126,127), which

may be controversial regarding the occurrence of delayed arrhythmic disorders.

Ambulatory electrocardiographic (AECG) monitoring during the early
postdischarge period has emerged as a tool for the early diagnosis and treatment of
delayed arrhythmic events following TAVI (315). Furthermore, a recent scientific expert
panel focusing on conduction disturbances (CDs) after TAVI proposed a tailored
postprocedural management on the basis of baseline and post-TAVI electrocardiography,
recommending the use of AECG monitoring in specific subsets such as patients with new
electrocardiographic (ECG) CDs or baseline right bundle branch block (RBBB) (296).
However, such a strategy lacks prospective validation. The objectives of this study using
systematic AECG monitoring in consecutive TAVI recipients were to determine the
incidence and clinical impact of delayed HAVB or CHB episodes in the overall TAVI
population and according to the prespecified groups at risk (no RBBB or new-onset CDs,
baseline RBBB, new-onset ECG CDs).

5.4 METHODS

5.4.1. Study design

This was a prospective study including consecutive transarterial TAVI patients.
Exclusion criteria included previous or in-hospital PPM or implantable cardioverter-
defibrillator, inhospital death, participation in other TAVI studies, and transaortic access.

The study included 2 prospective cohorts from 2 centers that were pooled in a single
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database. The first cohort was from a prospective trial (NCT04298593), and the second
consisted of a prospective clinical implementation of a local protocol for AECG
monitoring after TAVI. An AECG monitoring device (CardioSTAT [Icentia] or Zio AT
Patch [iRhythm Technologies]) was implanted before hospital discharge (the day before
or the same day of discharge) to perform AECG monitoring for 14 days. All types of
arrhythmic events were recorded. Clinical follow-up was performed at 30 days. The study
was performed in accordance with each local institutional ethics committees, and all

patients provided signed informed consent for the procedures.

5.4.2. CardioSTAT Device

The CardioSTAT is a single-use, wire-free, wearable heart monitoring patch that
provides continuous rhythm monitoring (single ECG trace lead) for 14 days (second-
generation device). The device has shown an excellent correlation with standard Holter
ECG monitoring in a clinical validation study (373). Patients reported symptoms
potentially related to arrhythmic events (eg, palpitations, dizziness, dyspnea, exercise
intolerance) by writing notes in a dedicated chart or pressing a symptom trigger button
located on the front of the device. Once the monitoring period was complete, the patient
returned the device personally or by mail. As soon as the patient returned the
CardioSTAT, the data were analyzed by a certified technologist, and a report was sent
electronically to a cardiac electrophysiologist for validation and final reporting. The time
delay between the end of the monitoring and the initial data interpretation was no longer
than 7 days. Patients with inadequate CardioSTAT signal (reported noise > 50%) were

excluded.

5.4.3. Zio AT Device

The Zio AT device is a single-use, water-resistant patch that sticks to the patient’s
chest and monitors the heart rhythm for up to 14-days. The device integrates a symptom
trigger button that can be pressed upon the occurrence of symptoms related to
arrhythmias. The device has shown correlation with standard Holter ECG monitoring
(374). Rhythm data were collected and analyzed when the device was received by the
manufacturer. On the basis of a predefined notification criterion (Supplemental Table
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5.1), events were reported to the prescribing provider while a call was placed to the
patient’s emergency contact. Individuals who met the predefined criteria were alerted and
instructed to visit the emergency department. The final report was reviewed by a board-

certified electrophysiologist.

5.4.4. Outcomes

The management of bradyarrhythmic events after the TAVI procedure followed
the recommendations of a recent scientific expert consensus focusing on CDs post-TAVI
(296), which divided TAVI recipients into several groups according to baseline and
postprocedural ECG findings. In accordance with this expert consensus, arrhythmic and
clinical events were analyzed according to 3 groups: 1) no changes between baseline and
discharge electrocardiography in patients without baseline RBBB, irrespective of other
baseline ECG CDs (group 1); 2) no changes between baseline and discharge
electrocardiography, in patients with baseline RBBB (group 2); and 3) new-onset ECG
CDs, which included new-onset LBBB, new-onset first-degree atrioventricular block (1-
AVB), new large QRS (120 ms) without LBBB morphology, and significant ECG
changes (increase in PR and/or QRS duration of >20 ms) in patients with preexisting ECG
CDs (1-AVB, RBBB, LBBB, or nonspecific intraventricular conduction delay) (group 3)
(Figure 5.1).

The primary outcome was the occurrence of HAVB or CHB during the 14-day
AECG monitoring period, overall and according to the prespecified groups. Secondary
outcomes were the occurrence of all type of arrhythmic events (tachyarrhythmias and
bradyarrhythmias), bradyarrhythmic events leading to PPM implantation, global
mortality, and sudden cardiac death at 30-day follow-up. HAVB was defined as any of
the following: second-degree atrioventricular block type 2 (Mobitz 1I), 2:1
atrioventricular block, or >2 consecutive P waves that did not conduct to the ventricle.
CHB was defined as P waves with a constant rate with dissociated ventricular rhythm or
fixed slow ventricular rhythm in the presence of atrial fibrillation (173). A significant
pause was defined as any pause lasting >4 seconds. Paroxysmal atrial fibrillation was
defined as any irregular atrial rhythm with the absence of consistent P waves lasting at
least 30 seconds (375). Nonsustained ventricular tachycardia was defined as runs of >3
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ventricular beats at a heart rate of >100 beats/min lasting <30 seconds. When ventricular

runs lasted >30 seconds, it was classified as sustained ventricular tachycardia (376).

Clinical events were defined according to the Valve Academic Research
Consortium-2 criteria (326). Sudden cardiac death was defined as a death occurring
within 1 hour of symptom onset if witnessed or within the previous 24 hours if
unwitnessed (377).

5.4.5. Statistical analysis

Qualitative variables are expressed as percentages and numeric variables as mean
(standard deviation) or median (interquartile range) according to variable distribution.
Categorical variables were compared using the chi-square or Fisher exact test as
appropriate. Numeric variables were compared using Student’s t-test or the Wilcoxon test
as appropriate. A 2-sided alpha level of 0.05 was used for all statistical testing. All
statistical analyses were performed using Stata version 14.0 (StataCorp).

Consecutive patients undergoing
TAVR
{July 2019-November 2020)
N=750

- PPM or defibrillator at baseline (n=90)

- PPM implantation after TAVR (n=101)

- In-Hospital death or unable to give informed
consent (n= 14)

- Transaortic access(n=3)

- Participation in other TAVR studies (n=4)

- Refuse to participate(n=12)
Patients not screened (n=33)

Successful TAVR procedure and patient
screened for AECG monitoring
n=493

= Device not returned by the patient* (n=18)
- Device with inadequate signal(n=18)

459 patients with
completed AECG
monitoring after TAVR
Group 1: No ECG Group 2: RBBB at Group 3: New ECG conduction
changes baseline disturbances
n =315 (68.6%) n=38(8.3%) n =106 (23.1%)

Figure 5.1. Flowchart of the study population.
AECG monitoring = Ambulatory ECG monitoring; ECG = Electrocardiogram; RBBB = Right bundle
branch block; PPM = Permanent pacemaker; TAVI = Transcatheter aortic valve implantation.

144



*The reasons to not return the device were not related to medical conditions (patients forgot and/or did
not correctly understand how to do it). No deaths or hospitalizations due to bradyarrhythmic events
occurred in these patients.

5.5. RESULTS

Among 750 consecutive TAVI procedures performed between July 2019 and
October 2020, 493 patients met the inclusion criteria and were screened for AECG
monitoring (Figure 5.1). After the exclusion of ECG tracings with inadequate signal and
lost devices (n = 34 [6.9%]; no mortality or hospitalization events due to
bradyarrhythmias occurred in these patients), 459 patients completed the AECG
monitoring, 211 (46%) and 248 (54%) with the CardioSTAT and Zio AT devices,
respectively. Table 5.1 depicts the clinical and procedural characteristics of the study
population. The mean age was 79 +/- 8 years, 208 patients (45.3%) were women, and the
mean Society of Thoracic Surgeons Predicted Risk of Mortality score was of 3.6% +/-
2.7%. A total of 126 patients (27%) had prior atrial fibrillation, and balloon- and self-
expandable valves were used in 393 (85.6%) and 65 (14.2%) patients, respectively. The
TAVI approach was transfemoral in 407 patients (88.7%), and the median hospitalization

length was 2 days (interquartile range: 1-3 days).

