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ABBREVIATIONS

3D — three-dimensional

AAA — angle of Aortic Annulus
ADASYN — adaptive synthetic

Al — artificial Intelligence

AR — aortic regurgitation

AS — aortic stenosis

AV — aortic valve

AVA — aortic valve area

AVAI — aortic valve area Index;

AVCV — aortic valve calcified volume
AVd — aortic valve diameter;

AV Gmean — mean aortic valve gradient

AVp — aortic valve perimeter

AVp.d — aortic valve perimeter

BAV — Dbicuspid aortic valve

BEV — Dballoon-expandable valves
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CABG — coronary artery bypass graft

CAD — coronary artery disease

CIAKI — contrast-induced acute kidney injury
CNCC — calcified non coronary cusp

CT — computed tomography

DM — diabetes mellitus

EuroSCORE I — European System for Cardiac Operative Risk Evaluation
LAd — left atrium diameter

LAFd — left femoral artery diameter
LCAH — left coronary artery height

LVEF — left ventricle ejection fraction
LVM — left ventricle mass

LVOT — left ventricular outflow tract
MACE — major adverse cardiovascular events
MI — myocardial infarction

ML — machine learning

MR — mitral regurgitation

NLR — neutrophil-to-lymphocyte ratio
NYHA — New York Heart Association
PASP — pulmonary artery systolic pressure
PCI — percutaneous coronary intervention
PWT — posterior wall thickness

RAFd — right femoral artery diameter

RF — random forest

RCAH — right coronary artery height

S’ — right ventricular function

SAVR — surgical aortic valve replacement
SEV — self-expandable valve
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sinotubular junction

transcatheter aortic valve implantation
transoesophageal echocardiography

tricuspid regurgitation

transthoracic echocardiography

tricuspid valve

maximal tricuspid valve gradient;

tricuspid valve maximal velocity;

Valve Academic Research Consortium II
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INTRODUCTION

Aortic stenosis (AS) is one of the most common valvular heart diseases,
particularly affecting older adults over the age of 65, with a prevalence of 2%
to 7% in this population [1]. In individuals aged over 85, the prevalence
increases to 4% [2]. The primary cause of AS in elderly patients is age-related
calcification of the valve leaflets, leading to their thickening and rigidity,
which obstructs normal blood flow from the left ventricle to the aorta [3].
This results in impaired cardiac function, reduced quality of life, and, if
untreated, high mortality rates [4]. Progressive narrowing of the valve causes
symptoms such as angina, syncope, and heart failure, which significantly
worsen the prognosis. Without treatment, the average life expectancy of
patients with angina is five years, with syncope — three years, and with heart
failure — less than two years [5, 6].

AS is a chronic and progressive disease. Timely diagnosis and treatment
are crucial to preventing fatal outcomes. However, diagnosis and treatment
are often complicated by comorbidities, which are more common in elderly
patients [7]. Historically, surgical aortic valve replacement (SAVR) was the
primary treatment for severe AS [8]. SAVR significantly improves hemody-
namic parameters, reduces the risk of heart failure, and greatly increases life
expectancy [9]. However, this method has limitations due to its high surgical
invasiveness, making it unsuitable for elderly patients or those with severe
comorbidities [10].

In 2002, transcatheter aortic valve implantation (TAVI) was first perfor-
med successfully on a high-risk patient, marking a turning point in the treat-
ment of AS [11]. TAVI is a minimally invasive procedure that enables the
implantation of a bioprosthetic valve through a catheter without the need for
open surgery. Initially, TAVI was used exclusively for patients at high surgi-
cal risk, but modern studies, including PARTNER 3 and SURTAVI, have
demonstrated its safety and efficacy for patients with moderate and even low
surgical risk [12, 13]. This has expanded the clinical indications for TAVI,
establishing it as the first-line therapy for patients over 75 years of age with
severe AS [14].

The primary distinction between SAVR and TAVI lies in the degree of
invasiveness. SAVR requires open-heart surgery with the use of cardiopul-
monary bypass. This procedure involves large surgical incisions, increasing
the risk of complications such as infection, bleeding, and prolonged recovery
time [15]. In contrast, TAVI is a minimally invasive procedure. Valve access
is achieved through a catheter inserted via the femoral artery (transfemoral
access) or a small incision in the chest (transapical access) [16]. This reduces
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both procedural time and recovery duration, which is particularly important
for elderly patients.

SAVR is recommended for patients in good overall health, without
significant comorbidities, and with a life expectancy exceeding 10 years [17].
In contrast, TAVI was initially developed for high-risk patients who were
unsuitable candidates for SAVR. Modern data indicate that TAVI is com-
parably safe and effective for patients with moderate and low risk, broadening
its use [18].

SAVR is associated with a higher risk of stroke and perioperative morta-
lity in patients over 75 years of age, whereas TAVI demonstrates lower
procedural trauma and reduced short-term mortality [19]. However, TAVI
may be linked to complications such as paravalvular regurgitation and the
need for pacemaker implantation, particularly with self-expanding valves
(SEV) [20].

Traditionally, bioprosthetic valves used in SAVR demonstrate high dura-
bility, lasting 15-20 years [21]. The durability of valves used in TAVI is still
under investigation, but current data suggest they remain effective for up to
10 years, making TAVI an optimal choice for patients over 75 years of age
[22].

The 2021 guidelines of the European Society of Cardiology (ESC)
highlight that TA V1 is the first-line therapy for patients over 75 years old with
severe symptomatic AS, regardless of surgical risk [23]. For patients under
75, the choice between TAVI and SAVR should be based on anatomical
considerations, expected life expectancy, comorbidities, and patient preferen-
ces [24]. Additionally, individual risks, including the potential need for repeat
interventions and long-term prosthesis dysfunction, should be considered.

Outcomes after TAVI have significantly improved due to technological
advancements and procedural refinements. In the short term (30 days post-
procedure), mortality rates are 2—3% for low-risk patients and 5—6% for high-
risk patients [25]. Long-term outcomes also demonstrate positive trends: three-
year survival rates reach 87% in patients with severe symptomatic AS,
comparable to SAVR results [26].

Nonetheless, TAVI remains a subject of ongoing research, especially
concerning younger patients and those with anatomically complex structures,
where the choice between TAVI and SAVR requires more thorough evaluation
[27]. An important focus of research is the long-term durability of bioprosthetic
valves and the need for repeat interventions 10—15 years after the initial proce-
dure [28].

The use of modern technologies such as machine learning and algorithms
like SHAP (SHapley Additive exPlanations) opens new possibilities for
personalized treatment. These methods allow for the analysis of individual
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patient parameters, such as anatomical features, age, cardiac function, and
comorbidities, to determine the optimal treatment strategy [29].

The development of new bioprosthetic valves, such as balloon-expand-
able valves (BEV) and self-expanding valves (SEV), has also contributed to
improved treatment outcomes. BEV offers more precise positioning, reducing
the risk of paravalvular regurgitation, while SEV provides greater flexibility
during implantation and is better suited for patients with anatomically
complex structures [30]. These devices show comparable results in terms of
short- and long-term mortality but differ in the frequency of complications,
such as valve thrombosis and the need for pacemaker implantation [31].

TAVI has become a revolutionary method for treating severe AS, espe-
cially for patients at high surgical risk. Modern guidelines emphasize its
advantages as a minimally invasive procedure with low complication rates
and a short recovery period. However, the choice between TAVI and SAVR
should be based on individual patient characteristics, including anatomical
features, risk of complications, and expected life expectancy. Long-term
outcomes related to valve durability and the need for repeat interventions
remain an important area of research. Advances in technology and a perso-
nalized approach open new opportunities for optimizing AS treatment and
improving patient quality of life.

Despite its transformative impact, there remains a critical need to understand
the long-term outcomes and risk factors associated with TAVI. A detailed
evaluation of factors such as mortality, survival rates, and cardiac-specific morta-
lity is essential for refining patient selection criteria and optimizing management
protocols. Key determinants of post-TAVI outcomes include pre-existing
comorbidities, procedural complexities, and post-operative care strategies, em-
phasizing the need for comprehensive decision making in this context [177, 178].

Contemporary studies have highlighted the evolution of TAVI techniques,
supported by advancements in technology and operator expertise, resulting in
improved survival and reduced complications over time. However, further
research is needed to optimize procedural strategies and enhance patient care.

This study aims to analyze a range of factors influencing TAVI outcomes,
including patient demographics (age, gender), comorbidities (diabetes, hyper-
tension), and broader cardiovascular history. Laboratory and instrumental para-
meters augment this analysis, providing a comprehensive understanding of the
determinants impacting mortality, survival, and cardiac mortality. These insights
contribute to the ongoing discourse on improving TAVI procedures and patient
outcomes in the treatment of severe aortic stenosis [183].
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1. THE AIM AND OBJECTIVES OF THE STUDY

1.1. The aim of the study

The aim of the study was to evaluate the influence of various (demo-
graphic, clinical, echocardiographic, computed tomography, procedural)
factors on the one-year prognosis in patients with aortic valve stenosis,
following transcatheter implantation of biological aortic valves.

1.2. The objectives of the study

1) To assess demographic, clinical, echocardiographic, computed tomogra-
phy factors that may affect prognosis in patients with aortic valve
stenosis, in whom the implantation of biological aortic valves through
catheters is planned;

2) To assess procedural factors that may affect prognosis in study patients;

3) To assess the rate of major adverse cardiovascular events after trans-
catheter implantation of aortic valves over a period of one year;

4) To identify the relationships between the characteristics to be analyzed
and the rate of events and assess their impact on the prognosis.

1.3. Scientific novelty of the study

Transcatheter aortic valve implantation has become the primary treat-
ment method for patients with severe aortic stenosis who are at high surgical
risk. However, optimizing patient selection and procedural planning remains
a critical task for improving long-term outcomes and reducing complications.
Accurate pre-procedural assessment, careful selection of valve prostheses,
and minimization of perioperative risks are essential to enhance the safety
and effectiveness of TAVI. This study explores new approaches to improving
patient stratification, procedural techniques, and post-procedural monitoring
using advanced imaging and predictive modeling based on machine learning
(ML).

This original research focuses on the impact of pre-procedural anato-
mical factors and procedural characteristics on early and long-term TAVI
outcomes. The study introduces a novel approach using machine learning
(ML) models to predict early safety outcomes, incorporating clinical, echo-
cardiographic, and computed tomography (CT) parameters. The research
demonstrates the prognostic value of the left femoral artery diameter, aortic
valve calcification volume, and aortic annulus angle in assessing post-
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procedural risks — factors that are currently underexplored in clinical practice.
SHAP (SHapley Additive exPlanations) analysis highlights how these
parameters contribute to procedural safety, offering a new perspective on risk
assessment.

Furthermore, this study identifies fluoroscopy time and contrast volume
as independent predictors of mortality after TAVI. Integrating these factors
into the predictive model provides a new framework for procedural
optimization, emphasizing the importance of reducing radiation exposure and
contrast-induced nephropathy. The results indicate that limiting fluoroscopy
time to < 17 minutes and contrast volume to < 120 mL significantly improves
survival rates, providing evidence for procedural modifications that could be
incorporated into clinical guidelines.

The study also expands the understanding of mitral regurgitation and left
ventricular function as prognostic indicators for post-TAVI outcomes. The
findings show that patients with moderate or severe mitral regurgitation and
reduced left ventricular ejection fraction (< 50%) are at a higher risk of post-
procedural complications, necessitating more comprehensive pre-procedural
assessment and potential treatment modifications.

By implementing a machine learning-based risk prediction model,
optimizing fluoroscopy and contrast parameters, and validating new anato-
mical risk factors, this study contributes to the advancement of precision
medicine in structural heart interventions. The results are highly relevant
given the growing number of elderly patients undergoing TAVI, supporting
a more individualized and evidence-based approach to improving procedural
success and patient survival. These contributions are expected to influence
future clinical guidelines and enhance patient outcomes in this rapidly
evolving field.
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2. LITERATURE REVIEW

2.1. History

The foundational understanding of aortic stenosis, originally suggested
by Ross and Braunwald in 1968 based on research with a limited number of
patients, has since been reinforced and broadened through various studies
over several decades [32]. A combined analysis of two randomized trials,
AVATAR and RECOVERY, which included 302 patients, demonstrated that
early treatment in severe asymptomatic aortic stenosis cases significantly
lowered the overall mortality rate by 55% and decreased the risk of hospita-
lization due to heart failure by 79% [33]. Additionally, a study examining the
progression of aortic stenosis in 170 patients who underwent consecutive
echocardiograms for at least three months indicated that the factors influen-
cing the progression of aortic stenosis remain unclear. Understanding these
factors might enable secondary prevention of the disease [34]. Aortic stenosis
is the most common type of acquired valvular heart disease, particularly
affecting older adults. Its prevalence increases with age, affecting around 2%
of those over 65 and up to 10% of individuals in their eighties. Initially, the
disease is asymptomatic and does not increase mortality risk, but its impact
is expected to grow with an aging population [35]. Primarily impacting the
elderly, aortic stenosis results from age-related damage and stiffening of the
aortic valve, leading to a narrowing that obstructs blood flow from the heart
to the aorta and beyond [36].

2.2. Etiology and pathophysiology

Aortic stenosis is the most prevalent form of degenerative valvular di-
sease, especially in western nations. It is marked by the gradual constriction
of the aortic valve, hindering blood flow from the heart to the aorta. Even
minor modifications in the area of the aortic valve can cause significant
changes in blood flow dynamics, particularly in severe cases of aortic stenosis
[42].

The main factors influencing the pressure gradient across the aortic valve
in aortic stenosis patients are the decrease in aortic valve area, the flow
through the valve, and the direction of the aortic stenosis jet. These factors
collectively determine the extent of the obstruction and its effect on heart
function [43].

Aortic stenosis can stem from various causes, such as congenital anoma-
lies (e.g., bicuspid or unicuspid valve), calcification, or rheumatic disease.
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This condition is notably common among older individuals and results in an
obstruction of blood flow from the left ventricle. Symptoms like shortness of
breath during exertion or fatigue generally emerge slowly, following a
prolonged symptom-free period that can span 10 to 20 years [44].

In a study of 149 patients, the progression of aortic stenosis was exa-
mined in terms of both hemodynamic and anatomical severity. The research
highlights that aortic stenosis is a progressive disease, but the precise influen-
ce of initial hemodynamic or anatomical severity on its progression remains
unclear [45].

The hemodynamic classifications of aortic stenosis are directly linked to
the prognosis of the disease. Understanding these classifications is essential
for determining the timing of medical interventions and for developing both
current and future treatment strategies for aortic stenosis [46].

2.3. Anatomy of aortic valve and aortic stenosis relation

The bicuspid aortic valve (BAV) is the most frequently occurring con-
genital valvular heart defect, arising from atypical cusp formation during
cardiac development and resulting in an aortic valve with only two cusps.
This anomaly affects roughly 1-2% of the general population. Extensive
research has been directed towards understanding the pathogenesis of BAV
and its associated complications. A key factor in BAV degeneration is chronic
inflammation, which accelerates its progression to conditions like aortic
stenosis and aortopathy. This degenerative process is characterized by oxide-
tive stress, shear stress, endothelial dysfunction, disorganized tissue structure,
and the presence of inflammatory cells and cytokines [37].

There is ongoing debate about the deterioration of the ascending aortic
wall in BAV patients. One study comparing 33 individuals with BAV to 34
with tricuspid aortic valve (TAV) found that although aortic valve and ascen-
ding aortic replacement were more common in BAV patients (24% versus
3%,), the histopathological features such as medial fibrosis, thinning of elastic
fibers, and loss of smooth muscle cell nuclei were less pronounced in BAV
patients compared to those with TAV. This implies that the deterioration of
the ascending aortic wall in BAV patients might not always necessitate
surgery as it does in TAV patients [38].