Table 5.1. Clinical and procedural characteristics of the study population
Baseline characteristics

Age 79 +/-8
Women 208 (45.3)
Hypertension 422 (91.9)
Diabetes mellitus 196 (42.7)
Coronary artery disease 267 (58.3)
Atrial fibrillation or flutter* 126 (27.5)
STS-PROM 3.6+/-27
Baseline treatment

Beta-blockers 186 (40.5)

Amiodarone 22 (4.8)

Anticoagulation 135 (29.4)
Echocardiography

Left ventricular ejection fraction 57 +/-11

Mean gradient, mmHg 43 (35-52)

Aortic valve area 0.8 (0.6-0.9)
Procedure
Valve type

Sapien 3/Ultra 393 (85.6)

Evolut R/Pro 58 (12.6)

Acurate 6 (1.3)
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Jenavalve 1(0.2)

Lotus 1(0.2)
Approach
Transfemoral 407 (88.7)
Other (transcarotid, transubclavian) 52 (11.3)
Prosthesis size
<23 mm 174 (38.2)
>23 mm 282 (61.8)
Electrocardiogram at discharge
Atrial fibrillation 51 (11.1)
PR interval, ms 183 +/- 34
QRS interval, ms 113 +/- 30
First-degree atrioventricular block* 80 (20)
Right bundle branch block 43 (9.4)
New-onset left bundle branch block 50 (10.9)
Medical treatment at discharge
Beta-blockers 194 (42.3)
Amiodarone 21 (4.6)
Anticoagulation 143 (31.2)
Length of hospital stay, days 2 (1-3)

Values are mean +/- SD, n (%), or median (interquartile range).
STS-PROM = Society of Thoracic Surgeons Predicted Risk of Mortality.
*Permanent and paroxysmal.

The prespecified groups for the analysis of bradyarrhythmic events were
distributed as follows: 315 patients (68.6%) in group 1, 38 (8.3%) in group 2, and 106
(23.1%) in group 3 (Figure 5.1). In group 1, 248 patients (79.0%) exhibited no significant
ECG CDs (PR interval < 200 ms if sinus rhythm and QRS duration < 120 ms), and 35
(11.2%) and 38 (12.1%) had 1-AVB and QRS duration > 120 ms, respectively
(Supplemental Table 5.2). Among the 107 patients from group 3, new-onset 1-AVB and
LBBB were found in 36 (33.6%) and 50 (46.7%) patients, respectively (Supplemental
Table 3). Among the 36 patients with new-onset 1-AVB, 4 (11.1%), 7 (19.4%), and 2
(5.6%) had RBBB, LBBB, or nonspecific intraventricular conduction delay at baseline.
The presence of PR and/or QRS enlargement in patients with baseline ECG CDs was

found in 26 patients (24.3%) in group 3.

5.5.1. Bradyarrhythmic events

AECG monitoring revealed significant bradyarrhythmic events occurring within
the 2-week period after hospital discharge in 36 patients (7.8%), 12 of them (33.3%)
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symptomatic (Table 5.2). HAVB or CHB and significant pause events occurred in 21

(4.6%) and 15 (3.3%) patients, respectively. PPM implantation because of AECG
monitoring findings was performed in 19 TAVI recipients (4.1%) (Table 5.2).

Table 5.2. Bradvarrhythmic events

Overall Groupl Groupll GroupIIT P Value

(m=459) (n=31%) (n=38) (n=106) Glohal GroupIvsIl GroupIvsIIl Group IIvsIIT

HAVB/CHB 21(4.6) T(2.2) 5713 R )] 0.001 =0.001 0.007 0.523
Time to HAVE/CHBE 3(3-6) 6(4-8) 8 (3-6) 3(3-6) 0.999 0909 0.999 0.999
Significant pause (>4 sec) 15(3.3) 929 233 4(3.8) 0.519 0336 0.745 0.654
Amny bradvarchythmia 30(7.8) la{an T(18.4) 13 (12.3) 0.002 0.002 0.024 0.346
Symptomatic Overall 12(2.6) 4(1.3) 4{10.5 4038 0.003 0.008 0114 0.208
event HAVE/CHBE 11(24) 4(1.3) 4103 328 0.007 0.006 0375 0.079

Significant pauze 1 (0.2) 0{m 0{m 1009 0314 - 0.252 0.999
PPM Overall 19(4.1) T2 (13 7(6.6) 0.002 =0.001 0.053 0.302
implantation HAVE/CHB 17(3.7) 6(1.9) I(la 603N 0.002 =0.001 0.083 0.139

Significant pauze 2 (04) 1(0.3) 0{m 1(0.9) 0.529 (.999 0.441 (.900

Valuas are n (%) or madian (interquartils rangs).

Groups were defined zccording to baselne and discharge ECG. Group 1: Mo changes betwean basaline and discharge (rrespective of previous ECG-CDs); Group 2: REEE at baseline;
Group 3: Mew CDs aftar TAVER (new-onset LEEE, new 1-AVE, naw wide QRE without LEEB morphology).

CDe: Conduction disturbancas; ECG: Elactrocardicgram; HAVE/CHE: High-degree atricventricular block/Complats heart bleck; LEBE: Laft undle branch block; REBE: Fight bundls
branch block: PEPM: Penmanant pacemaker implantation
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Significant differences were found in the incidence of HAVB or CHB according
to the prespecified groups (Table 5.2, Central Illustration 5.1). The incidence of
HAVB or CHB episodes was 2.2% in patients without changes between baseline and
discharge electrocardiography (group 1), and all patients underwent PPM implantation
(2.2%) (Table 5.2, Figure 5.2). Patients with RBBB at baseline and without further
ECG changes (group 2) exhibited a 13.2% rate of both HAVB or CHB episodes and
PPM implantation (P < 0.001 vs group 1). Patients with de novo ECG CDs (group 3)
had incidence rates of 8.5% and 6.6% of HAVB or CHB events and PPM implantation,
respectively (HAVB or CHB, P = 0.007 vs group 1 and P = 0.523 vs group 2; PPM
implantation, P = 0.053 vs group 1 and P = 0.302 vs group 2).

2-week ambulatory ECG monitoring after TAVR (n= 459)

e |
!
! | !

Group 1: No ECG changes Group 2: RBBB at baseline Group 3: New ECG conduction disturbances
(n=315) (n=38) (n =106)
Delayed HAVB/CHB > 2.2% Delayed HAVB/CHB > 13.2% Delayed HAVB/CHB - 8.5%

Central Illustration 5.2. 2-week ambulatory ECG monitoring following TAVI.

Ambulatory ECG (AECG) monitoring was performed in consecutive patients without permanent
pacemaker implantation following TAVI. Two patch-based devices were used, the CardioSTAT (Icentia
Inc, Quebec, Canada ) and the Zio AT (iRhythm Technologies, Inc., San Francisco, CA, USA) . The
primary endpoint was the occurrence of HAVB/CHB. Groups were defined according to baseline and
discharge ECG conduction disturbances (ECG-CDs). Group 1: No changes between baseline and
discharge (irrespective of previous ECG-CDs); Group 2: RBBB at baseline; Group 3: New CDs after
TAVI (new-onset LBBB, new 1-AVB, new wide QRS without LBBB morphology).

CHB: Complete heart block; ECG: Electrocardiogram; HAVB: High-degree atrioventricular block;
RBBB: Right bundle branch block. TAVI: Transcatheter aortic valve implantation.
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Figure 5.2. Bradyarrhythmic events and pacemaker implantation in the overall population and
according to the prespecified groups.

ECG: Electrocardiogram; ECG-CDs: Electrocardiogram conduction disturbances; HAVB/CHB = High-
degree atrioventricular block/Complete heart block; LBBB = left bundle branch block; RBBB = Right
bundle branch block; PPM = Permanent pacemaker.