Another study involving 101 BAV patients and 88 TAV patients high-
lighted differences in aortic valve types before and after transcatheter aortic
valve implantation. This comparison is vital for understanding distinct dege-
nerative patterns and the implications for surgical approaches and patient
outcomes in various aortic valve anatomies [39].
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Additionally, research comparing outcomes of transcatheter aortic valve
replacement in patients with bicuspid and tricuspid aortic stenosis revealed
differences in the cumulative rates of all-cause mortality, stroke, and com-
bined mortality or stroke. These findings are significant for developing
customized treatment plans for patients with different forms of aortic valve
degeneration [40].

Typically, a bicuspid aortic valve has two flaps (cusps) instead of the
usual three. This can lead to conditions like aortic valve stenosis and aortic
valve regurgitation. In this congenital heart defect, the valve may become
narrowed or obstructed, impacting the flow of blood from the heart to the
aorta [41].

2.4. Classification of aortic stenosis

Aortic stenosis can be broadly classified into two main types: acquired
and congenital. Acquired aortic stenosis, which is more common, can be
caused by degeneration or rheumatic fever. Degenerative changes often lead
to calcification and thickening of the aortic valve. On the other hand,
congenital aortic stenosis occurs when the aortic valve does not form
correctly during fetal development [56]. In addition to these basic types,
aortic stenosis can be further classified based on various factors such as valve
anatomy, hemodynamics, and the extent of cardiac damage. These classifi-
cations have significant implications for diagnosis, management, and progno-
sis of the condition.

The extent of cardiac damage caused by AS is an important factor in its
staging classification. This classification system provides an objective way to
characterize the damage and has vital prognostic implications, especially for
clinical outcomes after aortic valve replacement (AVR) [57].

Furthermore, the recommendations for AVR in patients with AS often
rely on demonstrating severe stenosis based on specific valvular criteria.
These criteria include peak aortic velocity (Vmax), mean transvalvular gra-
dient, and aortic valve area. This approach underlines the importance of
detailed and accurate assessment in managing aortic stenosis [58].

The classification of AS also varies depending on other factors like the
underlying pathology, whether the stenosis involves a native or prosthetic
valve, stages of progression, severity of the stenosis, ejection fraction, blood
flow, and the concordance between aortic valve area and gradient. These
diverse classification systems reflect the complexity and varied nature of
aortic stenosis as a disease entity [59].
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The ESC/EACTS 2021 and ACC/AHA 2020 guidelines suggest using
specific parameters to categorize patients with aortic stenosis into various
severity levels. Occasionally, a mismatch occurs in severity grading, such as
when patients have a severe aortic valve area (AVA < 1 cm?) but a non-severe
mean pressure gradient (MPG <40 mmHg). This discrepancy poses a
diagnostic and treatment challenge. In these cases, it’s vital to assess flow
status using the stroke volume index (SVI), with low flow defined as
SVI <35 mL/m? [47]. Based on the left ventricular ejection fraction (LVEF),
patients are further divided into two types of low-flow low-gradient (LFLG)
AS:

1. Classical LFLG AS: AVA <1 cm?, MPG < 40 mmHg,

SVI <35 mL/m?, and LVEF < 50%.
2. Paradoxical LFLG AS: AVA < | cm?, MPG < 40 mmHg,
SVI <35 mL/m?, and LVEF > 50%.

Given the significant variability in measuring the left ventricular outflow
diameter, the velocity ratio (VLVOT/Vav) is useful in reducing errors during
AVA estimation and aiding in severity grading [49]. This ratio is also
important in predicting clinical outcomes in LFLG AS patients, with worse
outcomes noted when the ratio is below 0.25 [50].

Around 40% of AS patients in tertiary hospitals exhibit LFLG AS.
Research indicates that low flow in these patients is a significant prognostic
factor [51]. In a study of 621 severe AS patients, those with low flow had a
two-year mortality rate double that of others [52].

An important concern in LFLG AS patients is the observed gender
disparity in treatment. Women are less frequently referred for surgical aortic
valve replacement, leading to higher mortality [53]. Furthermore, studies are
exploring the causes of low flow in severe AS, notably the role of
concomitant mitral regurgitation (MR) [54]. The TOPAS-TAVI registry
revealed that MR was reversible in 44% of LFLG-AS patients post-trans-
catheter aortic valve replacement, but those with persistent MR had worse
mortality, highlighting the need for close monitoring in these cases. [55] In
summary, the classification of aortic stenosis is multifaceted, taking into
account the etiology (acquired or congenital), extent of cardiac damage,
specific valvular criteria, and various other clinical and hemodynamic
parameters. This comprehensive approach to classification is crucial for
guiding effective and tailored management strategies for patients with this
condition.
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2.5. Diagnostics

The advancements in the field of valvular and structural heart disease,
particularly in diagnostic approaches, transcatheter interventions, and surgi-
cal therapies, are comprehensively encapsulated in the 2020 American Colle-
ge of Cardiology (ACC)/American Heart Association (AHA) guidelines for
the management of patients with valvular heart disease. These guidelines
replace the 2014 AHA/ACC guideline and the 2017 focused update, pre-
senting significant updates in the management, particularly of aortic and
mitral valve diseases. The guidelines recommend using disease stages (Stages
A, B, C, and D) for patients with valvular heart disease (VHD). These stages
are determined based on symptoms, valve anatomy, the severity of valve
dysfunction, and the response of the ventricle and pulmonary circulation.
This system helps in categorizing the disease's progression and informs
treatment strategies. The guidelines emphasize the importance of correlating
the patient’s history and physical examination findings with noninvasive
testing results. In cases of discordance between physical examination and
initial noninvasive testing, further noninvasive or invasive testing is advised
to determine the optimal treatment strategy. Moreover, all patients with
severe VHD being considered for intervention should be evaluated by a
multidisciplinary team, with referral to or consultation with a primary or com-
prehensive valve center. For patients with severe symptomatic (Stage D) AS,
the disease is subcategorized based on the gradient, flow, and left ventricular
ejection fraction (LVEF). Intervention for severe AS is predominantly based
on the presence of symptoms or LV systolic dysfunction. For asymptomatic
patients at low surgical risk, intervention considerations include decreasing
exercise tolerance, exercise-associated decrease in systolic blood pressure,
very severe AS, elevated B-type natriuretic peptide (BNP) levels, or progres-
sion of AS. Additionally, intervention can be considered for asymptomatic
patients with severe high-gradient AS and a progressive decrease in LVEF to
less than 60% on three or more serial imaging studies. In patients where a
bioprosthesis is appropriate, decisions between SAVR and TAVI should
consider the presence of symptoms, patient age, life expectancy, indication
for intervention, predicted surgical risk, and anatomical factors related to
transfemoral (TF) TAVI feasibility. For instance, SAVR is preferred in pa-
tients younger than 65 years or those with a life expectancy of over 20 years,
as well as in patients where vascular anatomy or other factors preclude TF
TAVI. Conversely, TF TAVI is preferred in patients older than 80 years or
those with a life expectancy of less than 10 years. Shared decision-making is
emphasized, especially for symptomatic patients between 65—-80 years of age
with no contraindications to TF TAVL.
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2.5.1. Echocardiography

A thorough initial history is crucial for identifying the three primary
symptoms of aortic stenosis: syncope, angina, and dyspnea. In patients
without symptoms, a characteristic crescendo-decrescendo systolic murmur
heard during auscultation can suggest AS [66]. However, cardiac auscultation
alone is not sufficient for an accurate diagnosis. Therefore, all individuals
showing AS symptoms should undergo echocardiography, the definitive
method for diagnosing valvular heart disease [51, 67]. Echocardiography
provides a detailed evaluation of the extent of valve obstruction and its
causes. It’s also important to thoroughly investigate any associated valvular
diseases during the initial assessment, as they can impact treatment and
prognosis. The initial echocardiography should focus on the extent of
calcification, the number and movement of the leaflets, using both parasternal
short- and long-axis views.

Key factors to be assessed include:

1. Diameter of the left ventricular outflow tract (LVOT).

2. Left ventricular ejection fraction (LVEF).

3. Presence of left ventricular hypertrophy.

4. Right ventricular systolic pressure.

5. Diastolic function.

Doppler echocardiography is preferred for evaluating the severity of AS
over invasive methods like cardiac catheterization. It measures vital
hemodynamic parameters affected by a stenotic valve. The essential variables
in Doppler echocardiography include:

1. Aortic jet velocity (Vmax).

2. Mean transaortic pressure gradient (MPG).

3. Aortic valve area (AVA).

Continuous-wave Doppler ultrasound directly measures Vmax using
apical, suprasternal, or right parasternal views. Vmax is significant, as studies
show a higher risk of AS-related events in patients with severe AS and higher
Vmax levels [68]. A pressure gradient is expected due to the obstruction by a
stenotic valve, and MPG is calculated using the simplified Bernoulli equa-
tion. The AVA, estimated using the continuity equation, is the most reliable
parameter for assessing severity [49, 69, 70].

2.5.2. Dobutamine stress echocardiography

Dobutamine stress echocardiography (DSE) plays a significant role in
the evaluation and management of patients with low-flow, low-gradient
aortic stenosis. DSE is particularly useful for assessing significant AS and the
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heart’s contractile reserve, though its prognostic utility in this context has
been a subject of debate in recent studies.

In patients with low-flow and low-gradient AS, especially those with
reduced ejection fraction (EF), low-dose dobutamine stress echo (up to
20 pg/kg/min) is recommended. For patients with heart failure treated with
beta-blockers, higher doses of dobutamine (up to 40 pg/kg/min) may be
necessary. The varying dosages of dobutamine are used to accurately assess
the severity of AS and the heart’s response to stress, particularly in chal-
lenging clinical scenarios [76, 77].

Dobutamine stress echocardiography is proposed as a method to evaluate
left ventricular (LV) contractility and the aortic valve area in patients with
AS and a low transvalvular pressure gradient. This assessment is crucial for
determining which patients are likely to benefit from valve replacement
surgery. DSE thus plays a pivotal role in making informed decisions about
surgical interventions in patients with this particular form of aortic stenosis
[78].

Dobutamine stress echocardiography is used to distinguish true severe
aortic stenosis from pseudosevere AS, which generally falls under moderate
AS. This differentiation is crucial because the treatment and prognosis for
each vary significantly. The DSE protocol starts with a low dose of dobu-
tamine (5 pg/kg/min), gradually increasing to a maximum of 20 pg/kg/min.
In pseudosevere AS cases, during DSE, the aortic valve area increases (peak
stress AVA > 1.0 cm?), and the change in mean pressure gradient is minimal
(AP <40 mmHg). In contrast, in true severe AS, the AVA remains unchanged
(AVA <1.0cm?), but the pressure gradient increases significantly
(AP > 40 mmHg) [52, 67]. Additionally, the presence of contractile reserve
(CR), marked by a 20% increase in stroke volume (SV), was once considered
a factor for predicting operative mortality [71]. However, recent studies
question its effectiveness in predicting survival and therapeutic benefits [72,
73]. Another challenge during DSE is the incomplete normalization of flow
due to inadequate SV increase. This leads to further discrepancies during
stress testing, where the peak stress gradient is <40 mmHg, and the peak
stress AVA remains < 1 cm?. In such cases, using conventional echocardio-
graphic parameters, like the projected AVA (AVAproj) at a fixed transvalvular
flow rate (250 mL/s), provides a uniform method to identify severe AS during
DSE [74]. The diagnostic accuracy of AVAproj in detecting severe AS
(AVAproj < 1 cm?) is approximately 70%, which is notably higher than the
accuracy rates observed using MPG and AVA alone, which are 48% and 60%
respectively [75]. In summary, dobutamine stress echocardiography is an
essential tool in the management of low-flow, low-gradient aortic stenosis. It
helps in assessing the severity of the condition, the heart's contractile
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capacity, and aids in determining the appropriateness of surgical intervention
for valve replacement. The application of DSE, including the dosage of
dobutamine, varies based on patient-specific factors and clinical presentation,
underscoring the need for individualized patient care in the management of
aortic stenosis.

2.5.3. Computed tomography aortic valve scoring

The use of computed tomography aortic valve calcium (CT-AVC)
scoring has become a valuable diagnostic tool in predicting the progression
and severity of aortic stenosis. It’s particularly useful in cases where there’s
a discrepancy in echocardiographic measurements, such as when the aortic
valve area is < 1 cm? but the mean pressure gradient is <40 mmHg [79]. In
these situations, the inconsistency in MPG is often linked to reduced aortic
valve compliance due to heavy calcification, which can be quantified using
the CT-AVC score [80]. The strength of CT-AVC in assessing AS severity
lies in its independence from hemodynamic parameters seen in echocar-
diography [81]. Previous studies have established severe AS cutoff values at
> 1274 AU for women and > 2065 AU for men, using receiver operating
characteristic (ROC) curve analysis [80]. Modern guidelines have proposed
different cutoffs, positioning CT-AVC as a crucial confirmatory step in
determining severity in low-flow low-gradient (LFLG) AS.

Regarding stress testing, since half of AS patients are asymptomatic,
exercise testing can reveal hidden symptoms and hemodynamic issues, like a
decrease (<20 mmHg) or insufficient rise in blood pressure, ventricular
arrhythmia, and ST segment changes [82, 84]. Current guidelines advise
using exercise testing only in asymptomatic patients with caution. An abnor-
mal exercise test, indicating a high risk of death, prompts both European and
American guidelines to recommend aortic valve replacement if symptoms
appear during the test [51, 67].

Pharmacological stress testing, such as with dobutamine, can also predict
symptom onset during follow-up. Stratifying patients as high-risk can be
achieved through stress echocardiography by assessing hemodynamic res-
ponses of the left ventricle. A notable increase in MPG or failure to increase
stroke volume during testing is linked to poor outcomes [82].

2.5.4. The role of computed tomography in transcatheter aortic
valve implantation planning

Aortic valve assessment CT provides a detailed evaluation of the mor-
phology and anatomical features of the aortic valve, which is essential for
selecting the appropriate type and size of the prosthetic valve. Key parameters
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include: Aortic annulus — its diameter, area, and perimeter are measured to
ensure accurate valve sizing [62].

Valve calcification — the volume and distribution of calcifications are
assessed, as severe calcification can lead to paravalvular regurgitation and
procedural difficulties. Bicuspid vs. tricuspid valve — patients with a bicuspid
aortic valve may present additional technical challenges during TAVI.

Aortocoronary anatomy assessment. Coronary ostium height — the dis-
tance from the aortic annulus to the coronary ostia is measured to prevent
coronary obstruction after valve deployment. Coronary artery disease assess-
ment — significant coronary artery stenosis or calcification should be eva-
luated, as some patients may require revascularization before TAVIL.

Aortic evaluation of diameter and structure of the ascending aorta —
important for determining TAVI feasibility, especially in cases of aneurysm
or dissection. Aortic calcification and tortuosity — excessive tortuosity or
calcification can make catheter navigation more challenging.

Peripheral vessel assessment for access route selection. Choosing the
vascular access route is a critical aspect of TAVI, and CT angiography of the
lower extremities allows for a comprehensive evaluation of peripheral arte-
ries. The following parameters are assessed: Diameter of femoral and iliac
arteries — transfemoral access is preferred, but if the vessels are too narrow or
tortuous, alternative access routes (transaortic, transsubclavian, transcarotid)
may be required. Degree of calcification — excessive calcification increases
the risk of vascular complications. Vessel tortuosity — complex anatomy may
complicate catheter navigation [65, 83].

2.6. Treatment

2.6.1. Medical therapy lipid-lowering therapy

It has been suggested that the accumulation of lipids in the aortic valve
is a key factor in causing inflammation and subsequent calcification typical
of a degenerative stenotic valve. However, this theory was not supported by
findings from the SEAS trial, where patients with aortic stenosis did not show
reduced risks of needing aortic valve replacement, mortality, or hospitali-
zation due to disease progression while being treated with simvastatin and
ezetimibe [84]. As a result, the use of lipid-lowering drugs in AS patients is
determined based on standard cardiovascular disease risk assessment
methods. An interesting observation from the SAFEHEART study involving
patients with familial hypercholesterolemia was that their need for AVR was
significantly higher, indicating the importance of strict cholesterol control in
this group [85].
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2.6.2. Antihypertensive therapy

The increase in systemic arterial pressure in patients with aortic stenosis
can lead to left ventricular remodeling, which further contributes to LV
dysfunction [86]. While it seems logical to start antihypertensive medication
in AS patients with a blood pressure (BP) of > 140/90 mmHg, there is a risk
of hypotension associated with such treatment [87].

The choice of medication, particularly beta-blockers, is a subject of
debate. Initially, beta-blockers were thought to cause LV dysfunction and
hemodynamic issues in AS patients. However, recent evidence suggests that
beta-blockers can actually improve survival in severe AS patients by reducing
hemodynamic overload [88, 89].

Another important aspect is the role of the renin-angiotensin system
(RAS), which is often upregulated in AS patients [90]. Blocking the RAS has
been shown to slow the progression of AS by reducing AVA and Vmax
progression, as evidenced in the RIAS trial. This effect is thought to be due
to the deceleration of cardiac remodeling. Early intervention in AS is
hypothesized to be most beneficial [91], a concept currently being explored
in the ARBAS trial (NCT04913870).

According to the ESC/EACVI/EAPCI expert consensus on managing
hypertension and AS, RAS blockers are recommended as the first-line
therapy, aiming for a target BP of 130-139/80-89 mmHg [87]. However, in
patients with systolic dysfunction or severe AS, therapy needs to be indivi-
dualized. This is due to the risk of hypotension associated with RAS blockers,
which requires careful consideration and expert opinion in treatment
planning.

2.6.3. Calcium targeting therapy

Valvular calcification is a key factor in the development of aortic ste-
nosis. In light of this, retrospective studies have examined the impact of
bisphosphonates on AS progression. These studies indicated that bisphospho-
nates might slow the progression of mild AS [92]. However, the findings of
the SALTIRE trial challenge this perspective, providing concrete evidence
that medications like denosumab or alendronate do not influence the progres-
sion of AS. This contradiction highlights the complexity of AS pathogenesis
and the need for further research to understand the potential role of such
treatments in managing the disease [93].
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2.6.4. Interventional therapy

2.6.4.1. Mild and moderate aortic stenosis

In cases of mild and moderate aortic stenosis, the standard approach as
per guidelines is to limit interventions such as surgical aortic valve
replacement or transcatheter aortic valve replacement to those with severe
and symptomatic AS. This approach is generally classified as class 1 in the
guidelines, with certain exceptions that are discussed in more detail within
the guidelines.

For patients with mild to moderate AS, regular echocardiographic moni-
toring is recommended. The frequency of these follow-ups varies based on
the severity of the condition. The purpose of these echocardiographic evalua-
tions is to track the progression of the disease at its early stages. However, it
has been observed that even in cases of non-severe AS, there is an increased
risk of mortality, particularly in patients who exhibit significant valve
calcifications, coronary artery disease (CAD), and a rapid increase in the
velocity across the aortic valve [94]. This finding suggests that patients with
these characteristics should be monitored more closely.

Additionally, a recent study examining the natural history of moderate
AS in 729 patients found that the overall 5-year survival rate was 52.3% [95].
This relatively low survival rate has sparked interest in investigating whether
early intervention in moderate AS could improve outcomes. The TAVR
UNLOAD trial (NCT02661451) is currently exploring this possibility. The
results from this trial may lead to changes in the future management of
patients with moderate AS, potentially advocating for earlier intervention to
improve long-term survival.

2.6.4.2. Asymptomatic severe aortic stenosis

In patients with asymptomatic severe aortic stenosis, the AVARJIN
study observed that symptoms typically emerged within two years in about
two-thirds of participants [96]. A notable meta-analysis involving 4,075
patients with asymptomatic AS indicated that early medical intervention
significantly reduced mortality rates (Hazard Ratio = 0.38) compared to a
more conservative approach [97]. The AVATAR trial, focusing on asympto-
matic severe AS patients with normal heart pumping function (ejection
fraction), found that early surgical aortic valve replacement lowered the rates
of death from any cause and major heart-related events, compared to conser-
vative treatment. These findings could greatly influence future treatment
guidelines, possibly shifting the current approach of cautious observation in
such patients [98].
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The European Society of Cardiology/European Association for Cardio-
Thoracic Surgery (ESC/EACTS) and the American College of Cardiology/
American Heart Association (ACC/AHA) have set forth specific criteria for
aortic valve replacement in cases of asymptomatic severe AS. European
guidelines advise considering surgical intervention in patients whose heart
pumping function is less than 55%, as these individuals are observed to have
a higher mortality risk. Additionally, other prognostic factors have been
identified as indicators of poor outcomes in these patients [99, 100, 101, 102].
The RECOVERY trial demonstrated improved survival rates in patients with
very severe AS who received early intervention, compared to those who
received conservative treatment [100]. As such, the guidelines recommend
considering surgical intervention in patients with certain echocardiographic
findings, like high mean pressure gradient or high peak aortic jet velocity.
Specifically, intervention is advised for those with MPG greater than or equal
to 60 mmHg, Vmax over 5 m/s, elevated levels of brain natriuretic peptide,
an increase in aortic velocity of at least 0.3 m/s per year, or a drop in systolic
blood pressure during exercise.

Further echocardiographic measures, such as reduced global longitudinal
strain (GLS less than 15%), have also been studied for their prognostic value
in patients with asymptomatic severe AS and preserved ejection fraction
[102]. While these measures are not yet included in current guidelines, they
are considered important factors in clinical evaluations.

2.6.5. Symptomatic severe aortic stenosis

Braunwald and Ross conducted significant research on the progression
of symptomatic severe aortic stenosis, notably presenting a model in 1968
that outlined survival rates at 2, 3, and 5 years after the onset of symptoms
like shortness of breath, fainting, and chest pain [104]. Presently, medical
guidelines advocate for treatment in cases of symptomatic severe AS with a
high gradient, categorizing it as a top priority (class 1). However, the treat-
ment and prognosis for the low-flow, low-gradient type of AS remain subjects
of debate. A study in France identified that the absence of contractile reserve
(CR) during stress echocardiography with dobutamine is an indicator of
higher risk of early death after surgery in LFLG AS patients [71].

In these cases, the 2021 European Society of Cardiology (ESC) guide-
lines recommend intervention as a top priority for patients showing CR, and
as a secondary consideration (class 2a) for those without CR.The 2018
TOPAS Registry found no clear link between CR before transcatheter aortic
valve replacement and the overall patient outcomes [104]. In classical LFLG
AS patients, an improvement in left ventricular ejection fraction was noted
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regardless of their CR status. The 2019 registry supported this finding,
showing that one-year mortality rates were similar whether or not patients
exhibited CR [71]. Following these findings, the 2020 guidelines from the
American College of Cardiology/American Heart Association (ACC/AHA)
recommend aortic valve replacement for all LFLG AS subtypes (class 1).
Despite this, the 2021 ESC/European Association for cardio-thoracic surgery
(EACTS) guidelines suggest a Class 2a recommendation for AVR in patients
with a specific type of LFLG AS known as paradoxical LFLG [67].

2.7. Surgical aortic valve replacement

Prosthetic aortic valves are broadly classified into three main types:
surgical mechanical aortic valves, surgical biological aortic valves, and
transcatheter or percutaneous aortic valves. “surgical mechanical aortic
valves” are fabricated from durable materials like stainless steel, pyrolytic
carbon, or ceramic. They are available in various designs, including caged-
ball, monoleaflet, and bileaflet configurations. Known for their structural
robustness, these valves are theorized to have a service life of approximately
25 to 30 years. “Surgical biological aortic valves” are comprised of biological
tissues. These tissues can be xenogenic, derived from bovine or porcine
sources, or allogenic, known as homografts. Available in both stented and
stentless variants, the primary challenge with these valves is their limited
durability, with an average lifespan ranging from 10 to 15 years. “Trans-
catheter or percutaneous aortic valves”, a type of tissue heart valve, can be
expanded over a balloon or be self-expandable. These are inserted percuta-
neously and are known for their ease of implantation. However, they share a
similar limitation to surgical bioprostheses regarding longevity. The selection
of the appropriate valve type is influenced by several patient-specific factors
such as age, the risk of bleeding, and the potential for valve deterioration.
Mechanical valves, which are more thrombogenic but offer greater durability,
are typically preferred for patients under the age of 65. In contrast, biological
valves are more commonly selected for older patients. While mechanical
valves necessitate continuous anticoagulation therapy, heightening the risk of
bleeding, bioprosthetic valves usually require antithrombotic treatment only
in the initial months following surgery. A deep understanding of the thrombo-
genic potential and calcification processes, especially in bioprosthetic valves,
is vital for advancing the design, biocompatibility, and durability of these
prosthetic devices. This knowledge is crucial in the ongoing efforts to en-
hance these valves’ longevity and performance [106].
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2.8. Choice of access site for transcatheter aortic
valve implantation

2.8.1. Transapical

Recent studies, including a meta-analysis, have indicated that transapical
(TA) transcatheter aortic valve implantation presents a 30-day mortality rate
of 14.2% in elderly and frail patients, compared to 6.5% for those with
transfemoral access. This significant difference in mortality rates is a primary
factor in the decreasing use of TA TAVI over time. Evidence of this decline
is seen in daily practice, as data from the STS/ACC TVT Registry shows a
reduction in TA access in the United States from 14.5% in 2012 to 6.1% in
2015.

However, the success of TA TAVIs seems to be significantly influenced
by local expertise. Facilities that perform a higher number of TA procedures
tend to report more positive outcomes, suggesting a direct correlation between
the volume of procedures performed and patient results. This observation is
supported by a recent publication from Papadopoulos et al., which detailed a
10-year registry of TA-TAVR procedures. In this study, 312 high-risk pa-
tients underwent TA-TAVR, with perioperative, 30-day, and in-hospital
mortality rates of 1.3%, 8.2%, and 9.5%, respectively. Notably, there was a
decline in the 30-day mortality rate to 4.2% in later years, indicating that
increased experience and practice over time lead to improved outcomes. The
incidence of neurological complications in this study was 3.2%.

In summary, while the overall use of TA TAVI has decreased, many
centers with skilled surgical teams continue to achieve favorable results.
These centers often resort to the TA approach as a secondary option when TF
access is not feasible.

2.8.2. Transaortic access for transcatheter aortic valve
implantation

The transaortic approach (TAo-TAVI) was first employed in 2009,
utilizing Medtronic’s self-expandable valve system. Since then, TAo TAVI
has emerged as a significant alternative to the more invasive TA approach
[78]. The self-expandable valve gained CE mark approval for direct aortic
access in November 2011, as did the Sapien XT. This procedure, conducted
under general anesthesia, can be performed via mini-sternotomy or right
mini-thoracotomy.

One of the key benefits of the TAo approach is its relatively low risk of
vascular complications. The direct aortic visualization facilitates precise valve
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prosthesis placement, resulting in better control over the procedure. Compa-
red to TA TAVI, TAo-TAVI offers several practical benefits, such as
avoiding thoracotomy, which may impair pulmonary function in COPD
patients. It also bypasses cannulation of the left ventricular apex, thus redu-
cing the risk of intraprocedural bleeding. In emergency scenarios, direct
aortic visualization allows for swift initiation of cardiopulmonary bypass.

However, the TAo approach poses technical challenges in cases of
previous sternotomy. Contraindications include porcelain aorta and particular
care is required for patients with previous bypass grafts overlaying the aorta,
due to the high risk of LIMA graft trauma. Other considerations include
previous CABG with high-origin vein grafts and anatomical variations like
pectus excavatum, which may hinder proper prosthesis deployment [108,
109].

Preoperative planning, including a CT scan, is crucial for visualizing the
aorta’s relationship to the sternum, aortic calcification, and the distance from
the aortic cannulation site to the root. An ideal distance of over 7 cm is
preferred for valve implantation. Cardiopulmonary bypass should be on
standby for any intraoperative complications [110].

When comparing TAo TAVI with TA TAVI, the former avoids the major
risks and contraindications associated with the invasive TA approach,
reducing myocardial damage and left ventricle apical bleeding risks. A study
by Arai et al. found no significant difference in 30-day mortality between
TAo and TA TAVR [111]. Another review and meta-analysis suggested a
lower stroke rate in the transaortic group, though this wasn't statistically
significant. The transaortic group showed slightly lower mortality rates and
similar procedural success compared to the transapical group [112].

Additional meta-analyses comparing TA and TAo TAVI indicated com-
parable success rates and 30-day mortality rates, with no significant differen-
ces in stroke, TIA incidence, major bleeding, or pacemaker insertion needs.
The incidence of significant paravalvular regurgitation was also similar
between the groups [113].

Amrane et al. conducted a meta-analysis across 16 studies, focusing on
TAo TAVTI’s safety and efficacy. They found a conversion to sternotomy rate
of 3.2%, device success of 91%, major vascular complications at 3.1%, and
a necessity for permanent pacemaker implantation in 11.7% of patients. The
30-day post-TAVI complication rates included 9.9% mortality, 3.7% for all
stroke, and 1.0% for myocardial infarction. The VARC-2 composite safety
endpoint occurred at a rate of 16.7% [114].

In summary, the less invasive nature of TAo TAVI compared to the TA
approach makes it a more favorable option for patients unable to undergo
percutaneous TF TAVI. Randomized controlled trials are needed to fully
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establish the benefits of transaortic over transapical TAVI. With the current
evidence, transaortic TAVI presents a viable alternative to the more aggres-
sive transapical TAVI for appropriate patients.

2.8.3. Transcaval access for transcatheter aortic valve implantation

Transcaval access is an innovative technique allowing a completely
percutaneous TAVI procedure for patients lacking other options. The inaugu-
ral transcaval TAVI occurred in 2013 [115]. This method has proven viable
for high-risk patients with severe aortic stenosis who have no other access
alternatives. The procedure is complex and necessitates meticulous patient
selection [116]. The ideal candidate is unsuitable for both TF and any other
alternative access.

In transcaval access, the delivery system is introduced via the femoral
vein, crossing into the arterial system through an aortocaval fistula. This
fistula is sealed with an Amplatzer device following valve deployment. Most
patients achieve satisfactory closure, even though nitinol occlude devices, not
originally intended for this use, are employed. Closure is not immediately
blood-tight, and sometimes additional measures like aortic balloon inflations,
tamponade, or covered stent implantation are required [117].

CT angiography of the abdomen and pelvis is recommended for all
patients at 1 and 12 months post-procedure to check for any vascular or extra-
vascular damage from the transcaval procedure and to confirm the fistula’s
late closure. Recent data from a 50-patient European registry indicated a 98%
success rate for transcaval TAVI, with a nitinol cardiac occluder effectively
sealing the venous-aortic puncture site in all cases, eliminating the need for
surgery. One patient required additional aortic puncture site sealing with a
covered stent due to a gradual decrease in hemoglobin. According to the
Second Valve Academic Research Consortium (VARC-2), life-threatening
bleeding and major vascular complications related to transcaval access were
4% and 10%, respectively. No complications were observed post-discharge.
After 30 days, 88% of patients met the clinical efficacy endpoint [118].

Similarly, a U.S. prospective registry involving 100 patients showed a
98% device success rate, with only one patient needing a covered stent for
closure. The inpatient survival rate was 96%, and 30-day survival was 92%.
VARC-2 life-threatening bleeding and modified major vascular complica-
tions were 7% and 13%, respectively. The median hospital stay was 4 days.
No vascular complications occurred post-discharge [119].

In summary, transcaval TAVI presents as a viable alternative approach
for high-risk patients with severe aortic stenosis who are unsuitable for other
forms of access.
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2.8.4. Suprasternal access for transcatheter aortic valve
implantation

TAVI implantation via the innominate (brachiocephalic) artery presents
a novel option for heart teams, adding an alternative to existing methods. The
first Suprasternal TAVI (SS TAVI) was conducted in 2015 [120]. This
approach is particularly relevant for patients unsuitable for a transfemoral
approach, as it eliminates the need for thoracotomy and offers significant
benefits.

However, there are primary contraindications to consider, such as severe
calcium buildup at the innominate artery’s ostium or entry point, small vessel
size, excessive tortuosity, or unsuitable cervical neck anatomy. The proce-
dure’s advantage lies in the shorter distance from the access point to the aortic
valve annulus, which enhances catheter stability and precision in implant
positioning [121].