HAVB or SB events were symptomatic (temporal correlation between symptoms
and the bradyarrhythmic event) in 12 of 459 patients (2.6%) (overall cohort), with
significant differences between groups (10.5% in group 2 vs 1.3% and 3.8% in groups 1
[P < 0.001] and 3 [P = 0.079], respectively) (Table 5.2). The detailed individual
characteristics of all patients with HAVB or CHB and/or PPM implantation due to AECG
monitoring findings are described in Supplemental Table 5.4. Among the 11 of 21
patients (52.4%) with HAVB/CHB and symptomatic events, 2 patients had syncope, 1
had a presyncope episode, 6 experienced dizziness or light-headedness, and 2 had chest
pain. All underwent PPM implantation. Regarding the 15 patients with significant pause
episodes, the bradyarrhythmic event was symptomatic in 1 (6.7%), who did not undergo
PPM implantation. Overall, PPM implantation was performed in 17 of 21 (80.9%) and 2
of 15 (13.3%) patients with HAVB or CHB and significant pauses, respectively (Table
5.2, Supplemental Table 5.4). Of note, PPM implantation in asymptomatic patients was

performed in 6 and 2 patients with HAVB or CHB and significant pauses, respectively.
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The overall median time from the TAVI procedure to the HAVB or CHB event
was 5 days (interquartile range: 4-6 days) (4 days [interquartile range: 3-5 days] after
hospital discharge), without significant differences among the prespecified groups (P =
0.999) (Table 5.2). A summary of the time from the procedure to HAVB or CHB episode
in the overall cohort and according to the prespecified groups is shown in Figure 5.3.
Overall, most (16 of 21 [76%]) events occurred within 3 to 6 days after the procedure,

with similar timing patterns across the prespecified groups (Figure 5.3).
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Figure 5.3. Time to HAVB/CHB event in the overall cohort and according to the prespecified
groups.

A. Overall population.

B. Group I. No ECG changes in patients without RBBB at baseline.

C. Group I1l. RBBB at baseline, without further ECG changes.

D. Group Ill. New-onset ECG-CDs.

The y-axis shows the rate of patients with HAVB/CHB. The x-axis indicates the days since the TAVI
procedure. The value at the top of each bar indicates the total number of patients with HAVB/CHB.
ECG: Electrocardiogram; ECG-CDs: Electrocardiogram conduction disturbances; HAVB/CHB: High-
degree atrioventricular or complete heart block; RBBB: Right bundle branch block.

Figure 5.4 shows the incidence of HAVB or CHB events and the PPM
implantation rate according to a more detailed subgroup classification. The lowest rate of

HAVB or CHB events was found in patients in group 1 without significant baseline ECG
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CDs (PR duration >200ms if sinus rhythm, QRS duration < 120 ms). In this group, 3 of
248 patients (1.2%) had HAVB or CHB episodes after hospital discharge (symptomatic
in 1 or 248 [0.4%]), leading to PPM implantation in all of them. Patients with new-onset
LBBB showed a rate of HAVB or CHB episodes of 4%, and the patients in group 1 and
with ECG CDs at baseline had a rate of 6%. Finally, a higher incidence of HAVB or CHB
was observed in patients with RBBB at baseline (13.2%) and in those with new-onset 1-
AVB (13.9%). Among the 36 patients with new-onset 1-AVB, 5 experienced HAVB or
CHB. HAVB/ CHB events were more frequent in those patients with new1-AVB and
QRS duration>120ms at discharge (4 of 13 [30.8%]). The occurrence of bradyarrhythmic
events according to valve type is shown in Supplemental Table 5.5. No significant
differences were found between balloon-expandable and self-expandable valves.

Group Ill. New-onset 1-AVB.

Group Il (RBBB at baseline).

Group Ill. Other*

Group |. ECG-CDs.

Group lll. New-onset LBBB.

Group |. Absence of ECG-CDs.

2 4 6 8 10 12 14 16

[=]

M Rate of PPM implantation (%) M Rate of HAVB/CHB (%)

Figure 5.4. Rate of HAVB/CHB in specific subgroups.

1-AVB: First-degree atrioventricular block; ECG-CDs: Electrocardiogram conduction disturbances;
LBBB: Left bundle branch block; PPM: Permanent pacemaker; RBBB: Right bundle branch block.
*ECG changes (persistent increase of PR or QRS duration >20 ms) in patients with pre-existing ECG-
CDs, and new-onset QRS large (without LBBB morphology).

5.5.2. Tachyarrhythmic events

The incidence of tachyarrhythmic events is depicted in Table 5.3. Among patients

with no history of atrial fibrillation (n = 333), 22 (6.6%) had at least 1 episode of new-
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onset atrial fibrillation within the 2 weeks following hospital discharge. Regarding
ventricular arrhythmias, about one third of the population had nonsustained events, and 1
patient (0.2%) had sustained ventricular tachycardia. No patient received an implantable

cardiac defibrillator during the period of the study.

Table 5.3. Tachyarrhythmic events (n=459)

New-Onset AF* 22/333 (6.6)
Non-sustained ventricular tachycardia 167 (36.4)
Sustained ventricular tachycardia 1(0.2)
Implantable cardiac defibrillator 0 (0)

Values are n (%). AF: Atrial fibrillation.
*Only patients without prior atrial fibrillation in the denominator for the %.

5.5.3. Thirty-day follow-up

All patients had clinical or remote 30-day visits, with no patient lost to follow-up.
The 30-day clinical follow-up is outlined in Table 5.4. No episodes of sudden cardiac
death or all-cause mortality occurred at 30 days. The global rate of hospitalization was

13%, without significant differences between groups.

Table 5.4. Clinical Outcomes at 30-day follow-up

Overall Groupl Group Il  Group Il P
(n=459) (n=315) (n=38) (n=106) Value
Symptomatic 12 (2.6) 4 (1.3) 4 (10.5) 4 (3.8) 0.002

bradyarrhythmia

Pacemaker implantation 19 (4.1) 7(2.2) 5(13.2) 7 (6.6) 0.002
All-cause death 0(0) 0(0) 0 (0) 0 (0) -
Sudden cardiac death 0 (0) 0 (0) 0 (0) 0 (0) -

Values are n (%).Groups were defined as in Table 2.

5.6. DISCUSSION

This is the first multicenter study using systematic AECG monitoring in a large
cohort of consecutive TAVI patients managed with a minimalist approach and following

a nonvalidated scientific expert consensus for the management of CDs after TAVI (296).
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The main results of the study can be summarized as follows: 1) Delayed HAVB or CHB
events occurred in about 5% of patients, leading to PPM implantation in 81% of them.
TAVI recipients without baseline RBBB and no ECG changes after the procedure
exhibited a low risk for late events (2.2%; 1.2% in those patients without baseline ECG
CDs), and the risk increased significantly in patients with new-onset CDs (8.5%) and in
those with baseline RBBB (13.2%). 2) AECG monitoring after TAVI using a strategy of
early discharge (median postoperative length of stay 2 days) was safe, with no mortality

events between hospital discharge and 30-day follow-up.

A recent consensus focusing on CDs after TAVI recommended AECG monitoring
in specific settings, such as patients with baseline RBBB and new-onset CDs (296). In
contrast, early discharge (24 hours after the procedure) without AECG monitoring was
recommended in those patients without ECG changes. This was based on previous
publications (with clinical follow-up, no AECG monitoring) showing that a short
postoperative length of stay would be safe in patients without significant ECG CDs after
TAVI (231,232). However, although the evolution toward a minimalist procedure has led
to a reduction of the postoperative length of stay in the global TAVI setting, the rate of
readmissions for PPM implantation has increased in recent years (312). Also, the potential
role of delayed CDs in the steep increase between in-hospital and 30- day mortality (from
1.5% to 2.6%) in contemporary TAVI registries remains to be elucidated (378). In this
setting, AECG monitoring after discharge has emerged as a novel tool to enlighten the
issue of delayed life-threatening bradyarrhythmias (315). To date, data using AECG
monitoring in consecutive TAVI patients were limited to 2 small single-center studies
(317,318). In this initial experience, the reported rate of HAVB or CHB events among
patients without significant ECG abnormalities (QRS duration < 120 ms) at discharge
was 4% (317,318). These results raised concerns about the applicability of a minimalist
approach with short (24-48 hours) postprocedural hospital stay. The present study showed
that after excluding patients with PPM during the periprocedural period and considering
those with RBBB as an independent group, about 70% of TAVI recipients remained
without significant ECG changes after the procedure. In this group, PPM implantation
because of delayed HAVB or CHB events was about 2%, half of the rate reported in
previous AECG monitoring studies (317,318). Indeed, the safety profile was even better
in patients without significant baseline ECG abnormalities (PR duration <200 ms if sinus

rhythm, QRS duration < 120 ms), who exhibited a very low rate of delayed HAVB or
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CHB episodes (~1%; 0.4% when considering symptomatic events). These results would
support early discharge without mandatory AECG monitoring in such cases. Conversely,
the rate of HAVB or CHB episodes in patients with baseline ECG CDs (other than RBBB)
and no further ECG changes post-TAVI increased to 6%. Thus, AECG monitoring at
hospital discharge may be useful in these patients, in contrast to the recommendation from
an expert consensus on CDs after TAVI (296). Also, a more prolonged hospitalization
period may also be considered in this group of patients.