Carpeti and colleagues analyzed 26 high-risk patients who lacked trans-
femoral or subclavian access and underwent TAVI via a suprasternal bra-
chiocephalic approach. In 88.4% of these patients, the procedure was exe-
cuted as planned, while in 11.5%, it was shifted to a right carotid access.
A mix of self-expanding (76.9%) and balloon-expandable (23.1%) prostheses
were utilized. At the 30-day mark, there were no deaths, one major stroke
(3.8%), and three significant vascular access-related complications (11.5%).
After a median follow-up of 317 days, two patients had passed away due to
cardiovascular causes, and 79.2% of the surviving patients were in New York
Heart Association functional Class I or I1 [122].

Codner and team presented findings from 11 patients who received
suprasternal TAVI due to unsuitable transfemoral access. These patients were
compared with matched pairs treated via TA, TAo, and SC routes. The su-
prasternal and SC accesses resulted in shorter procedures, quicker recovery,
and reduced hospital stays without a noticeable increase in complications
[123].

Eudailey and colleagues retrospectively reviewed 84 patients from three
U.S. centers who underwent SS-TAVI. The procedure was technically suc-
cessful in all cases, with a 98.8% survival rate at 30 days. Remarkably, there
were no cases of transient ischemic attacks or strokes. The rates for re-
exploration due to bleeding and major bleeding were 3.6% and 1.7%,
respectively. The average stay in the intensive care unit was about 1.42 days,
with the overall hospital stay averaging around 4.20 days [124].

In conclusion, the suprasternal access to the innominate artery appears to
be a viable and safe method for TAVI when transfemoral access is not an
option.
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2.8.5. Subclavian access for transcatheter aortic valve implantation

The subclavian TAVI (SC TAVI) first came into practice in 2008,
providing a valuable alternative for cases where transfemoral access is not
suitable [125]. Known for its lower invasiveness, reduced procedure time,
and less frequent need for general anesthesia, SC TAVI gained CE mark
approval for Medtronic’s self-expandable valve system in December 2010.
This procedure can be carried out under general anesthesia or with deep
sedation and local anesthesia. Traditionally, access is established surgically
[126], but percutaneous methods have also been explored, though controlling
bleeding at the access site remains a challenge [127, 128].

The right axillary or subclavian artery is seldom used for TAVI due to
anatomical limitations and unfavorable implantation angles. The preferred
target is the proximal third of the left axillary artery for both surgical and
percutaneous methods. The main drawbacks of this approach include poten-
tial vascular complications, as the subclavian artery is more delicate than the
femoral artery [129]. Pre-procedure assessments with a CT Angiogram are
essential to evaluate the SC artery size and calcification presence. Special
attention is needed for patients with a patent left internal mammary artery
(LIMA) graft, due to the risk of occluding the vessel's orifice with the sheath
in the subclavian artery. There’s also a heightened risk of stroke, particularly
in patients with carotid disease who rely on vertebral arteries for cerebral
perfusion [130]. Surgical cut-downs require careful execution due to the
proximity of the axillary artery and the brachial plexus, as temporary neuro-
pathy has been reported [131].

Subclavian access stands out as the only non-femoral approach with
survival rates comparable to TF TAVI, potentially making it the safest alter-
native route for TAVR. The UK registry revealed similar one-year survival
rates for TF and SC TAVI, but lower rates for TA and TAo approaches.
Notably, patients in the SC group had a higher EuroSCORE, indicating more
severe illnesses. The US CoreValve High-Risk study and the Italian Registry
both reported lower short-term mortality with SC access compared to trans-
thoracic access, reflecting its lower invasiveness [132].

Comparative studies between TF and SC TAVI found no significant
differences in procedural success, major vascular complications, life-threate-
ning bleeding events, and combined safety endpoints. The two-year survival
rate was comparable between the subclavian and femoral groups. The
subclavian group, however, had lower rates of acute kidney injury/stage 3,
minor vascular complications at the sheath insertion site, and all types of
bleeding events related to vascular complications. The two-year freedom from
cardiovascular death was almost identical in both groups [133, 134].
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These findings align with the largest reported cohort of SC-TAVR pa-
tients to date, which showed equivalent 30-day and 1-year mortality rates
between SC and TF TAVI, with a tendency toward fewer pacemaker require-
ments in SC accesses [135]. In summary, considering its procedural and
clinical outcomes akin to TF-TAVR, the SC approach is emerging as the
preferred secondary access site for TAVR, especially for patients who are not
suitable for TF access.

2.9. Major adverse cardiovascular events after transcatheter
aortic valve implantation over a period of one year

Numerous studies have focused on the major adverse cardiovascular
events (MACE) that can occur after catheter-based aortic valve implantation.
Symptoms of heart failure and related hospitalizations are frequently
observed after TAVI. These incidents are linked to increased mortality and
deteriorating health, despite recent improvements in long-term survival rates
post-TAVR. The prevalence and risk factors for HF following aortic valve
replacement are well-documented [136]. The aortic valve’s proximity to the
cardiac conduction system often leads to issues like bundle branch block,
complete heart block, and the necessity for permanent pacemaker implanta-
tion post-TAVI [137, 138]. Vascular Complications occur in up to 20% of
TAVI procedures. Major vascular complications have been associated with
decreased long-term survival following TAVI, while minor complications
seem to have less impact. The use of covered stents for managing vascular
complications at the access site does not significantly affect long-term
outcomes [139]. Within the first year after TAVI, up to 7% of patients may
experience strokes, a rate comparable to surgical valve replacements. This
stroke rate has remained consistent over the past decade [140]. Since its first
successful application in humans in 2002, TAVI has undergone significant
improvements in patient selection, device technology, and procedural techni-
ques, enhancing its safety profile and reducing associated complications [ 141,
142]. A specific study focused on the incidence and impact of events like HF
readmissions, the need for hemodialysis, and cardiac death following TAVI
[143]. Research indicates an in-hospital mortality rate of 10.0%, with long-
term rates for death, stroke, myocardial infarction, and major adverse cardio-
vascular or cerebrovascular events recorded at 43.0%, 4.1%, 15.2%, and
52.6%, respectively [144].

Comparing TAVI patients diagnosed primarily through heart murmurs
against other methods revealed that murmur-based diagnoses correlated with
more favorable long-term outcomes, including lower rates of major adverse
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cardiovascular and cerebrovascular events [145]. Overall, these studies indi-
cate that while TAVI has become safer and more effective over time, it still
carries risks of heart failure, conduction system disturbances, vascular, and
cerebrovascular complications. These issues can significantly impact the
long-term survival and quality of life of patients, highlighting the importance
of meticulous patient selection, ongoing monitoring, and effective manage-
ment of potential risks associated with TAVI.

2.10. Integration of artificial intelligence
in transcatheter aortic valve implantation

Medical artificial intelligence (AI) research encompasses a wide range
of predictive, diagnostic, monitoring, and decision support capabilities in
healthcare. There has been a surge in Al-related publications, conferences,
and funding recently. Much of the published and funded Al research, however,
lacks sufficient clinical validation and generally encounters several limita-
tions. First, most Al research is centered in diagnostic imaging, especially
radiology and pathology. Few Al applications are applied to the process of
interventions or surgical procedures, for example, how some surgical
procedures can be more efficient. Intervention is an essential aspect of the
scientific knowledge and technological capability of the physician. Second,
it involves risk stratification, i.e., how to predict adverse events and groups
at high risk. One important and commonly used technique is called transca-
theter aortic valve implantation. In addition, risk stratification has emerged
from the early use of TAVI in patients at high surgical risk to include a much
wider spectrum of patients. Subsequently, clinical cardiology, clinical
computing, and patient care are very active in Al. Among the large body of
clinical cardiology studies, TAVI is appealing for Al researchers due to its
medical priority and large data set. This study conducted a literature review
on the use of artificial intelligence techniques in TAVI and discussed how Al
can be integrated [146, 147, 148].

TAVI procedures have experienced a significant rupture since their
initial approval in 2007. Our learning curve has led to the functional and
clinical success of TAVI, now indicated for a plurality — being the preferred
treatment for inoperable patients — of the patients with severe aortic stenosis
who need a substitute for their stenotic aortic valve. The confluence of
technological innovation, the notable increase in the indications for TAVI,
and the therapeutic volume in the immediate short, mid, and long term have
triggered ever-increasing specializations in the treatment of patients with
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TAVI. Particularly, cardiologists and cardiac surgeons have to deal with a
growing demand for TAVI [149].

Today, TAVI has a mature therapeutic approach, where its technological
element has considerably reduced early morbidity and mortality, but patient
selection criteria, its timing, and the establishment of specific risk scores
should aim to optimize the mid and long-term survival of these patients. One
of Transcatheter Heart Valves TAVI’s reliable models supports TAVI as a
single operator — one of the main focuses of this present study. Its model
involves directly aortic cross-clamp time, time on cardiopulmonary bypass,
matching clinical profiles, and the score values of the reference data of
patients with isolated TAVI operated on. Its model deserves to be recognized
as one with the least dispersion of the risk predicted in relation to the observed
risk. About 70% of elective TAVI procedures are performed by groups of at
least four operators, and the impact of enrolling new TAVI operators on
outcomes is unclear [150].

To date, Al applications in TAVI have largely focused on clinical
outcome prediction and planning, with Al potentially offering opportunities
for improvements in procedural safety and efficiency. Available literature on
Al within TAVI is predominantly focused directly on the procedure itself,
embedded exclusively within large tertiary hospitals, and limited by a paucity
of external validation. The growing use of big data within TAVI has resulted
in an ever-growing repository of procedural data, with Al providing opportu-
nities to augment the depth of data exploration. With the progressive march
toward integration of pan-genomic, proteomic, and transcriptomic data with
routine patient care, Al may offer the potential to integrate a “multiomic”
digital phenotype to direct TAVI indication and enable intra-procedural
precision medicine. Expansion of Al research within TAVI does require
recognition of the potential for ethical challenges, technical limitations, and
data protection concerns. [151].

The main limitation of Al without human supervision resides in data
labeling, which is time-consuming. Furthermore, the generalizability of pre-
dictive models is inherently linked to the degree of heterogeneity of patients
included in the training cohort, and inappropriate model explanation may
potentially limit the trust and thus the translation of Al into clinical practice.
The major challenge, other than the independent validation of models in
prospective multi-center cohorts, is the potential for biased Al models. For
example, Al tools trained using non-representative data were found to gene-
rate predictions that are much less accurate. Similarly, the network-generated
annotation may contain labeling or annotation errors, and Al tools may also
overfit the training data, sacrificing model robustness. Ultimately, Al is a new
tool and will never replace individualized clinical deliberation, scientific

35



knowledge, clinical experience, and shared decision-making with patients or
among multidisciplinary teams [152].

2.10.1. Risk stratification in transcatheter aortic valve implantation

Concerning the specific development of Al for TAVI patients, post-
procedure risk stratification, when performed in an accurate and timely
manner, has the potential to inform clinical decision-making, patient
expectations, and possibly early interventions to improve outcomes. Studies
show that machine learning may be very useful in several ways after TAVI
procedures, primarily by predicting outcomes, improving patient adherence,
and revealing true clinical benefits cost-effectively. In the present review of
the literature, two of the most useful applications pertaining to patient
outcomes post-procedure are reviewed: machine learning for TAVI risk
stratification and machine learning for use indication, as well as the post-
procedure benefit of mortality prediction model use for patients' predictions.
Indeed, following developments on TAVI patients offers many benefits for
all sides. Overall, the result of the decision-making processes presented
within TAVI execution, coordinated by the clinic and representing the patient
as well as the execution team members, reflects the TAVI patients' outcomes.
It is also essential to provide the best treatment to the patient and to inspire
other patients to get treatment. The best reason against confounding in TAVI
outcomes appears to be the clear identification of the available treatment
options and prediction. The currently known algorithms built in the context
of the systematic assessment of the risk are relatively less well-established
than expert judgment criteria. The aggregation of ML algorithm system,
which benefits patients and physicians, is capable of achieving a break-
through. Moreover, significant, differences are likely in terms of the risk
assessment of high-risk AS patients, where the proposed risk assessment
algorithms have their field of application; the healthcare context described
changes the cost-effectiveness threshold and the conditional cost-effective-
ness threshold [153]

Transcatheter aortic valve implantation is increasingly being adopted as
a viable treatment option for high- and intermediate-risk patients with severe
symptomatic aortic stenosis who are not suitable candidates for conventional
surgical aortic valve replacement. Comprehensive pre-TAVI assessment and
careful patient selection are key in achieving good clinical outcomes, and
considerable attention has been paid to improving and diversifying the risk
stratification process. In recent years, there has been increasing interest in
utilizing routine pre-TAVI patient CT scans to accurately characterize the
aortic, left ventricular, and mitral valve complex to facilitate appropriate
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patient—prosthesis sizing and risk assessment. Some also propose using
machine learning algorithms to elevate pre-TAVI CT into structured clinical
information to aid in selecting procedural access routes and predicting the
risk of certain peri-TAVI complications. In this review, we attempt to sum-
marize clinical evidence on the impact of novel machine-led pre-TAVI

assessment on pre-procedural planning, periprocedural outcomes, and survi-
val [154].

2.10.2. Artificial intelligence for risk stratification in
transcatheter aortic valve implantation

The use of transcatheter aortic valve implantation to manage patients
with severe symptomatic aortic stenosis who require intervention has rapidly
expanded. The advantages — the avoidance of general anesthesia, reduced
hospital length of stay, and more rapid recovery — make it particularly
beneficial among the elderly and frailer patients. However, the wider TAVI
population has increased its clinical and procedural complexities and
consequently its in-hospital risks. In this review, we summarize studies that
have developed Al systems to predict the risk of mortality and other in-
hospital complications after TAVI. Method: Key studies in risk stratification
in TAVI using artificial intelligence were systematically identified and criti-
cally reviewed. Results: Predicting important events for patients undergoing
TAVI remains of clinical importance. In recent years, there have been signi-
ficant advances in the use of Al to predict the risk of in-hospital mortality and
adverse outcomes following TAVI using routinely collected health data.
These systems brought together continuous patient monitoring data, structu-
red electronic health records, and multi-scale physiological data to form
relevant clinical indices as predictive models. While all the studies demon-
strated the feasibility of Al to predict in-hospital mortality with improved
accuracy compared to the standard risk scores, the optimal predictive power
of Al was derived when large-volume, high-granularity clinical information
was used to develop the models. Conclusions: Contemporary Al risk stratifi-
cation techniques built on routinely delivered healthcare data demonstrate a
higher predictive power than traditional risk scores. Their availability for
widespread use will not only better inform future clinical management
decisions but has the potential to identify those at highest risk where early
intervention paradigms may be developed or to understand whether the risk
of harm can be reduced by changes in the clinical process and/or intervention
design [155].

Currently, this research field is still in an early phase. Many studies on
Al in TAVI are focusing on image analyses. However, among Al in TAVI
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studies, very few studies have been performed. A semi-automated computer
program was developed to create aortic annulus three-dimensional (3D)
models from cardiac computed tomography angiography using methods for
enhanced image analysis techniques to reduce user input and improve the 3D
heart model accuracy. The program runs and executes fibrotic annulus
locations to enhance 3D fibrotic regions and further extracts the aortic valve
and improves blood outflow for simulation purposes. Anthropometry, base-
line characteristics, and TAVI procedural outcomes were analyzed across sex
by binary stem and non-elite by sex and binary model [156].

The outcome included anthropometric, echocardiographic, and outcome
models, indicating that significant differences in age, body mass index, and
exercise capacity were observed. Furthermore, the study has demonstrated
that the aortic annulus has the potential to be predicted by clinically matched
parameters. These demonstrated Al methods are leveraging anthropometric
data for modeling and predicting annulus size, obesity, and exercise capacity.
Moreover, an ACM detection and classification model was proposed to
evaluate heart diseases. Characteristics of HCM were accurately identified by
a pre-training model and screening model, offering good assistance to
physicians. The result of the backbone network combined with the proposed
ensemble algorithm improved accuracy and reduced false positives [157].

The use of Al in the development of tools providing risk stratification
information for patients with AS undergoing TAVI has several advantages.
First, the analysis can be performed easily from data stored in institutional
electronic health records. It allows continuous monitoring of patients waiting
for TAVI. Secondly, the model uses multiple clinical factors, rather than the
one-dimensional “surgical risk” variable. Multiple factors will allow more
precise patient stratification. Patients at high risk may benefit from a proce-
dural aim by a more experienced team, with the benefit of higher success rates
and lower rates of complications. In addition, they enable optimized post-
procedural care to obtain better functional improvement, perhaps also
allowing lower hospitalization rates. Patients at lower risk are instead candi-
dates for fast-track surgery programs, becoming protagonists [158].

Several limitations are also present, which are concentrated on three
levels: the patient, the model, and the environment. First of all, data on the
experience are limited in sample size and variety, often present in the older
population, which is the most represented source of data, and the information
may be incomplete. In these patients, the use of Al tools in the clinical
decision process could lead to information that is not precise or adequate to
direct the clinical choice. On the other hand, models in the most common
patients, those with a “standard” risk for open heart surgery, could be more
biased toward the development of complications, which are by definition

38



poorly represented in this population. Second, the limitations of each specific
model must be taken into consideration. In fact, the best results were obtained
in the training and validation to be replicable in the clinician’s practice. To
date, multiple models use large data sets collected in single centers or auto-
matic multicenter databases, but it is clear that if Al is used within a single
center, the data available will be a single limited experience of that center. It
is important that the predictability and accuracy of each developed model can
be confirmed in other data at different clinics. This model will be enabled by
access to broader data resources and by the recognition of the data required
for continuous TAVI risk stratification, perhaps in the presence of dedicated
software containing functions based on complex algorithms [159].

2.10.3. Ethical and regulatory considerations

The rise of artificial intelligence in medicine has brought both enthu-
siasm and skepticism among researchers and clinicians. The excitement about
the enormous potential of Al in providing precise preventive and therapeutic
options for patients in personalized medicine, and the growing number of
applications that have successfully solved practical problems, is significant.
Some potential threats from Al, largely as a result of misuse, mismanage-
ment, or misunderstanding about how it actually works, are concerning. The
estimations and assessments of possible threats, such as economic impact,
legal liability, individual autonomy, and social behavior, are not completely
mature or even inherently unpredictable [160].

After the release of a project with an overall budget in research funding,
an entire book was published describing the challenges for regulation. Although
there was a desire for such a “well-crafted” and “specific” regulation, the
reasons for these anticipations, whether to happen or not, were not provided
in that publication. The unexpected developments in the field of autonomous
driving, in which casualties have occurred due to Al-based driving errors,
clearly showed that there was no adequate regulation for a technology like
the one that emerged in that area of research and ultimately production.
Therefore, a discussion about the real necessity of regulation for each Al
application in healthcare is needed [161].
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2.10.4. Future directions and innovations

Optimization and personalization of TAVI procedures although TAVI
procedures are becoming more efficient and, in the vast majority of cases,
patients have upper-level outcomes, potential procedural adjustments, opti-
mization, and customization could further improve the results in a number of
specific settings, among which are high-risk procedures. The present paper
aims to summarize the role that Al has played in TAVI procedures, both in
terms of research and, importantly, guidelines support. Recent studies high-
light the use of Al and computational fluid dynamics in optimizing TAVI,
virtual modeling of pre-dilation balloon biometric data, and simulating hemo-
dynamic pressure gradients after TAVI, geometric interaction relief-guided
TAVI planning optimization in high-risk patients, preprocedural risk analysis
using machine learning, team-based TAVI multicriteria evaluation and
planning, and finally, Al for predicting suboptimal TAVI deployment. In this
sense, Al and computation are crucial for better selection of the type of valves
and their optimal size, length, and depth, which, in turn, can significantly
reduce the risk of severe complications, as well as the risk of paravalvular
regurgitation and their possible future outcomes. It should be acknowledged
that in a number of settings, TAVI procedures ought to be personalized,
namely, tailor-made procedures, which can rely on computer-aided design
models that are crucial to guide robot-assisted interventions. The advances in
robotics, microfabrication, visualization systems, and artificial intelligence
have led to significant development of various assisting technologies for
TAVI in recent years. The robotic options in TAVI include instruments for
visualization and navigation or robotic devices for remote catheterization. A
high-dexterity and MRI-guided bio-inspired steerable cardiac catheter, which
has a smaller tip profile and increased dexterity for TAVI, was developed.
The concept of transventricular access and deployment under MR guidance
instead of trans-femoral access with angiography was evaluated as a
promising option. In addition to robotics, the use of augmented reality during
the TAVI procedure for guiding is also a novel approach that will decrease
procedural complications and prevent vascular injury [162].

The procedural guidance can be a real-time mapping and overlay of the
aorta, atria, and the valve structure with catheter position mapped relative to
the valve. Advanced visualization of 3D ultrasound imaging for guidance
would be another potential research line. A successful 30-case preclinical
evaluation experience of a novel fabric dedicated to TAVI application
through delivery and animal experimentation was conducted. Robotic-guided
heart surgery in the hybrid room using 3D medical images is a promising new
innovation with potential health benefits in healthcare. Medical robotics was
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ranked as the most important technology for healthcare in 2030, and it was
expected to increase operational success, accuracy, and minimize trauma
[163].

Due to the novelty of several of the developed methods and their custom
implementation for the purposes of research, clinical applicability has only
been tested in some cases. To the best of our knowledge, there is no
combination based on clinical data of demographic, biochemical, and
imaging parameters that can outperform the ML algorithms designed so far
for predicting specific patients' rank using TAVI. Because the available long-
term follow-up shows above 97% survival for all in-hospital risk tertiles, the
question can be raised about the necessity of further refining risk stratification
for patient-specific decision-making, but such individualized risk assessment
has the potential for reducing the probability of in-hospital adverse endpoints,
which will benefit both patients and procedure volumes. Such mortality
reduction and/or hospital-related complications may ultimately translate to
healthcare savings. Contrary to originally developed methods that exploited
MRI or 3D-TEE data for TAVI virtual planning, as well as realistic simula-
tion of the blood flow, multiple points have converged to the 2D cusp area
from TEE as the mandatory predictive imaging input. Clinical studies showed
the benefits that TAVI virtual planning can bring to the cathlab chronic
kidney disease patients who were postprocedurally at higher risk, but could
revert such estimates with mask-based automatic CRD estimation coupled
with reducing the contrast usage, all the algorithms just mentioned being
capable of performing this CRD background estimation with high accuracy.
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3. MATERIALS AND METHODS

3.1. Study population

This observational, prospective, single-center study included 224 patients
with severe aortic stenosis who underwent transfemoral transcatheter aortic
valve implantation. Patient enrollment was consecutive from September 1,
2021, to April 1,2023. All patients underwent the TAVI procedure in a hybrid
operating room within the Cardiology Department of the Hospital of
Lithuanian University of Health Sciences Kauno klinikos.

Patients with severe aortic stenosis who were willing and able to under-
stand, read, and sign an informed consent document prior to the planned
procedure, as determined by the cardiology team, were included in the study.

Inclusion Criteria:

e male and female patients with severe or critical aortic stenosis;

e age 75 years or older;

o feasibility of performing TAVI via transfemoral access;

o life expectancy of at least one year after the procedure.

Exclusion Criteria:

e cardiogenic shock or other causes of hemodynamic instability;

e other significant valvular heart diseases or any type of aortic aneu-

rysm;

e second valve implantation (valve-in-valve procedure);

o age <75 years;

o diseases or conditions associated with a life expectancy of less than

one year;

e inability to read, understand, or sign the patient information and

informed consent form.

All patients received standard treatment in accordance with the European
Society of Cardiology (ESC) guidelines for severe aortic stenosis. The study
was approved by the Kaunas regional biomedical research ethics committee,
and all participants provided written informed consent in accordance with
established ethical standards (BE-2-101).
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3.2. Data collection

3.2.1. Data collection methods

The study included various data collection methods covering demogra-
phic, laboratory, clinical, instrumental, and statistical parameters. Below is a
detailed description of the methodology used for measuring and analyzing the
data.

Demographic data age, sex, and body mass index (BMI) were recorded
based on standard clinical data from the patient’s medical history.

Body surface area (BSA) was calculated using the Mosteller formula:

| Weight (kg) x Height (cm)
BSA= \/ 3600

use of this formula helps standardize hemodynamic parameters, such as the
aortic valve area index (AVAI).

Clinical parameters: New York Heart Association Classification was
determined based on a clinical assessment of heart failure severity. Blood
pressure was measured using the oscillometric method, with pulse pressure
calculated separately: pulse pressure = systolic blood pressure — diastolic
blood pressure.

Laboratory tests: hemoglobin (Hb), white blood cells (WBC), and
platelets were measured using an automated hematology analyzer. Glome-
rular filtration rate (GFR) was calculated using the Cockcroft-Gault formula:

[ (140 —age) x weight} o
- 72 x SCr e

where: CCr (creatinine clearance) = mL/min,
age = years,
weight = kg,
SCr (serum creatinine) = mg/dL.

Neutrophil-to-Lymphocyte Ratio (NLR) was calculated as follows:
_ Lymphocyte Count

NLR= Neutrophil Count

This ratio is used as a marker of systemic inflammation.
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3.2.2. Transthoracic echocardiography (TTE)

Transthoracic echocardiography (TTE) is a non-invasive method that
provides a comprehensive assessment of the structural and functional
parameters of the heart. In this study, TTE was used to evaluate the condition
of the heart and aortic valve in patients with severe aortic stenosis before and
after transcatheter aortic valve implantation.

All TTE examinations were performed by certified specialists in accor-
dance with the standards recommended by the American Society of Echocar-
diography (ASE). The TTE studies were conducted using state-of-the-art
equipment — specifically, a Philips echocardiography system (Philips North
America, Andover, MA) — which ensures high-quality imaging and accurate
measurements of cardiac and valvular structures.

Preoperative assessment: baseline TTE was performed 2448 hours
before the TAVI procedure to evaluate the initial cardiac condition, aortic
valve function, and the severity of associated abnormalities.

Early postoperative assessment: follow-up TTE was performed 1248
hours after the TAVI procedure to assess the functionality of the implanted
prosthetic valve, identify potential early complications, and monitor changes
in hemodynamic parameters.

Echocardiographic parameters studied: to assess comprehensively
assess the condition of the heart and valves, the echocardiographic parameters
used in this study are listed in Table 3.2.2.1.

Table 3.2.2.1. Echocardiographic parameters

Left ventricle Left ventricular end-diastolic diameter (LVEDD), mm

parameters LVEDD index, mm/m?

Interventricular septal thickness (IVS), mm

Posterior wall thickness (PWT), mm

Left ventricular mass (LV mass), g

Relative wall thickness (RWT), (dimensionless)

Ejection fraction (LVEF), %

Right ventricle Right ventricular diameter (RV diameter), mm
parameters

Right ventricular function (RV function), (qualitative assessment)

Right ventricular outflow tract acceleration time (RVOT AT), ms

Left and right Left atrium diameter (LA diameter), mm
atrium parameters

Left atrium volume (LA volume), mL

Left atrium volume index, ml/m?

Right atrium diameter (RA diameter), mm
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Table 3.2.2.1. Continued

Aortic valve Aortic valve annulus diameter (AV annulus), mm

parameters Sinuses of valsalva diameter, mm

Sinuses of valsalva index, mm/m?

Ascending aorta diameter, mm

Aortic valve velocity, m/s

Mean aortic valve gradient, mmHg

Aortic valve area (AVA), cm?

AVA index, cm?*/m?

Aortic valve velocity ratio

Regurgitation Aortic regurgitation severity, (qualitative assessment)

assessment Mitral regurgitation severity, (qualitative assessment)

Tricuspid regurgitation severity, (qualitative assessment)

Pulmonary artery | Pulmonary artery systolic pressure (PASP), mmHg

parameters Mean pulmonary artery pressure, mmHg

Structural features |Presence of bicuspid aortic valve, (qualitative assessment)

Diagnostic criteria for severe aortic stenosis
The diagnosis of severe aortic stenosis (AS) was established based on the
following echocardiographic parameters:
« Aortic valve area (AVA): <1.0 cm? or indexed AVA: < 0.6
cm?/m? and/or
o Maximum transvalvular jet velocity: > 4.0 m/s and/or
o Mean pressure gradient: > 40 mmHg.
Detailed echocardiographic assessment allowed for:
1. Before the procedure:
« confirming the presence of severe AS and assessing associated
cardiac changes;
o determining the functional status of the left and right ventricles,
as well as other heart valves.
2. After the procedure:
» evaluating the effectiveness of bioprosthetic valve implantation;
o detecting the presence of paravalvular regurgitation or other
complications;
e documenting changes in the functional and structural parame-
ters of the heart.
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3.2.3. Computed tomography (CT)

All patients underwent contrast-enhanced computed tomography of the
heart, aorta, and femoral arteries. The CT scans were performed at Kauno
klinikos using a 640-slice CT scanner with a slice thickness of 0.5 mm and a
rotation time of 0.275 seconds per full rotation (Aquilion GENESIS; Canon
Medical Systems USA, Inc., Tustin, California, USA). Each patient received
70-90 mL of the contrast agent Omnipaque Tomeron 350™ (Patheon Italia,
Ferentino, Italy).

After CT scanning, the data were processed using 3Mensio® Structural
Heart and Vascular software (version 5.1; Pie Medical Imaging, Maastricht,
The Netherlands). The following parameters were evaluated:

e Aortic annulus dimensions: systolic annular perimeter, perimeter-
derived diameter, systolic annular area, area-derived diameter, and
aortic annulus angle.

o Left ventricular outflow tract dimensions: perimeter, area,
maximum diameter, minimum diameter, and perimeter-derived
diameter.

o Sinus of valsalva (SoV) dimensions: diameters of the SoV (right
coronary sinus, left coronary sinus, non-coronary sinus), and the
lengths of the right coronary cusp, left coronary cusp, and non-coronary
cusp.

o Aortic root dimensions: coronary artery heights (right and left
coronary arteries), diameter of the sinotubular junction, height of the
sinotubular junction, and mean diameter of the ascending aorta.

o Calcium quantification: calcium volume.

o Peripheral artery dimensions (left and right sides): minimum,
maximum, and mean diameters of the common iliac artery, external
iliac artery, and femoral artery.

Detailed examples of the analysis results obtained using 3Mensio® soft-
ware during the participant enrollment phase are presented in Figs. 3.2.3.1
and 3.2.3.2.

These detailed CT measurements enabled a comprehensive preoperative
assessment of both central and peripheral vascular anatomy to support safe
and effective TAVI procedures.
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Annulus dimensions LVOT diameter

Implanter’s view Hockey puck (VR)

Fig. 3.2.3.1. Transcatheter aortic valve implantation pre-procedural
planning with 3Mensio software on the cardiac computed tomography
images obtained during the screening visit — aortic root measurements
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Fig. 3.2.3.2. Transcatheter aortic valve implantation pre-procedural
planning with 3Mensio software on the cardiac computed tomography
images obtained during the screening visit — measuring the access site

for femoral puncture

3.2.4. Transcatheter aortic valve implantation procedure

All TAVI procedures were performed under local anesthesia with seda-
tion, using access through the right or left femoral artery. Vascular access was
achieved using the Seldinger technique under ultrasound guidance (Philips
North America, Andover, MA) with Doppler mode. The choice of the femoral
artery was based on its integrity and the absence of atherosclerosis or signi-
ficant calcification, as determined by preoperative computed tomography.
Key parameters such as femoral artery diameter, bifurcation height, iliac
artery tortuosity, and the degree of calcification were considered during
procedural planning.