Baseline RBBB is present in about 10% of TAVI candidates and has been the
most consistent risk factor for PPM implantation after the procedure (145). In addition,
some evidence has shown an increased risk for mortality after hospital discharge in
patients with RBBB (324). A recent study evaluated the timing of the occurrence of
advanced CDs post-TAVI in patients with RBBB, showing that most CHB or HAVB
episodes (98%) occur within the 3 days after the procedure (only 2% between 4 and 30
days) (379). In this context, a more prolonged hospital stay along with AECG monitoring
after hospital discharge has been recommended in patients with RBBB (296). However,
available data using AECG monitoring after discharge showed alarming results
(317,318). Among the 15 patients with RBBB and AECG monitoring from 2 previous
studies, 6 (40%) experienced delayed HAVB or CHB episodes (317,318). The present
work included up to 38 patients with RBBB and no ECG changes after the procedure and
confirmed the high-risk profile of patients with RBBB discharged without PPM
implantation. The rate of HAVB or CHB events was 13.2%, and the episodes appeared
to be more severe (more frequently symptomatic) compared with the other groups. More
data are warranted to shed light on the management of this group of patients, and the
possibility of prophylactic PPM implantation may be reasonable in those subgroups at
higher risk (eg, associated 1-AVB at baseline) (379). In contrast, recent studies focusing
on valve type and valve positioning have shown promising results regarding the rate of
HAVB or CHB after TAVI, also including those patients with baseline RBBB (380,381).
While waiting for additional data, AECG monitoring after discharge should probably be

implemented in patients with RBBB and no PPM implantation following the procedure.

In the present work, patients with new-onset CDs after the procedure exhibited an
8.5% rate of HAVB or CHB events and therefore represent a subset of patients at higher
risk for delayed CDs after TAVI. In the particular case of patients with new-onset LBBB,
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a previous publication using long-term continuous monitoring with an implantable
cardiac monitor (the MARE [Ambulatory Electrocardiographic Monitoring for the
Detection of High-Degree Atrio-Ventricular Block in Patients With New-Onset Persistent
Left Bundle Branch Block After Transcatheter Aortic Valve Implantation] study) showed
that up to 16% of patients had HAVB or CHB episodes at 2-year follow-up (leading to
PPM implantation in two thirds of them), the majority occurring in the early phase post-
TAVI (50% within the first month) (382). Our results confirm that AECG monitoring
may be considered in the early period after discharge in those patients with new-onset
CDs. Moreover, the present data showed that the subgroup of patients with new-onset 1-
AVB had a high risk for bradyarrhythmic events, particularly in the presence of
concomitant baseline ECG CDs. Accordingly, previous studies identified the delta PR
length (each 10 ms of change between baseline and post-procedure electrocardiography)
as an independent predictor of late HAVB or CHB events (230,231).

No sudden death or mortality events occurred between hospital discharge and 30
days in this study, and the use of AECG monitoring at hospital discharge may have
contributed to such results. However, this was a nonrandomized study, and it remains
unknown whether AECG monitoring could have prevented subsequent life-threatening
episodes, including severe episodes of syncope or sudden cardiac death, in those patients
with silent arrhythmias who received PPMs on the basis of AECG findings. In contrast,
most HAVB and CHB events (~75%) occurred about 5 days after TAVI and could have
been detected in the hospital with more prolonged hospitalization periods. In patients at
high risk for delayed HAVB or CHB events, a strategy based on AECG monitoring at
hospital discharge was safe even with a short postoperative length of stay. Therefore,
AECG monitoring (especially those systems with real-time streaming transmission) with
special focus on the first week after discharge could be considered in these groups
(baseline RBBB, new-onset CDs post-TAVI) to increase global TAVI safety and improve
clinical outcomes. In addition, a more prolonged hospitalization period may also be
considered in these cases. Future large-scale prospective studies with standardized

postprocedural management are needed to validate this strategy.

PPM implantation because of AECG monitoring findings in asymptomatic
patients was performed in 6 and 2 patients with HAVB or CHB and significant pauses,

respectively. The use of continuous AECG monitoring may have prevented further
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symptomatic episodes in these patients. However, PPM implantation in TAVI patients
with asymptomatic bradyarrhythmic events may also carry a potential risk for
overtreatment in some cases (383). Thus, the indication for PPM implantation in
asymptomatic patients after TAVI should probably be individualized (315). Nevertheless,
current guidelines recommend PPM implantation in asymptomatic patients with
infranodal atrioventricular block (173). Considering that the interaction between the
TAVI device and the conduction system is usually infranodal (145), PPM implantation

would probably be justified in most patients with HAVB or CHB episodes.

The use of balloon-expandable valves has been historically associated with a
lower rate of periprocedural CDs (145). However, differences between valve types have
been partially attenuated with the use of newer valve generation systems (296), and a
recent randomized study failed to show significant differences in PPM implantation
between the 2 most common newer generation self- and balloon-expandable valve
systems (286). Previous data showed controversial results regarding the impact of valve
type on delayed (>48 hours) arrhythmic events (230,232,321,384). The present study,
using systematic AECG, failed to show differences between valve type and delayed
arrhythmias, including HAVB or CHB. However, these results should be interpreted with
caution because of both the nonrandomized nature of the study and the small proportion
of patients who received a self-expandable valve system. Further studies using AECG

and comparing different valve systems are warranted.

Scarce data exist regarding the incidence and clinical impact of silent
tachyarrhythmias in the early period after TAVI. The diagnosis of atrial fibrillation may
lead to the initiation of anticoagulation, with potential important clinical implications
considering the high cardioembolic risk profile of TAVI recipients along with the
dreadful prognosis of late cerebrovascular events in this population (348). The incidence
of new-onset atrial fibrillation events at 30-day follow-up in the present study was close
to 7%. Future larger studies focusing on the predictors of late new-onset atrial fibrillation

are needed to identify those patients that could benefit from anticoagulation treatment.

5.6.1. Study limitations
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Although all arrhythmic events were confirmed by an experienced
electrophysiologist, no event adjudication committee or electrocardiography core
laboratory was available in this study. Also, 2 different AECG monitoring systems were
used, and some degree of variability between the 2 devices regarding the detection of the
arrhythmic episodes cannot be excluded. On the other hand, the small number of TAVI
recipients who had self-expandable valve systems (13.9%) hinders the extrapolation of
the results to this subset of patients. Finally, the relatively low rate of events precluded

the evaluation of independent predictive factors of late HAVB or CHB.

5.7. CONCLUSIONS

Systematic AECG monitoring in a large cohort of consecutive TAVI patients
revealed the occurrence of delayed HAVB or CHB events in close to 5% of the patients,
leading to PPM implantation in most of them. The use of AECG monitoring in a
minimalist TAVI approach setting was safe, with no mortality events between hospital
discharge and 30-day follow-up. Also, the results of this study would support a tailored
management strategy post-TAVI, with 3 different groups of patients on the basis of
baseline and postprocedural ECG findings, as recently recommended (296). A short
hospitalization period without AECG monitoring after discharge may be applied to
patients without ECG changes after the procedure (particularly in the absence of baseline
ECG CDs). However, AECG monitoring along with the possibility of longer
hospitalization periods may be recommended in those patients at higher risk, such as those
with baseline RBBB or new onset CDs. Among the latter, patients with new-onset 1-AVB
(particularly in the presence of concomitant ECG CDs) were the subgroup at highest risk

for delayed HAVB or CHB. Future studies are warranted.
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5.8. CLINICAL PERSPECTIVES

What is known?