After puncturing the femoral artery, a 6 French introducer (SuperSheath,
Medikit, Japan; Radifocus Introducer IIH, Terumo, Japan) was inserted.
Simultaneously, a 7 French introducer was placed in the contralateral femoral
artery, and an 8 French introducer was inserted into the ipsilateral femoral
vein. The 6 French introducer was then removed, leaving a soft guidewire in
the artery for subsequent vascular closure using the Perclose ProGlide system
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(Abbott Vascular, Santa Clara, CA, USA). After removing the ProGlide
device, sutures were secured, and a 10 French introducer was inserted.

A 6 French pigtail catheter was advanced through the 10 French intro-
ducer to the level of the descending aorta under fluoroscopic guidance, after
which a stiff Safari guidewire was introduced. Once the valve introducer was
prepared, both the pigtail catheter and the 10 French introducer were remo-
ved, leaving the Safari guidewire in place. The valve introducer was inserted
under fluoroscopic guidance, and 10,000 units of unfractionated heparin were
administered for anticoagulation. Invasive arterial pressure monitoring was
performed, and a bipolar endocardial pacing lead was introduced into the
right ventricle through the 8 French introducer in the femoral vein under
fluoroscopy.

Aortic valve prosthesis implantation was carried out under angiographic
and fluoroscopic guidance, and the puncture site was closed using the
Perclose ProGlide system and an 8 French Angio-Seal device (Terumo Inter-
ventional Systems, Somerset, NJ, USA). After valve implantation, aorto-
graphy was performed to assess aortic regurgitation according to the Sellers
classification, and follow-up transthoracic echocardiography was conducted
48 hours later.

Two types of valves were used in the study: balloon-expandable valves
(BEV) and self-expanding valves (SEV). The BEV included the Myval (Meril
Life Sciences Pvt. Ltd., India), while the SEV group included CoreValve/
Evolut R/Evolut Pro (Medtronic, Minneapolis, Minnesota, USA) and Acurate
Neo 2 (Boston Scientific Corp., Massachusetts, USA).

3.2.5. Definitions

Patients were considered to be at high surgical risk when there was
consensus that valve replacement surgery could be associated with excessive
morbidity or mortality, confirmed by a cardiologist and a cardiac surgeon.
The baseline operative risk of patients was assessed using the logistic Euro-
pean System for Cardiac Operative Risk Evaluation (EuroSCORE II) and the
presence of comorbidities. Procedural success was defined as correct implan-
tation and normal function of the aortic prosthesis in the absence of
periprocedural death. Mortality, myocardial infarction (MI), stroke, and
vascular complications were defined according to the Valve Academic
Research Consortium II definitions. We also considered the endpoint of
hospitalization due to symptoms of cardiac or valvular decompensation or
hospitalization for cardiovascular reasons within 30 days after the procedure.
A permanent pacemaker was implanted if advanced atrioventricular (AV)
block developed, in accordance with the European Society of Cardiology

49



guidelines for patients with acquired AV block in special situations. Early
safety outcomes were assessed within 30 days post-TAVI, including
complications such as stroke, life-threatening bleeding, coronary obstruction,
cardiac tamponade, acute kidney injury, and pacemaker implantation. Addi-
tionally, valve dysfunction cases that required TAV-in-TAV implantation
were monitored. The one-year outcomes focused on overall mortality, major
adverse cardiovascular events, hospitalizations due to heart failure, vascular
complications, and the need for permanent pacemaker implantation. Certain
procedural factors, including fluoroscopy time, contrast volume, left ventri-
cular ejection fraction, and aortic valve calcification volume, were identified
as key predictors of post-procedural risks and patient survival.

Clinical outcomes and adverse events documented at specific time
intervals — 30 days and 12 months — were meticulously compiled. All patients
were contacted by phone and followed up through the electronic medical
portal eSveikata.lt.

3.3. Statistical analysis

Statistical analysis was performed using SPSS version 27.0 software
(IBM Corp., Armonk, NY, USA). The Shapiro-Wilk test and estimation of
asymmetry coefficients were used to test hypotheses about the normal
distribution of observed interval variables. Data are presented as mean + SD
in case of normal distribution, median (maximum—minimum) in absence. The
Mann-Whitney test was used to compare interval characteristics between two
groups due to unequal group sizes. Differences in the frequency of symptoms
were evaluated by the Chi-square criterion with Fisher’s correction. ROC
curve analysis was used to determine the diagnostic values of fluoroscopy
time and contrast volume in predicting 1-year mortality. The Kaplan-Meyer
method was used to evaluate the probability of survival, and the Log-rank test
was used to evaluate the difference between groups. Cox proportional hazards
were used to predict the relative risk (HR) of death regression analysis. The
significance levels of statistical hypotheses were used: when p <0.05 is
statistically significant and p > 0.05 is statistically insignificant. The study
received approval from the local ethics committee, ensuring all enrolled parti-
cipants provided written consent in line with established ethical standards.
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3.4. Model selection

To solve the issue of imbalanced data set, an Adaptive Synthetic
(ADASYN) sampling was used, which generates synthetic instances, parti-
cularly focusing on those that difficult-to-learn. This approach could be
considered as a generalization of Synthetic Minority Over-sampling Techni-
que (SMOTE) by better aligning the generated samples with the underlying
distribution of the minority class.

Random forest classifier (RF) was used to build a classification model to
predict early safety outcomes after TAVI. The selection of RF over other
machine learning approaches is attributed to its several advantages such as
robustness to overfitting, resilience to noisy data, ability to handle non-linear
relationships, demonstrating a good performance with a large number of
features, and well-handling imbalance data when combined with techniques
like SMOTE and ADASYN. Furthermore, RF model was tuned via a grid-
search algorithm for optimal hyperparameters and validated using a 10-fold
stratified cross-validation. The discriminatory power of built machine
learning models was determined using confusion matrix and performance
measures such as accuracy, precision, recall, and Fi_score.

Finally, to understand how individual feature contributes to the predic-
tion of early safety outcomes, SHapley Additive exPlanations (SHAP) were
calculated. More specifically, SHAP value is determined via measuring the
average marginal contribution of a feature value across all potential feature
combinations.

3.4.1. Model performance

Original data sample was split into training and testing with a ratio 75:25.
As a result, 56 unseen observations were reserved to test the predictions for
the imbalanced case. ADASYN with sampling strategy & = 0.9 and k£ = 5 nearest
neighbours was used to balance the training data sample, consisting of 245
observations.

Grid-search was performed to fine-tune the hyperparameters of Random
Forest using 10-fold cross validation. At the result, the detailed baseline
attributes of patients are depicted in Table 3.4.1.1 and 3.4.1.2 present the
discriminatory power of fitted Random Forest with fine-tuned parameters:
criterion = “Gini” to measure the quality of split, the maximum depth of the
tree is 8, the maximum number of features to consider when looking for the
best split is y/(number of features), number of trees in the forest = 300.
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Table 3.4.1.1. Confusion matrix: cross-validation testing for balanced sample

Predicted outcome
0 1
Known 0 24 2 Accuracy = 0.8571 Recall = 0.7826
outcome 1 5 18 Precision = 0.9 Fl-score =0.8372

Table 3.4.1.2. Confusion matrix: cross-validation testing for imbalanced

sample with threshold = 0.4

Predicted outcome
0 1
Known 0 39 5 Accuracy = 0.8571 Recall = 0.75
outcome 1 3 9 Precision = 0.6429 F1-score =0.6923
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4. RESULTS

4.1. Primary data analysis

4.1.1. Baseline characteristics

During the patient enrollment period from September 2021 to April
2024, a total of 224 patients with severe aortic stenosis were included in the
study, all of whom were recommended for treatment with transcatheter aortic
valve implantation. The mean age of the cohort was 79.69 + 6.17 years, indi-
cating a predominance of elderly patients who are most susceptible to this
condition. The gender distribution showed a higher proportion of female
patients, accounting for 60.7% (n= 136), while males made up 39.3%
(n = 88).

Comorbidities, including arterial hypertension, were highly prevalent in
the cohort, identified in 211 patients (94.2%). Diabetes mellitus, a well-
known risk factor for cardiovascular diseases, was diagnosed in 58 patients
(25.9%). Coronary artery disease was present in 199 patients (88.8%), of
whom 36.2% (n=281) had not undergone revascularization, while 52.7%
(n=118) had a history of revascularization, highlighting the importance of
considering prior interventions in the context of TAVI treatment.

A history of myocardial infarction was recorded in 50 patients (22.3%),
and 23 patients (10.3%) had previously undergone coronary artery bypass
grafting. Percutaneous coronary intervention (PCI) was reported in almost all
patients (99.1%, n = 222), reflecting a high level of prior cardiac interven-
tions in this population.

Stable angina was predominantly diagnosed in patients classified as
Class III according to the Canadian Cardiovascular Society classification (n =
143, 63.8%), indicating significant functional limitations in daily activities.
Patients in Class II accounted for 35.7% (n = 80), while only one patient
(0.4%) was classified as Class I, illustrating the severity of clinical conditions
in the majority of patients.

Renal function was significantly impaired in most study participants.
Mild to moderate renal impairment was observed in 90.6% (n=203) of
patients, while severe impairment was diagnosed in 6.3% (n=14). Only
3.1% (n=7) of patients had normal renal function. The mean glomerular
filtration rate (GFR) was 57.43 £ 17.62 mL/min, indicating the predominance
of chronic kidney disease (CKD) stages 2—3.
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Classification of patients according to the New York Heart Association
showed that most patients were in Class III (70.5%, n = 158), followed by
Class II (27.7%, n = 62), and only 4 patients (1.8%) were in Class IV. These
data underscore the severity of heart failure in the majority of patients.

Additionally, the median EuroSCORE 11, reflecting the assessment of
surgical risk, was 3.80% (range: 0.91-34.96%), confirming that the patients
had moderate to high surgical risk. The body surface area, measured as a
median, was 1.86 m? (range: 0.55-2.73 m?), indicating a moderate level of
physical activity and physical condition among the patients. The detailed
baseline characteristics of the patients are presented in Table 4.1.1.1.

Table 4.1.1.1. Baseline characteristics

Variables Total group

Age, years 79.69 +£6.17
Gender, n (%):

Male 88 (39.3)

Female 136 (60.7)
Arterial hypertension, n (%) 211 (94.2)
Diabetes mellitus, n (%) 58 (25.9)
Coronary artery disease, n (%):

No 25(11.2)

Yes 81 (36.2)

Yes, after revascularization 118 (52.7)
Previous Myocardial infarction, n (%) 50 (22.3)
GABG history, n (%) 23 (10.3)
PCI history, n (%) 222 (99.1)
Stable angina class, n (%):

1 1(0.4)

2 80 (35.7)

3 143 (63.8)
Kidney function, n (%):

Normal 73.1)

Mild or moderate 203 (90.6)

Significant 14 (6.3)
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Table 4.1.1.1. Continued

Variables Total group
NYHA class, n (%):

2 62 (27.7)

3 158 (70.5)

4 4(1.8)
GFR (mL/min), mean + SD 57.43 £17.62
EuroSCORE II (%), median (min—max) 3.80 (0.91-34.96)
BSA (m?), median (min—max) 1.86 (0.55-2.73)

Data are presented as mean and SD, standard deviation (minimum-maximum) with or
without ranges, or numbers and percentages. Abbreviations: BSA — body surface area; MI —
myocardial infarction; PCI — percutaneous coronary intervention; CABG — coronary artery
bypass graft; NYHA — New York Heart Association; EuroSCORE II — European System for
Cardiac Operative Risk Evaluation; GFR — estimated glomerular filtration rate.

4.1.2. Cardiac computed tomography analysis

As part of the routine preparation for TAVI procedures, all patients
underwent contrast-enhanced computed tomography of the heart and the
entire aorta. The mean diameter of the aortic annulus was 25.16 + 2.34 mm,
and the perimeter-derived diameter was 25.32+ 2.33 mm. The mean
perimeter of the left ventricular outflow tract was similar to the parameters of
the aortic annulus, measuring 80.13 = 8.97 mm, with a perimeter-derived
diameter of 25.59 + 2.60 mm. The maximum LVOT diameter was 28.84 +
2.93 mm, while the minimum LVOT diameter was 21.72 + 2.63 mm.

The mean diameter of the sinuses of Valsalva (left, right, and non-coro-
nary) ranged from 31.33 to 33.28 mm. The sinotubular junction (STJ) had a
mean diameter of 29.39 + 3.90 mm. The height of the left coronary artery was
14.41 + 3.04 mm, while the right coronary artery height was 16.80 mm (range:
9.80-32.80 mm). The mean diameter of the right atrium (RAFd) was 8.10
1.25 mm, and the left atrium (LAFd) measured 7.97 = 1.42 mm. Detailed
computed tomography scan measurements are presented in Table 4.1.2.1.
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Table 4.1.2.1. Computed tomography measurements at screening evaluated

with 3Mensio software

Variables N
Aortic annulus Aortic annulus, diameter, mm 25.16 £2.34
dimensions Aortic annulus, perimeter, mm 79.58 £7.30
Aortic annulus, perimeter, derived, mm 25.32+2.33
Aortic annulus, area, derived, mm 24.93 £2.31
Aortic annulus eccentricity, 0.20 +0.06
Aortic annulus angle, ° (degree) 51(32-89)
LVOT dimensions |LVOT perimeter, mm 80.13 £8.97
LVOT perimeter, derived, mm 25.59 £2.60
LVOT diameters — max, mm 28.84 £2.93
LVOT diameters — min, mm 21.72 £2.63
SOV dimensions | SOV diameters — left coronary sinus, mm 33.09 £3.65
SOV diameters — right coronary sinus, mm 31.33+3.40
SOV diameters — non-coronary sinus, mm 33.28+3.85
Aortic root STJ diameters — max, mm 30.14 £3.91
dimensions STJ diameters — min, mm 28.52+£3.95
STJ Average, diameters, mm 29.39 £3.90
Coronary height — right coronary artery, mm 16.80 +£3.39
Coronary height — left coronary artery, mm 14.41 +£3.04
Peripheral arteries | Right femoral average diameter, mm 8.10+1.25
dimensions Left femoral average diameter, mm 7.97 £1.42

Data are displayed as mean + SD. LVOT - left ven tricular outflow tract; SOV — sinus of
Valsalva. STJ — sinotubular junction.

4.2. Clinical outcomes and adverse events

4.2.1. Predicting early safety outcomes

The collected patients were divided into two groups: those with early
clinical outcomes and those without. The mean age of patients without early
clinical outcomes was 79.96 + 6.97 years, while for patients with outcomes,
it was slightly higher at 81.94 + 3.38 years. However, this difference was not
statistically significant (p = 0.251). In the group without early clinical outco-
mes, 39.4% were men and 60.6% were women. In the group with early cli-
nical outcomes, the distribution was similar: 38.8% men and 61.2% women.

Out of 224 patients, 23 (10.3%) had previously undergone cardiac sur-
gery. Coronary artery disease and prior percutaneous coronary intervention
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also did not demonstrate significant differences between the groups (p =
0.432 and p = 0.452, respectively). However, a history of myocardial infarc-
tion was significantly associated with early clinical outcomes: 32.0% of
patients in the outcomes group compared to 68.0% in the group without
outcomes (p = 0.049). The EuroSCORE II was higher in the group with early
clinical outcomes (7.3 £ 6.61%) compared to the group without outcomes
(4.9 £ 3.55%), with borderline significance (p = 0.059). Patients with NYHA
class III-IV were more likely to experience early clinical outcomes compared
to those with NYHA class I-II, but the differences did not reach statistical
significance (p = 0.355). Baseline echocardiographic parameters, such as left
ventricular end-diastolic dimension (LVEDd) and left ventricular ejection
fraction, were similar between the groups. Other parameters, such as the mean
gradient across the aortic valve (AV Gmean) and pulmonary artery systolic
pressure (PASP), also did not show significant differences between the
groups.

CT scan data revealed that the aortic valve calcification volume (AVCV)
was significantly higher in patients with early clinical outcomes (p = 0.025).
Other CT parameters, such as aortic valve diameter (AVd) and perimeter-
derived diameter (AVp.d), were slightly higher in the outcomes group but did
not reach statistical significance (p = 0.075 and p = 0.104, respectively)
(Table 4.2.2.1).