- The evolution towards a minimalist TAVI procedure with a short post-procedural
length of stay may be controversial regarding the occurrence of delayed arrhythmic
disorders. Continuous ambulatory ECG monitoring following TAVI may be useful for

the diagnosis and treatment of late arrhythmias.

What is new?

- In this minimalist TAVI cohort without PPM, late HAVB/CHB revealed by post-
discharge AECG monitoring was seen in ~5% of patients. Whereas HAVB/CHB was
rare in patients without ECG changes following the procedure, those patients with
baseline RBBB and new-onset CDs had an increased risk.

What is next?
- A tailored approach based on pre- and post-procedural ECG findings and using AECG
monitoring may improve the management of conduction disturbances after TAVI.

Future, large-scale, prospective studies are warranted to validate such strategy.
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5.10. SUPPLEMENTAL MATERIAL

Supplemental Table 5.1: Criteria for notification of abnormal conduction
abnormalities in patients discharged home with remote cardiac monitoring

Criteria

1 Wide QRS tachycardia >150bpm (sustained for >15 seconds) or >120
bpm (sustained for >30 seconds).

2 Complete heart block (6 beats or greater), Symptomatic 2" degree AVB,
Mobitz II.

3 Pauses >4 seconds. 5. Symptomatic Bradycardia < 40bpm (sustained for
>60 secs)

4 Atrial fibrillation/flutter (average heart rate <40 or >180 bpm, sustained
for 60 seconds)

5 First documentation of Atrial fibrillation (sustained for 60 seconds)

6 Narrow QRS tachycardia >200bpm (sustained for 60 seconds

7 Ventricular fibrillation

Supplemental Table 5.2. Electrocardiogram characteristics at discharge in
Group | (n=314)

Atrial fibrillation 30 (9.6)
PR interval, ms 176 +/-27
QRS interval, ms 102 +/-20
First-degree atrioventricular block* 35(11.2)
Left bundle branch block 27 (8.6)
QRS > 120 ms 38 (12.1)
No significant ECG-CDs** 248 (79.0)

*Patients in sinus rhythm.
**PR <200 ms (if sinus rhythm) and QRS <120 ms

Supplemental Table 5.3. Electrocardiogram characteristics at discharge in
Group 111 (n=107)

Atrial fibrillation 13 (12.2)

PR interval, ms 205 +/-43

QRS interval, ms 135 +/-37

New-onset first-degree atrioventricular block* 36 (33.6)

New-onset left bundle branch block 50 (46.7)

PR and/or QRS enlargement in patients with baseline 26 (24.3)
ECG-CDs**

*Patients in sinus rhythm. RBBB, LBBB and NIVCD were found in 3 (8.3%), 7 (19.4%) and 3
(8.3%) patients, respectively.

**Patients with baseline first-degree atrioventricular block and/or RBBB, LBBB or NIVVCD.
ECG-CDs: Electrocardiogram conduction disturbances; LBBB: Left bundle branch block; NIVCD:
Nonspecific intraventricular conduction delay; RBBB: Right bundle branch block.
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Supplemental Table 5.4. Individual Characteristics of the Patients with HAVB/CHB or with PPMI after

discharge
Age, Days
yrgs \T/;L\:ae aftZr Group Discharge ECG Clinical presentation :Dnljpl)\fantation
(Sex) TAVI
Sinus rhythm. Normal | Isolated HAVB
zfi nale) E;’:'“t 15 ,c\lh(;nges. °R. Norml QRS (Mobitz 2) episode. | No.
(86ms) Asymptomatic.
85 Acurate 8 No Sinus rhythm. Normal | Several nocturnal Yes.
(female) | Neo changes. PR. Normal QRS HAVB episodes.
(66ms) Asymptomatic.
78 Sapien 3 5 No Sinus rhythm. 1-AVB. | Several nocturnal Yes.
(male) changes. Normal QRS (94ms) HAVB episodes.
Asymptomatic.
74 Sapien 3 16 New CDs. Sinus rhythm. 1-AVB. | HAVB episode. Yes.
(male) New-onset | LBBB (174 ms) Asymptomatic.
LBBB
79 Sapien 3 3 RBBB at Sinus rhythm. RBBB + | HAVB episode. Yes.
(female) baseline. LAHB (138 ms) Symptomatic (pre-
syncope).
69 Evolut 5 New CDs. Sinus rhythm. 1-AVB. | CHB. Yes.
(female) | Pro New onset LBBB (138 ms) Symptomatic
1-AVB. (syncope).
89 Sapien 3 3 New CDs. Sinus rhythm. 1-AVB. | CHB. Asymptomatic. | Yes.
(male) New onset | NIVCD (118 ms)
1-AVB
82 Sapien 3 3 No Atrial fibrillation. Significant pauses (6 Yes.
(male) changes. Normal QRS (90ms). sec) and episode of
CHB. Symptomatic
(dizziness).
73 Sapien 3 6 No Atrial fibrillation. Significant nocturnal Yes.
(male) changes. Incomplete LBBB pauses (9 sec), no
(QRS 110ms). CHB. Asymptomatic.
96 Sapien 3 13 RBBB at Sinus rhythm. RBBB CHB. Yes
(female) baseline. (QRS 138 ms). Symptomatic
(dizziness).
83 Sapien 3 6 RBBB at Sinus rhythm. RBBB CHB. Yes
(male) baseline. (QRS 190 ms). Symptomatic
(lightheadedness).
86 Evolut 3 New CDs. Sinus rhythm. 1-AVB. | CHB. No.
(male) Pro New onset | QRS 118 ms. Symptomatic (chest
1-AVB pain).
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88 Sapien 3 4 No Sinus rhythm. QRS CHB. Yes.
(male) changes. 110ms. Symptomatic
(lightheadedness).
79 Sapien 3 5 New CDs. Sinus rhythm. 1-AVB. | CHB. Yes.
(male) New onset RBBB (132 ms) Symptomatic (chest
1-AVB pain).
82 Sapien 3 4 No Atrial fibrillation. CHB. Yes.
(male) changes. LBBB (QRS 138 ns). Symptomatic
(syncope).
78 Sapien 3 5 New CDs. Sinus rhythm. 1-AVB. | CHB. Yes.
(male) New-onset | LBBB (122 ms) Symptomatic
1-AVB and (dizziness).
new-onset
LBBB
60 Sapien 3 5 New CDs Sinus rhythm. 1-AVB. | CHB. Asymptomatic. | No.
(male) PR NIVCD (122 ms)
enlargement
(1-AVB at
baseline).
82 Sapien 3 6 New CDs Sinus rhythm. 1-AVB. | CHB. Asymptomatic. | No.
(female) PR NIVCD (126 ms)
enlargement
(1-AVB at
baseline).
71 Sapien 3 6 No Atrial fibrillation. CHB. Yes.
(male) changes. RBBB (QRS 172 ms). | Symptomatic
(dizziness).
87 Sapien 3 10 New CDs Sinus rhythm. 1-AVB | Pause. Asymptomatic. | Yes.
(male) PR QRS 100ms.
enlargement
(1-AVB at
baseline).
90 Sapien 3 12 New CDs. Sinus rhythm. CHB. Asymptomatic. | Yes.
(male) New-onset | RBBB (QRS 130 ns).
RBBB.
77 Sapien 3 5 RBBB at Atrial fibrillation. CHB. Asymptomatic. | Yes.
(male) baseline. RBBB (QRS 150 ms).
70 Sapien 3 6 No Sinus rhythm. 1-AVB. | CHB. Symptomatic Yes.
(male) changes. QRS 104ms. (lightheadedness).
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Supplemental Table 5.5. Bradyarrhythmic events according to valve type.