Table 4.2.2.1. Preprocedural baseline characteristics before TAVI

Variables Early clinical Early clinical p-value
outcomes (No) outcomes (Yes)

Gender, n (%):

Male 69 (39.4) 19 (38.8) 0.934

Female 106 (60.6) 30 (61.2)
Age (years), mean + SD 79.96 + 6.97 81.94+3.38 0.251
BMI (kg/m?), mean = SD 28.94 +6.22 28.88 +6.48 0.974
AH, n (%) 165 (78.2) 46 (21.8) 0.914
DM, n (%) 46 (79.3) 12 (20.7) 0.800
CAD, n (%) 157 (78.9) 42 (21.1) 0.432
Previous MI, n (%) 34 (68.0) 16 (32.0) 0.049
CABG, n (%) 16 (69.6) 7 (30.4) 0.295
PCI, n (%) 173 (77.9) 49 (22.1) 0.452
EuroSCORE II (%), mean + SD 4.9+3.55 7.3+6.61 0.059
NYHA class 179 (78.5) 49 (21.5) 0.355
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Table 4.2.2.1. Continued

Early clinical

Early clinical

Variables outcomes (No) outcomes (Yes) p-value

Echocardiografic findings before TAVI

LVEDd (mm), mean = SD 482+5.6 46.94 + 7.66 0.452
LV EF (%), mean + SD 46.9 +11.98 44,94 + 13.87 0.565
S’, mean = SD 11.37+2.89 109+3.2 0.561
PASP, mean + SD 46.53 £15.52 41.49 £10.52 0.204
Bicuspid AV, n (%) 12 (80.0) 3 (20,0) 0.856
AVA (mm?), mean = SD 0.76 + 0.20 0.81 +0.22 0.369
AVAI, mean + SD 0.41+0.11 0.44 +£0.12 0.423
AV Gmean, mmHg, mean + SD 48.38 £ 18.6 42.1+11.48 0.176
AR, n (%) 76 (82.6) 16 (17.4) 0.175
Sinvals.i, mean = SD 18.75 £2.99 18.72 £3.55 0.969
TV Vmax, mean = SD 3.08 £0.6 0.92+0.43 0.284
TV Gmax, mean = SD 39.63 £15.42 34.88 +£10.52 0.229
TR, n (%) 107 (78.7) 29 (21.3) 0.804
LA diameter, mean = SD 4541 £5.1 4427 £5.44 0.421
MSCT findings

AVd, mean + SD 24.68 £2.23 25.86 £2,91 0.075
AVp.d, mean + SD 2487 +£2.23 25.95 £2,87 0.104
AVCV, n (%) 174 (78.0) 49 (22.0) 0.025
AVp, mean + SD 78.2+7.01 81.55+8.96 0.105
AAA, mean = SD 49.82 +7.96 54.0+11.48 0.089
LCAH, mean + SD 13.96 +3.40 13.93 +£2.47 0.976
CNCC, n (%) 154 (77.8) 44 (22.2) 0.800
RCAH, mean + SD 16.17 £3.49 17.32 £3.21 0.222
LVOT min, mean + SD 21.3+2.88 21.82 £2.92 0.509
STJ average, mean + SD 31.82 £25.61 30.56 £3.39 0.836
RAFd, mean + SD 8.14+1.21 8.01+1.63 0.714
LAFd, mean + SD 7.76 £1.05 7.96 + 1.38 0.508
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Table 4.2.2.1. Continued

Variables Early clinical Early clinical p-value
outcomes (No) outcomes (Yes)
Blood test
Hemoglobin, mean + SD 120.8 £ 13.91 118.66 + 13.10 0.569
WBC, mean + SD 6.25+1.57 7.12+2.41 0.068
Thrombocyte, mean + SD 205.65 £ 65.97 209.50 £ 58.70 0.826

AH — arterial hypertension, DM — diabetes mellitus, CAD — coronary artery disease, Previous
MI - Previous myocardial infarction, CABG — coronary artery bypass grafting, Previous
PCI — percutaneous coronary intervention, EuroSCORE II — European System for Cardiac
Operative Risk Evaluation II, NYHA — New York Heart Association, BMI — Body Mass
Index, LVEDd — left ventricular end-diastolic diameter, LVEF — left ventricle ejection
fraction, S’ — right ventricular function, PASP — pulmonary artery systolic pressure, Bicuspid
AV — bicuspid aortic valve, AVA — aortic valve area, AVAI — aortic valve area index, AV
Gmean — mean aortic valve gradient, AR — aortic regurgitation, Sinvals.i — sinuses valsalva
index, TV Vmax — tricuspid valve maximal velocity, TV Gmax — maximal tricuspid valve
gradient, TR — tricuspid regurgitation, LAd — left atrium diameter, AVd — aortic valve diame-
ter, AVp.d — aortic valve perimeter derived, AVCV — aortic valve calcified volume, AVp —
aortic valve perimeter, AAA — angle of aortic annulus, LCAH — left coronary artery height,
RCAH —right coronary artery height, CNCC — calcified non coronary cusp, LVOTmin — left
ventricular outflow tract minimal size, STJAverage — sinotubular junction average, RAFd —
right femoral artery diameter, LAFd — left femoral artery diameter).

Detailed information on procedural characteristics and outcomes is
presented in Table 4.2.1.1.

Table 4.2.1.2. Procedural and postprocedural characteristics

Variables Total group
Valve size, mean + SD 28.50+3.43
Predil balloon diameter mm, mean = SD 21.85+£2.24
Postdil balloon diameter mm, mean + SD 22.76 £1.80
Hospital stay length after Transcatheter aortic valve implantation 6 (1-49)
days, median (min-max)
Fluoroscopy time (min), median (min-max) 16.0 (6.0-64.0)
Contrast volume (mL), median (min-max) 150.0 (50.0-400.0)
In hospital death, n (%) 4(1.8)
In hospital myocardial infarction, n (%) 2(0.9)
In hospital stroke, n (%) 5@2.2)
Pericardial effusion tamponade, n (%) 2(0.9)
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Table 4.2.1.2. Continued

Variables Total group
Permanent pacemaker demand, n (%) 15 (6.7)
Annulus rupture, n (%) 1(0.4)
Two prothesis, n (%) 3(1.3)
Access puncture site hematoma requiring transfusion, n (%) 16 (7.1)
Contralateral puncture site hematoma requiring transfusion, n (%) 11 (4.9)
Cognitive impairment, n (%) 4(1.8)

Data are displayed as mean + SD. median (min-max).

In the group with early clinical outcomes, definitions were categorized
based on recommendations, specifying composite endpoints referred to as
“early safety outcomes after TAVI within 30 days”. Early safety outcomes
after TAVI within 30 days were observed in 49 patients (21.8%). Among
them, 25 patients had 1 outcome, and 24 patients had 2 or more outcomes.
All-cause mortality was recorded in 7 cases (14.3%). Stroke occurred in 5
patients (10.2%). Life-threatening bleeding was observed in 18 patients
(36.7%), including 16 cases requiring vasopressors or surgery. Among these
were | case of conversion to open surgery, 2 cases of coronary obstruction,
and 2 cases of cardiac tamponade. Valve dysfunction was reported in 9 patients
(18.4%), including 3 cases requiring TAV-in-TAV implantation. Acute kidney
injury (stage 2 or 3) was diagnosed in 9 patients (18.4%). Pacemaker implan-
tation was performed in 15 patients (30.6%) (Fig. 4.2.1.1).
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| Early clinical outcomes (30 days) |

ﬁgégﬁ:e Stroke Life-threatening Accute kidney injury —
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- requiring additional procedure
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(n=9)
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Annulus Pericardial Bleeding causing hypovolemic shock or severe
rupture tamponade hypotension requiring vasopressors or surgery (n = 16)
Convension to open Coronary obstruction Mitral valve apparatus damage
surgery (n=1) (n=2) or dysfunction (n = 1)
A4 A4
Cardiac tamponade TAV-in-TAV
(n=2) deployment (n = 3)

Fig. 4.2.1.1. Early safety outcomes characteristics

To identify key factors influencing early safety outcomes following
transcatheter aortic valve implantation, the SHapley Additive Explanations
method was applied. This analysis provided an in-depth understanding of the
contribution of each feature to the model’s predictions, highlighting several
key predictors. SHAP analysis demonstrated the left femoral artery diameter,
higher aortic valve calcification volume and a larger angle of the aortic
annulus were associated with poorer early safety prognoses (Fig. 4.2.1.2).

The SHAP chart (Fig. 4.2.1.2) demonstrates the ranked influence of pre-
dictors on the model’s outcomes. Features with high SHAP values exerted
the most significant impact on predictions. The color gradients (red for high
feature values, blue for low) illustrate the directional effects of each predictor
on the model’s output.
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Fig. 4.2.1.2. Feature contribution to the prediction of early safety outcomes
in patients undergoing transcatheter aortic valve implantation

AAA — angle of aortic annulus; AV Gmean — mean aortic valve gradient; AVAIi — aortic
valve area index; AVCV —aortic valve calcified volume; AVd —aortic valve diameter; AVp —
aortic valve perimeter; AVp.d — aortic valve perimeter derived; BMI — body mass index;
Bicuspid AV —bicuspid aortic valve; CNCC — calcified non-coronary cusp; EuroSCORE 1II —
European System for Cardiac Operative Risk Evaluation II; Hemoglobin — hemoglobin;
IVS — interventricular septum; LAd — left atrium diameter; LAFd — left femoral artery
diameter; LCAH — left coronary artery height; LVM/BSA — left ventricular mass/body sur-
face area; LVOTmin — left ventricular outflow tract minimal size; Lymphocyte — lymphocyte
count; NLR — neutrophil-to-lymphocyte ratio; PASP — pulmonary artery systolic pressure;
PWT — posterior wall thickness; RAFd — right femoral artery diameter; S’ — right ventricular
function; Sinvals — sinuses of valsalva; Sinvals.i — sinuses of valsalva index; SOVleft — sinus
of valsalva left side; STJAverage — sinotubular junction average; Thrombocyte — thrombo-
cyte count; TV Gmax — maximal tricuspid valve gradient; TV Vmax — tricuspid valve maxi-
mal velocity; WBC — white blood cell count.
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4.2.2. Evaluating the impacts of procedural and patient-specific
factors on the 1 year outcomes

During this study, 199 (88.8%) patients survived the transcatheter aortic
valve implantation procedure, while 25 (11.2%) died. Among the deceased,
18 (8.0%) deaths were for cardiac reasons. Deaths from cardiac causes
occurred at various periods post-procedure: 4 (22.2%) during procedure, 4
(22.2%) within 1 month, 7 (38.9%) within 6 months, and 3 (16.7%) within
12 months (Table 4.2.2.1.). A total of 20 patients were hospitalized for
cardiovascular indications. Four patients had myocardial infarction (Table
4.2.2.2.). An increase in hospitalization frequency was observed: 27.8% of
study patients who died due to cardiac reasons were hospitalized compared
to 7.5% of survivors (p-value > 0.05). No significant differences were detec-
ted in the frequency of strokes and myocardial infarctions between the two
groups.

However, medical and procedural characteristics associated with the risk
of death due to cardiac reasons were identified. Specifically, the presence of
calcification in the non-coronary cusp was significantly higher among sur-
vivors (91.3%) compared to those who died due to cardiac reasons (68.8%),
with a p-value of 0.005. Among the outcomes, significant differences in
mitral valve leakage before TAVI and AoV velocity change were also obser-
ved: in the group of deceased patients, greater valve leakage (p = 0.015) and
lower AoV velocity change (p = 0.031) were recorded more often (see
Table 4.2.2.3). The fluoroscopy time and contrast volume were significantly
higher in patients who died due to cardiac reasons (with p-values of < 0.001
and 0.005, respectively), suggesting a possible link between the duration of
the procedure/amount of contrast used and the risk of death from cardiac
reasons, in addition to binary logistic regression models for predicting cardiac
death.

Each additional year of age increases the likelihood of the outcome by
16% (OR =1.16,95% CI from 1.03 to 1.31, p =0.012), indicating a consistent
effect across the range. For patients with a left ventricular ejection fraction
less than 50%, the odds of the outcome were 3.49 times higher than for
patients with an LVEF > 50%, although this result was on the threshold of
statistical significance (OR = 3.49, 95% CI from 0.98 to 12.45, p = 0.054).
Therefore, the risk factors for mortality potentially include an LVEF less than
50%.

The presence of calcification in the non-coronary cusp was associated
with significantly lower odds of the outcome (OR = 0.21, 95% CI from 0.05
to 0.91, p = 0.037). Each additional minute of fluoroscopy time increased the
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odds of the result by 8% (OR = 1.08, 95% CI from 1.03 to 1.13, p = 0.002),
indicating a significant association.

For each additional unit of contrast volume used, the odds of the outcome
increased by 1% (OR = 1.01, 95% CI from 1.00 to 1.02, p = 0.047), which
was also statistically significant. A higher value, indicating a greater decrease
in aortic valve velocity (AoV) post-TAVI, was associated with lower odds of
the outcome (OR = 0.34, 95% CI from 0.13 to 0.85, p = 0.021), suggesting
that a lesser improvement in AoV after TAVI may be considered as a risk
factor for mortality.

Table 4.2.2.1. Distribution of mortality and cardiac death overtime after
transcatheter aortic valve implantation

Survival n (%)
Overall mortality 25(11.2)
Cardiac death 18 (8.0)
During the procedure 4(22.2)
1-month follow-up 4(22.2)
6-month follow-up 7 (38.9)
12-month follow-up 3(16.7)
Total 199 (88.8)

Table 4.2.2.2. Comparison of clinical events between non-cardiac death and
cardiac death groups

Events Survivt:lr: (;(1)1) =199), | Cardiac c:le?:/l:)s (n =18), " p-value
Stroke 8 (4.0%) 1 (5.6%) 0.098 0.548
Hospitalization 15 (7.5%) 5(27.8%) 8.082 0.016
MI 4 (2.0%) 0 (0.0%) 0.369 1.000

Variables: MI, myocardial infarction.
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Table 4.2.2.3. Relative risk factors for cardiac death after TAVI — binary
logistic regression model (0 — not dead/l — dead)

95% CI for OR
Variables p-value OR

Lower Upper
Age 0.012 1.16 1.03 1.31
Pulse pressure before TAVI 0.102 0.97 0.93 1.01
LVEF <50% 0.054 3.49 0.98 12.45
Calcified non coronary 0.037 0.21 0.05 0.91
Fluoroscopy time 0.002 1.08 1.03 1.13
Contrast volume 0.047 1.01 1.00 1.02
AAoV 0.021 0.34 0.13 0.85

Variables: age, pulse pressure before, LVEF < 50% (0, No; 1, Yes), calcified non-coronary
(0, No; 1, Yes), fluoroscopy time, contrast volume, AAoV (interval variable: higher value
means greater reduction after TAVI).

4.2.3. The influence of contrast volume and fluoroscopy time

In the final logistic model for predicting mortality, risk factors such as
fluoroscopy time and contrast volume were identified. ROC curve analysis
was used to determine the critical thresholds for these factors, visually
presented in Fig. 4.2.3.1.

A new indicator was created, combining fluoroscopy time and contrast
volume, defined as follows:

1. Fluoroscopy time < 17 min and contrast volume < 120 mL

2. Fluoroscopy time < 17 min and contrast volume > 120 mL or

fluoroscopy time > 17 min and contrast volume < 120 mL

3. Fluoroscopy time > 17 min and contrast volume > 120 mL

The area under the ROC curve (AUC) for this combined indicator is
greater than the AUCs for fluoroscopy time and contrast volume individually.
Further explanations can be found in Table 4.2.3.1.