BEv SEv p Value
(n=393) (n=65)
HAVB/CHB 17 (4.3) 4 (6.2) 0.514
Significant pause (>4 sec) 14 (3.6) 1(1.5) 0.706
Any bradyarrhythmia 31 (7.9) 5(7.7) 0.999
Symptomatic event 10 (2.5) 1(1.5) 0.999
Permanent pacemaker 17 (4.3) 2(3.1) 0.999

implantation

BEv: Balloon-expandable valve; HAVB/CHB: High-degree atrioventricular block/Complete heart
block; SEv: Self-expandable valve.
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DISCUSSION, CLINICAL
PERSPECTIVES AND
CONCLUSIONS
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6.1. DISCUSSION

6.1.1. Long-Term Electrocardiographic changes and pacemaker implantation in

TAVI recipients without new postprocedural conduction disturbances

Patients who undergo a TAVI procedure and do not experience significant ECG
changes or rhythm disturbances during the periprocedural period may be discharged
home without further measures or monitoring. This is stated in the two main consensus
focusing on the management of post-TAVI rhythm disturbances (296,297). However, the
evidence supporting these recommendations is based on previous data with follow-up
limited to 30 days (231,232,323). Studies with longer-follow up focusing on this subset
of patients are scarce (328). In this regard, to be able to demonstrate the long-term safety
in relation to CDs of THVs devices in the era of the expansion to low-risk (younger)
patients is of high importance.

The first aim of the current thesis was therefore to evaluate the long-term follow-
up of these patients, including those with and without baseline ECG-CDs. This work was
the first to provide data in this respect. After a median follow-up of 2 years, most patients
without pre-existing CDs who remained with similar post-procedural ECG did not
experience significant ECG changes. Also, the rate of PPM implantation was low (3.5%
at 5-years, a rate of 1.1% per year). These findings provided reassuring data regarding the
safety of THVs at long-term follow-up. Of note, the median time of advanced CDs
leading to PPM was >2 years post-TAVI, suggesting no relation with the TAVI
procedure. Thus, an age-related spontaneous progression of conduction abnormalities as
the underlying mechanism may explain these results. On the other hand, the presence of
pre-existing ECG-CD was associated with an increased risk of HAVB/CHB at follow-up
(overall PPM rate at 5-year follow-up of 15.6%, 5.3% per year), higher than the expected
rate in non-TAVI patients with bundle branch block (330,331). Interestingly, in this group
the median time of PPM implantation after TAVI was 14 months, much earlier than the
group without ECG-CDs. Finally, a higher risk of heart failure hospitalization at follow-
up was found among TAVI recipients with pre-existing ECG-CDs. Thus, future studies
may evaluate the efficacy of implementing systematic measures (i.e. continuous ECG
monitoring devices, optimal medical/device HF therapies) to improve clinical outcomes

in this subgroup of patients.
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6.1.2. New-onset left bundle branch block following TAVI

As previously stated, the occurrence of new-onset LBBB appears in about 20% of
TAVI patients after the procedure with the use of newer generation THV systems (167).
Thus, new-onset LBBB may be considered as the most frequent drawback of TAVI, and
its incidence has not decreased in low-risk populations (153). The management of new-
onset LBBB patients is an unmet need in the TAVI field and its approach after the
procedure has been largely debated since the beginning of the technique. Different
strategies have been used in recent years (295), including clinical observation,
prophylactic PPM implantation (173), AECG monitoring after discharge (296), or PPM
implantation according to an electrophysiological study result (174). The recently
published MARE study using an implantable cardiac monitor in 103 TAVI recipients
provided data of high clinical relevance (321), showing an incidence of 10% of
HAVB/CHB episodes leading to PPM implantation at 1-year follow-up. Furthermore, the
MARE study reported a partial or complete recovery of the ECG abnormalities in one-
third of patients at 1-year, in line with previous data (222). This underscores the clinical
variability that occurs in this subset (from HAVB/CHB requiring PPM implantation to
ECG normalization) and its challenging management. This thesis tried to evaluate two
significant issues in the subset of new-onset LBBB after TAVI. The first work
investigated the predictors of both regression and progression of the LBBB in TAVI

recipients. The second article reported the two-year results of the MARE study.

In the first work, one-third of patients had LBBB recovery at one-year, in
concordance with previous studies (222,321). On the other hand, 9% of the patients
required PPM implantation. No variables were identified as a predictor of LBBB recovery
at follow-up. This article confirmed that a high proportion of patients (nine out of ten)
with LBBB will not suffer significant bradyarrhythmias leading to PPM implantation
during the first year after TAVI, which discourages prophylactic PPM implantation
before discharge. However, those with longer PR intervals or atrial fibrillation had an
increased risk of PPM implantation at follow-up. In fact, previous data showed poorer
outcomes (increased risk of HAVB and sudden death) in patients with new-onset LBBB
and very long PR interval (>240ms) and/or wider QRS (>150-160 ms) (229,231,232). In
these patients, a PPM implantation may be considered. As an alternative, the very recent
European Guidelines propose the use of an electrophysiological study to guide the
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decision for PPM implantation, being recommended if the HV interval is more than 70
milliseconds (174).

On the other hand, no variables were associated with LBBB recovery, further
highlighting the challenging nature of this issue. LBBB recovery during follow-up is
probably a multifactorial phenomenon. Also, some unmeasured factors may exist. In this
line, previous anatomical data showed individual variability in the cardiac conduction
system (e.g., the position at which the left bundle branch emerges from the deep
ventricular septum and enters the superficial portion just under the endocardium may

vary), which could have influenced our analysis (385).

The second article focusing on new-onset LBBB patients reported the 2-year
results of the prospective, multicenter MARE study. This was the first work using long-
term continuous AECG monitoring in the TAVI field in this subset of patients. The 2-
year follow-up results showed that about two-thirds of the patients exhibited at least one
arrhythmic episode, reflecting the very high arrhythmia burden in this group of patients.
Of note, the episodes of significant bradyarrhythmias (HAVB/CHB leading to PPM
implantation) were mainly limited to the initial months after the procedure. Hence, these
results suggest the lack of significant delayed damage of the conduction system and do
not support prophylactic permanent pacemaker implantation in these patients. However,
the use of continuous AECG monitoring during the first weeks after the procedure
might be evaluated, as recommended in some expert consensus and review articles
(296,315).

Regarding tachyarrhythmias, close to one-third of the patients in the MARE trial
exhibited NOAF episodes at 2-year follow-up, mostly asymptomatic. This is an important
finding taking into account the clinical and therapeutic consequences of AF (e.g. risk of
stroke, initiation of anticoagulant therapy). Interestingly, NOAF episodes had a
homogeneous distribution over time, contrary to HAVB/CHB. The latter confirms that
the risk of AF in TAVI candidates exceeds the periprocedural period. Previous data
showed that the presence of silent AF in aged populations using continuous monitoring
ranged from 1.5% to 15% (386). Furthermore, AF detection increased in populations
comparable to TAVI cohorts (e.g. previous stroke, underlying heart disease) and it has

been associated with poorer outcomes (387). In this line, two previous studies using
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AECG monitoring before the TAVI procedure (duration of monitoring of 24h and 7 days,
respectively) showed AF episodes in ~10% of the TAVI candidates (188,190). Of note,
in the study of Urena et al, the occurrence of cerebrovascular events after TAVI was more
frequent among the patients with atrial arrhythmias before the procedure (188). In the
present work, AF episodes were of relatively short duration (median 1.5 min), which
along with the relatively small number of patients included may partially explain the lack
of association with cerebrovascular events. Further studies are needed to better identify
patients at risk of late AF after TAVI, which may help both to improve the follow-up after
the procedure (e.g. use of AECG monitoring in selected populations) and to decide on

optimal antithrombotic treatment.

6.1.3. Anticoagulation after TAVI and its relation to ischemic late cerebrovascular

events

The fourth work of the present thesis demonstrated the dreadful outcomes of
patients with LCVEs after TAVI. LCVEs occurred in 5.1% of patients after a median
follow-up of 2 years. Most LCVEs were ischemic, and older age, history of
cerebrovascular disease, a higher mean aortic gradient, periprocedural stroke at the time
of the TAVI procedure, and the lack of anticoagulation therapy at discharge were
identified as independent predictors of ischemic LCVEs. LCVEs were associated with

very high in-hospital and midterm significant disability and mortality rates.

As previously stated, the lack of anticoagulation therapy (NOACs or VKAS) at
hospital discharge was an independent predictor of late ischemic LCVEs. Of note, the
echocardiographic study performed at the time of the ischemic LCVE did not show
significant changes in valve hemodynamics including signs of valve thrombosis. Hence,
the occurrence of late ischemic LCVES may be related to delayed episodes of atrial
arrhythmias, which we demonstrated in the current thesis that are asymptomatic in most

cases.

As discussed above, the two-year results of the MARE trial showed that close to
one-third of patients presented episodes of new-onset AF (most of them silent) within the
months following the procedure. The results of the MARE study are in line with a recent

work that included 172 patients with PPM implantation following TAVI, which
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demonstrated a rate of NOAF of 25% after a follow-up of 15 months (345). This rate of
newly diagnosed AF is around 2-fold greater than reported with common follow-up
without AECG monitoring or device interrogation (150,153).

As suggested, the initiation of anticoagulation treatment in those patients with late
AF might have prevented ischemic LCVEs. However, the indication of anticoagulation
therapy in asymptomatic short duration AF episodes is controversial, and a device-
detected threshold of >5.5 hours has been proposed (386). However, previous studies
showed an increased risk of ischemic stroke and major cardiovascular events with
episodes of more than 5-6 minutes (346,388,389). In the TAVI setting, the integration of
the baseline risk of stroke using validated scores (CHADS/CHA2DS2-VVASc) may help

in guiding the decision for initiation of anticoagulation therapy.

6.1.4. Ambulatory ECG monitoring.

The management of CDs after TAVI might be considered as the main concern
after the procedure. Whereas the rate of the most feared complications has decreased in
recent years due to successive iterations in THVs along with the increasing experience of
TAVI operators, the occurrence of significant CDs remains high. Moreover, the TAVI
field is evolving to a minimalist approach with a very short postprocedural length of stay,

especially in the current era of expansion to patients at low surgical risk.

This thesis provides a significant piece of information in the setting of AECG
monitoring after TAVI. Previous data using AECG monitoring are limited to studies with
relatively small cohorts (317-319). Furthermore, the current work is the first using AECG
monitoring in the setting of minimalist TAVI following a nonvalidated consensus for the
management of CDs after the procedure (296). In summary, 459 consecutive TAVI
patients (3 to 4 times more number of patients than in previous studies) without permanent
pacemaker were included. The median hospital length of stay was of 2 (1-3) days.
Systematic 2-week AECG monitoring detected HAVB/CHB episodes in ~5% of cases,
with no mortality at 1-month. Whereas HAVB/CHB was rare in patients without ECG
changes post-TAVI (2.2%), baseline RBBB (13.6%) and new-onset CDs (8.5%)

determined an increased risk.

169



The occurrence of sudden cardiac death after TAVI is a dreadful complication and
it may occur due to several causes including delayed bradyarrhythmic events. In
contemporary registries, the mortality between discharge and 30-day follow-up is almost
doubled (1.5% to 2.6%) (115). The present work adds valuable data in this context. No
sudden death events occurred between hospital discharge and 30 days, reinforcing the
implementation of AECG monitoring in some subsets of patients as recommended in a
recent expert consensus document (296). AECG monitoring allowed the rapid
implementation of therapeutic measures in patients with severe bradyarrhythmic events,
which in turn may have prevented the occurrence of cardiac death at 30 days of follow-

up. Future, large-scale studies are necessary to confirm these findings.

Patients with TAVI and no ECG changes may be discharged home early after the
procedure and no further measures might be needed regarding the risk of delayed
arrhythmic events (296). The fifth article of the present thesis provided new data in this
context. We used AECG monitoring in a large cohort of consecutive TAVI patients, 315
of them without significant ECG changes after the procedure. Within this group, 248
patients had no ECG-CDs (normal PR interval if sinus rhythm and QRS < 120ms).
Among them, 3 patients (1.2%) suffered delayed HAVB/CHB episodes, symptomatic in
1 patient. These findings are reassuring in the era of expanding TAVI treatment to most
patients with AS, as low-risk patients tend to have fewer ECG-CDs. On the other hand
and contrary to previous recommendations (296), patients with baseline ECG-CDs
(excluding RBBB) and no changes after the procedure had an increased risk of post-
discharge HAVB/CHB (6%). The presence of prior ECG-CDs may imply that mild
conduction tissue damage is sufficient to cause HAVB/CHB events, and this could not be
evident on the surface ECG after the procedure because of the presence of previous ECG-

CDs itself. The latter may explain the higher event rate in this subgroup of patients.

Our work confirmed the high-profile risk of patients with RBBB, even if no
changes occur after the procedure (13.2% of delayed HAVB/CHB). This underscores the
urgent need to improve the post-procedural management of these patients. As previously
discussed, prophylactic PPM implantation in selected cases (379), prolonged post-
procedural length of stay (the “minimalist” TAVI concept may not apply in this subset of
patients), and close monitoring (AECG using real-time alarm systems that may allow the

implementation of rapid therapeutic measures) are options to be considered.
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Finally, the group of patients with new-onset CDs (new-onset LBBB, new-onset
1-AVB, new large QRS without LBBB morphology, and significant ECG changes
[increase in PR and/or QRS duration of >20 ms] in patients with preexisting ECG CDs)
exhibited an 8.5% rate of HAVB/CHB events. Again, more studies are needed to confirm
the safety and usefulness of AECG monitoring in this subset. TAVI operators may be
aware that this is a largely varied group with multiple combinations of ECG-CDs. Case-
by-case individualization will be necessary, integrating baseline risk (e.g. age, mean
gradient, amount of calcification, baseline ECG), intra-procedural details (e.g. pre and
post dilatation, THV type, prosthesis grade of oversizing, implantation depth), along with
post-procedural clinical tools (e.g. electrophysiological study, AECG monitoring).

6.2. CLINICAL IMPLICATIONS

The studies included in this thesis provide novel insights with important clinical
implications into the challenging conundrum of CDs after TAVI. The present work adds
significant data to daily management and may contribute to improving the outcomes of
TAVI recipients.

The first article demonstrated, for the first time, the good long-term clinical
outcomes in terms of PPM implantation regarding patients without significant ECG
changes post TAVI. This was even clearer in patients without significant baseline ECG-
CDs, which did not exhibit higher PPM implantation rates compared to similar non-TAVI
cohorts. The latter confirms that the mechanical interaction between THV and the
conduction system leading to CDs may concentrate in the early stage after the procedure.
Thus, our findings indicate that no specific measures beyond common clinical follow-up
may be necessary for this group. On the contrary, a closer follow-up may be required in

patients with baseline ECG-CDs, which had higher PPM implantation rates at follow-up.

Two articles focused on the follow-up of patients with new-onset LBBB after the
procedure, a challenging subset whose management can be considered an unmet need in
the TAVI field. First, although no predictors of LBBB regression were found, a closer
follow-up might be necessary for patients with long PR interval or AF, as they were
shown to have an increased risk of PPM implantation. Second, the two-year results of the
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MARE study provided important clinical implications. Of note, we confirmed the good
long-term follow-up of this subset of patients, as the risk of PPM implantation was
anecdotal beyond the first year. HAVB/CHB episodes concentrated in the first weeks
after the procedure, further supporting the potential use of AECG monitoring in this

period.

The burden of late episodes of AF after TAVI is largely unknown and may lead
to cerebrovascular events, which have dreadful outcomes as demonstrated in the fourth
article. Moreover, the analysis of independent predictors suggested that AF may be linked
to the occurrence of ischemic LCVEs. In addition, the two-year results of the MARE
study showed that up to one-third of patients may develop late AF, and no data exist
regarding its potential predictors. Thus, more studies are needed to better identify the
patients at risk of late AF. Meanwhile, we consider that oral anticoagulation treatment
may be initiated in those patients with daily AF of >5.5 h. Furthermore, it might be
evaluated in patients with CHA2DS2-V ASc score >3 and daily episodes of >6 min (315).

The last article of this thesis may represent an important step in the understanding
of late TAVI-related arrhythmic disorders (with a special focus on HAVB/CHB) in the
early period after discharge. Several significant clinical implications derived from this
work could be translated to clinical practice. Overall, we confirmed the usefulness of
tailored management of CDs after TAVI based on pre and post-procedural ECG (296).
Also, the present data support a short post-procedural length of stay without mandatory
AECG monitoring post-discharge in patients without significant ECG-CDs after the
procedure. Conversely, AECG monitoring may be used in 3 specific subsets after TAVI:
patients with baseline ECG-CDs and no further changes after the procedure, patients with
baseline RBBB and no in-hospital PPM implantation, and patients with new-onset ECG-
CDs. Finally, we suggest, for the first time, the possibility of a longer hospitalization stay
in specific subsets, challenging the current trend of a very short post-procedural length of

stay in the TAVI community.
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6.3. FUTURE PERSPECTIVES

The management of CDs after TAVI will continue to evolve in the following years
to improve TAVI outcomes. Regarding pre-procedural management that could impact
late bradyarrhythmic events, future data may evaluate the use of prophylactic PPM
implantation in specific subsets such as those patients with baseline RBBB. To date, a
few relatively small, retrospective studies evaluated pre-procedural PPM implantation in
this subset, which showed a lower rate of re-hospitalization after TAVI in the group of
prophylactic PPM implantation, mainly due to late HAVB/CHB (390-392). Prospective
data are needed to validate this strategy, either in all RBBB patients or in subgroups at
higher risk of CHB after the procedure (379).

Regarding the TAVI procedure itself, recent data described a specific implantation
technique that consists to isolate the non-coronary cusp (as result, the right and left cusps
are overlapped) and place the THV as high as possible in this specific angiographic view.
The “overlap cusp implantation technique” was first described in 2018 and may obtain a
higher implantation depth and therefore less risk of CDs (393). The use of this novel
technique is currently concentrated on self-expanding valves, and small retrospective data
have shown a significant reduction in PPM implantation rates (394,395). The impact on
late bradyarrhythmic events is unknown. The Optimize PRO Study (NCT04091048) is
currently assessing this implanting technique in a large prospective cohort of TAVI
recipients using the self-expanding Evolut Pro/Pro+ valve, and its results are highly
expected. On the other hand, there is still room for improvement on the use of
electrophysioligical studies before discharge to guide the management of patients with de
novo ECG-CDs. In this line, the very recent European guidelines (174) recommend PPM
implantation in new-onset LBBB patients with an HV interval of > 70ms, based on the
results of relatively small studies (235,396,397). Large-scale, prospective data are

needed.

Current data on the clinical use of AECG monitoring in the context of TAVI
including the fifth article of this PhD research project have provided important insights
into the high arrhythmic burden of TAVI patients after discharge. Also, promising results
have been obtained on the clinical impact of AECG monitoring post-TAVI, with

significant therapeutic changes such as PPM implantation or the initiation of

173



anticoagulation treatment. However, further data would be needed to confirm these
findings and provide additional evidence on the usefulness and cost-effectiveness of
AECG monitoring in TAVI recipients, which may entail a risk of overtreatment.
Moreover, randomized studies using AECG monitoring would provide significant data to
evaluate its clinical and economic impact (e.g., sudden cardiac death, unplanned
hospitalization, length of stay). Currently, several ongoing studies using different AECG
monitoring systems after discharge in the context of TAVI, which are summarized in
Table 7.1.

Finally, the fifth article of this thesis using AECG monitoring followed the cited
consensus of CDs after TAVI (296), which lacks prospective validation. In this line, the
study called “Prospective Validation of a Pre-specified Algorithm for the Management of
Conduction Disturbances Following Transcatheter Aortic Valve Replacement
(PROMOTE)” (NCT04139616) will enroll 2000 patients that will follow the consensus.
This large-scale, observational, prospective study will collect data from a large
contemporary TAVI cohort that, for the first time, will follow a uniform post-procedure
management including AECG monitoring. This upcoming study will provide significant
data on periprocedural and late arrhythmic disorders along with important information
regarding the role of AECG monitoring in the TAVI setting.
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Table 7.1. Ongoing studies using ambulatory ECG monitoring in TAVI recipients

Study Study Design Intervention n Target Main Outcomes
Acronym and Timing population
Reveal Observational. Medtronic Reveal 100 All TAVI Number of patients
(NCT02559011)Prospective. ICM implantation patients. with NOAF and CHB.
Post Time Frame: up to 12
procedure. months.
LBBB-TAVI  Observational. EP study with 200 New-onset  Incidence of
(NCT02482844)Prospective. PPMI if HV LBBB. HAVB/CHB.
Post >70ms and Time frame: 12
procedure. implantable holter months.
monitoring if
<70ms
Clinical Randomized 134 New-onset  Hospitalization,
Monitoring Prospective  Group 1: EP- LBBB. syncope or death after
Strategy vs. Post based algorithmic TAVL
EP-Guided procedure. approach Time frame: 12
Algorithmic in months.
LBBB Patients Group 2; standard
Post-TAVI clinical follow-up
(NCT03303612) with
transcutaneous
cardiac
monitoring.
Remote ECG  Observational M-CARDS 240 All TAVI  New-onset conduction
Monitoring of  Prospective. (MCT) pre and patients. disturbances.
TAVI Patients. Pre and post post TAVI Time frame: 30 days.
(NCT03810820)procedure.
PAF-TAVI Trial Randomized. 60-day Holter.: 120 All TAVI Incidence of NOAF.
(NCT03991754)Observational. 1. Amiodarone patients.
Post group.
procedure. 2. Non-
Amiodarone group
SMART TAVR Observational. Huawei smart 100 All TAVI Incidence of
(NCT04454177)Prospective.  watch patients. conduction
Post disturbances and PPM
procedure. implantation.
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6.4. CONCLUSIONS

The TAVI therapy may soon become the treatment of choice for most patients
with AS. In this context, the study of late rhythm disorders, especially significant
bradyarrhythmias, will be of utmost importance. The present PhD research project
provides new data that may help in the management of TAVI patients, and the main

findings can be summarized as follows:

(i) Most patients without ECG changes in the post-procedural TAVI period remain with
similar ECG findings at long-term follow-up. In patients without ECG-CDs, the incidence
of advanced conduction disturbances leading to PPM implantation remains low over time.

However, patients with ECG-CD exhibited a higher risk of advanced CDs.

(if) New-onset LBBB following TAVI resolved in one-third of patients at 1-year follow-
up, but no predictors were associated with LBBB recovery. A non-sinus rhythm at

baseline and longer PR interval were associated with PPM implantation at follow-up.

(iif) In the 2-year results of the MARE study, about two-thirds of the patients exhibited
at least one arrhythmic episode. HAVB events were mainly limited to the initial months
after the procedure. Conversely, a high rate of AF episodes was found, with no significant

decrease beyond 1 year.

(iv) Late cerebrovascular events (LCVES) occurred in 5.1% of patients after a median
follow-up of 2 years and were associated with a poor prognosis. The echocardiography at
the time of the LCVE showed no evidence of valve degeneration. The absence of

anticoagulation as an independent factor in ischemic LCVESs suggests a role for AF.

(v) Systematic AECG monitoring in consecutive TAVI patients using a minimalist
approach showed delayed HAVB/CHB events in close to 5% of the patients, leading to
PPM implantation in most of them. The use of AECG monitoring was safe, with no
mortality at 30-day follow-up. The results support a short hospitalization period in
patients without ECG changes after the procedure (particularly in the absence of baseline
ECG CDs). However, AECG monitoring along with the possibility of longer
hospitalization periods may be recommended in those patients at higher risk, such as those
with baseline RBBB or new-onset CDs.
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The success of the implementation of the TAVI therapy in most patients with AS
in the following years will require an improvement in the management of arrhythmia
disorders, especially CDs. Regarding the occurrence of late episodes, the present PhD
research project incorporates new important evidence to this area. Overall, the
management of late CDs may improve by implementing a tailored approach based on pre
and post-procedural ECG and using AECG monitoring in selected patients. Future large-
scale, prospective studies such as the ongoing PROMOTE study will provide insightful
data to this challenging field.
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