Table 4.2.3.1. ROC analysis of fluoroscopy time, contrast volume, and the
combined fluoroscopy time and contrast volume indicators in assessing
cardiac death

Variables Cut-point AUC p-value
Fluoroscopy time, min > 17 0.764 <0.001
Contrast volume, mL >120 0.698 <0.001
Fluoroscopy time and contras volume, scores >2 0.800 <0.001
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Fig. 4.2.3.1. ROC curve analysis for determining critical thresholds

The distribution of patients based on fluoroscopy time and contrast
volume in relation to mortality is detailed in Table 4.2.3.2.
o Total patients: 217, including:
— patients without fatal outcomes (non-death): 199 (91.7%);
— patients with fatal outcomes (death): 18 (8.3%).
Patient Groups:
1. Patients with low parameters (< 17 min and < 120 mL):

— non-death: 62 (31.2%);

—  death: 0 (0%);

— this group demonstrates the best prognosis, as no patients died,
indicating a low risk of mortality with moderate procedural
parameters.

2. Patients with intermediate parameters (< 17 min and > 120 mL or

> 17 min and < 120 mL):

— non-death: 88 (44.2%);

— death: 4 (22.2%);

— inthis group, the mortality risk increases, with 22.2% of patients
experiencing a fatal outcome. This may indicate an intermediate
risk associated with either prolonged fluoroscopy time or in-
creased contrast volume.
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3. Patients with high parameters (> 17 min and > 120 mL):

non-death: 49 (24.6%);

death: 14 (77.8%);

the highest mortality rate is observed in this group, where both
fluoroscopy time and contrast volume exceed the threshold
values. This indicates a significantly increased risk of death
associated with prolonged and high-intensity procedures.

Table 4.2.3.2. Distribution of patients by fluoroscopy time and contrast
volume and mortality

Fluoroscopy time and | Non-death (n =199), | Death (n = 18), ’ —value
contrast volume n (%) n (%) L p
<17 min and < 120 mL 62 (31.2) 0(0) 21.309 | <0.001
<17 min and > 120 mL or 88 (44.2) 4(22.2)
> 17 min and < 120 mL
> 17 min and > 120 mL 49 (24.6) 14 (77.8)

Fig. 4.2.3.2 presents the Kaplan-Meier survival curve, illustrating the
impact of fluoroscopy time and contrast volume on patient survival rates over
a 360-day follow-up period. The graph is divided into three groups based on
the combination of fluoroscopy time and contrast volume parameters:

1. Green line (fluoroscopy time <17 min and contrast volume

<

120 mL):

This group demonstrates the highest survival rate (nearly 100%)
throughout the entire follow-up period.

All patients remained within safe thresholds for both fluorosco-
py time and contrast volume.

Censored points (marked with crosses) are observed on the graph,
indicating that some patients were lost to follow-up without a
recorded death.

2. Gray dashed line (fluoroscopy time < 17 min and contrast volume
> 120 mL or fluoroscopy time > 17 min and contrast volume
<120 mL):

This group shows a moderate decline in survival over time.
Includes patients who had either prolonged fluoroscopy time or
exceeded the contrast volume threshold.

A gradual decrease in survival is observed throughout the
follow-up period.
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3. Black line (fluoroscopy time > 17 min and contrast volume

> 120 mL):

— This group demonstrates the worst prognosis, with a marked
decline in survival within the first 90 days of follow-up.

—  The highest mortality rate is observed among patients who ex-
ceeded both fluoroscopy time and contrast volume thresholds.

— Several censored points are present, indicating instances of
patients lost to follow-up.

Survival, %
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Fluoroscopy time and contrast volume
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1 Time > 17 min and volume > 120 mL
— Censored: time < 17 min and volume < 120 mL

Censored: time < 17 min and volume > 120 mL or time > 17 min and volume < 120 mL
—— Censored: time > 17 min and volume > 120 mL

Fig. 4.2.3.2. Kaplan-Meier survival curve based on
fluoroscopy time and contrast volume
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S. DISCUSSION

5.1. Key predictors and clinical implications

The findings from this study emphasize the potential of machine learning
models in predicting early safety outcomes following transcatheter aortic
valve implantation. Specifically, the random forest model demonstrated its
ability to integrate diverse clinical and imaging data, identifying significant
predictors of adverse outcomes such as left femoral artery diameter and aortic
valve calcification volume.

The association between smaller left femoral artery diameter and vascu-
lar complications aligns with existing literature, highlighting its role as a
critical predictor. Studies have shown that restricted femoral artery diameter
increases procedural difficulty and the risk of vascular injuries. Narrow
vascular access is often associated with procedural challenges and can lead
to higher rates of bleeding or vascular rupture. Addressing these an atomical
variations with precise preprocedural planning can mitigate risks, as noted in
studies on pre-TAVI imaging protocols [164].

Additionally, higher aortic valve calcification volume was strongly
linked to adverse outcomes such as paravalvular regurgitation and valve
dysfunction. This finding supports previous research advocating for precise
preoperative imaging to assess calcification and optimize procedural strate-
gies. Extensive calcification has been shown to compromise prosthetic valve
deployment and functionality, emphasizing the need for innovative de vices
that adapt to calcified anatomies [165].

Moreover, patients with elevated pulmonary artery pressures were at in-
creased risk of poor outcomes. This relationship underscores the importance
of assessing hemodynamic parameters, as pulmonary hypertension is a
known prognostic factor in TAVI. Elevated pressures can indicate pre-
existing right heart strain, potentially complicating post-operative recovery
[166]. Incorporating pulmonary artery pressure monitoring into patient
evaluation workflows has been suggested to enhance risk stratification [167].

The use of adaptive synthetic sampling (ADASYN) in this study to
address data imbalance proved effective, improving the model's predictive
accuracy and robustness. Balancing techniques like ADASYN are particu-
larly valuable in medical datasets, where under represented outcomes often
challenge predictive reliability. Other approaches, such as SMOTE and
ensemble learning techniques, have similarly demonstrated success in ad
dressing imbalances in TAVI-related data [168, 169].
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Technological advancements in TAVI devices, including balloon-
expandable and self-expanding prostheses, also influenced outcomes. Selec-
tion of the appropriate prosthesis type, tailored to individual patient anatomy,
has been shown to minimize complications [170]. Comparative studies have
indicated varying rates of paravalvular leakage and durability between device
types, underscoring the importance of individualized de vice selection [171,
172].

Shapley additive explanations analysis, employed in this study, provided
transparency in understanding the model’s predictions. SHAP effectively
identified critical features such as left femoral artery diameter and aortic
valve calcification, enhancing interpretability and clinical applicability.
Similar explainable Al techniques have been validated in other cardiac inter-
vention studies, highlighting their value in clinical decision making.

Another important factor is the impact of comorbidities such as chronic
kidney disease and coronary artery disease on early outcomes. Chronic
kidney disease has been as sociated with increased risks of contrast-induced
nephropathy during TAVI, necessitating careful patient selection. Similarly,
coronary artery disease often requires concomitant in interventions, which
can complicate procedural outcomes.

Finally, the integration of multimodal imaging, including echocardio-
graphy and CT, with ML algorithms offers promising avenues for improving
TAVI outcomes. Combining preoperative imaging with ML can refine risk
models and enhance patient stratification. Recent advancements in fusion
imaging, integrating CT and 3D echocardiography, have shown promise in
reducing procedural errors [173].

5.2. A comparative analysis of survivors and cardiac-related mortality

This study analyzed the demographic and clinical characteristics of
patients who underwent transcatheter aortic valve implantation and identified
differences between those who survived and those who experienced cardiac-
related mortality. The findings provide insights into the potential factors
influencing the observed outcomes, reinforcing the importance of conducting
a comprehensive patient assessment before the procedure [174].

The median age in the non-death group was 80 + 6.17 years (range, 49—
91), while that in the cardiac death group was 81.5 &+ 6.14 years (range, 70—
94). Although the cardiac death group was slightly older, the difference did
not reach statistical significance (p = 0.079). Advanced age is widely recog-
nized as a significant predictor of adverse outcomes in TAVI patients due to
reduced physiological reserves [178]. Our findings align with previous
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studies demonstrating that age is an important — but not necessarily inde-
pendent — risk factor when other variables are accounted for [176].

The gender distribution between the groups also showed no statistically
significant differences (p = 0.304). In the non-death group, 37.7% were male
and 62.3% were female, compared to an equal distribution of 50% male and
50% female in the cardiac death group. While other authors have suggested
that gender may influence outcomes due to anatomical or physiological
differences, such effects were not observed in this cohort [175].

History of MI was more common in the cardiac death group (38.9%),
when compared to the non-death group (20.6%), although this difference did
not reach statistical significance (p = 0.073). This trend is consistent with
prior research indicating that a history of MI is associated with increased
procedural risks and worse post-TAVI outcomes [180]. The hemodynamic
burden from pre-existing myocardial damage likely contributes to this
association, emphasizing the importance of pre-operatively evaluating car-
diac function [181].

Fluoroscopy time has emerged as a novel predictor of outcomes in TAVI
patients, as highlighted in recent studies. Longer fluoroscopy durations are
associated with an increased risk of complications, including cardiac
mortality. Similarly, our findings revealed that prolonged fluoroscopy time
(p <0.001) and a higher contrast volume (p = 0.005) were significantly asso-
ciated with adverse outcomes [185]. Other research has corroborated these
observations, pointing out the additive risks posed by extended fluoroscopy
and high contrast usage, particularly in patients with pre-existing renal dys-
function [186].

The presence of mitral valve regurgitation was associated with increased
cardiac mortality. The interaction of MR with aortic stenosis can exacerbate
hemodynamic burdens, and patients with MR often face compounded proce-
dural risks. Addressing MR — either medically or through surgical interven-
tion — is vital for improving outcomes in these high-risk cohorts [180].
Additionally, calcification patterns of the non-coronary cusp significantly
influenced survival, consistent with findings in prior studies. These calcifica-
tions — while enhancing valve stability in some cases — can increase procedu-
ral complexity when asymmetrically distributed [175, 176].

Age and left ventricular ejection fraction emerged as critical determi-
nants of outcomes. As age increases, physiological reserves diminish, raising
susceptibility to complications. Each additional year of age was found to
increase the risk of mortality by 16%, consistent with earlier findings [178].
Reduced LVEF remains a prominent risk factor, emphasizing the importance
of comprehensive cardiac assessments before TAVI to identify and manage
high-risk patients [183].
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Chronic kidney disease and procedural complexity have been identified
as independent predictors of poorer outcomes, advocating for the use of
advanced imaging techniques and meticulous planning to mitigate these risks
[186]. Reducing contrast use during TAVI procedures has been proposed as
a means to decrease the incidence of contrast-induced acute kidney injury
(CIAKI) — a complication significantly affecting morbidity and mortality
[187].

Notably, atrial fibrillation has been identified as a significant predictor
of post-TAVI mortality, further underscoring the importance of rhythm
management strategies [18]. Meanwhile, frailty indices are valuable tools for
pre-operative risk stratification, enabling better patient selection [191].

Advancements in valve design and procedural methods have been instru-
mental in improving outcomes. Minimalist approaches — including conscious
sedation and single-arterial access — have shown promise in reducing compli-
cations and recovery times [188, 189]. These innovations align with recent
findings highlighting the benefits of streamlined TAVI protocols [190]. Addi-
tionally, the utility of advanced imaging techniques for enhancing valve posi-
tioning and reducing procedural complications has been emphasized [192].

5.2.1. Study limitation

This investigation into the factors that influence the success of trans-
catheter aortic valve implantation, with a particular focus on fluoroscopy
duration and the amount of contrast used, offers important insights for
improving patient outcomes. Nevertheless, it's important to recognize a few
key limitations. The research was carried out at the single center, meaning its
findings might be specific to the patient population, procedural approaches,
and healthcare practices unique to this single institution. Such specificity may
limit how applicable the results are across different environments or demo-
graphic groups. While the study’s cohort consisted of 224 participants, this
figure might not be sufficient to uncover less obvious correlations or effects,
particularly for analyses segmented into various patient sub-groups. Expan-
ding the sample size could lead to stronger, more conclusive findings and
enable a more nuanced examination of different patient categories.

5.3. Machine learning applications in predictive modeling

The integration of machine learning techniques in cardiovascular medi-
cine has significantly advanced risk stratification, predictive analytics, and
clinical decision support, particularly in procedures like transcatheter aortic
valve implantation. In this study, the application of a random forest classifier
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combined with adaptive synthetic sampling proved effective in predicting early
safety outcomes following TAVI. This section elaborates on the effective-
ness, methodology, and clinical implications of ML models in TAVI outcome
prediction.

5.3.1. The rationale for using machine learning in TAVI

Traditional risk prediction models, such as the EuroSCORE II and so-
ciety of thoracic surgeons (STS) risk score, have provided valuable prognos-
tic information for surgical aortic valve replacement. However, these models
often lack the flexibility to account for complex, non-linear relationships
between diverse clinical, procedural, and imaging variables, which are com-
mon in TAVI populations. Machine learning models, particularly ensemble-
based approaches like Random Forest, address these limitations by effective-
ly handling high-dimensional data, non-linear associations, and interactions
between variables without prior assumptions [193,194].

5.3.2. Random forest classifier for predicting early safety outcomes

The random forest algorithm was selected due to its robustness against
overfitting, ability to handle large datasets with numerous input variables, and
high predictive accuracy. RF operates by constructing multiple decision trees
during training and outputting the mode of classes (for classification tasks) or
mean prediction (for regression tasks) from individual trees. The ensemble
nature of RF enhances generalizability and reduces variance, making it parti-
cularly suited for medical datasets characterized by heterogeneity and
missing data [195].

In our analysis, RF was trained using a comprehensive dataset that inclu-
ded clinical parameters (e.g., age, gender, comorbidities), echocardiographic
findings (e.g., left ventricular ejection fraction, valve gradients), and compu-
ted tomography measurements (e.g., aortic annulus size, calcification volu-
me). The model’s performance was optimized using grid search cross-vali-
dation to fine-tune hyperparameters, such as the number of trees, maximum
depth, and minimum samples required for splitting.

5.3.3. Addressing class imbalance with adaptive synthetic sampling
(ADASYN)

One of the critical challenges in predictive modeling for TAVI outcomes
is the imbalance in outcome classes, where adverse events are relatively rare
compared to uneventful recoveries. Class imbalance can lead to biased
models that favor the majority class, reducing sensitivity to adverse outco-
mes. To address this, we employed ADASYN, an advanced oversampling
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technique that generates synthetic samples for the minority class by focusing
more on data points that are harder to classify.

ADASYN differs from traditional oversampling techniques like SMOTE
(Synthetic Minority Over-sampling Technique) by adaptively generating
more synthetic data in regions where the decision boundary between classes
is less clear, thus enhancing the classifier’s ability to detect minority class
instances. This approach significantly improved the sensitivity and overall
accuracy of our random forest model, as evidenced by the high Fl-score
(0.8372) and recall (0.7826) achieved during cross-validation.

5.3.4. Model interpretability with SHapley Additive exPlanations
(SHAP)

While random forest models offer high predictive performance, their
“black box” nature can limit clinical adoption due to a lack of interpretability.
To address this, we utilized SHapley Additive exPlanations, a state-of-the-art
method for interpreting complex ML models. SHAP assigns an importance
value to each feature, representing its contribution to the model’s prediction.
This method is grounded in cooperative game theory, where the contribution
of each player (or feature) is fairly distributed based on all possible combi-
nations of players [195].

Our SHAP analysis identified key predictors of early safety outcomes,
including:

o Left femoral artery diameter: Smaller diameters were associated
with a higher risk of vascular complications and adverse events,
consistent with procedural challenges in accessing smaller vessels.

o Aortic valve calcification volume: Higher calcification volumes
increased the risk of paravalvular leak and prosthetic valve dys-
function.

o  Fluoroscopy time: Longer durations were linked to increased pro-
cedural complexity, radiation exposure, and related complications.

The visualization of SHAP values enabled clinicians to understand how
individual patient characteristics influenced risk predictions, enhancing trust
in the model and supporting shared decision-making.

5.3.5. Performance metrics and clinical relevance

The model’s performance was evaluated using standard classification
metrics, including:
o Accuracy: 85.7% in balanced datasets.
o Precision: 90%, indicating a high proportion of true positive predic-
tions among those identified as at risk.
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o Recall (sensitivity): 78.3%, reflecting the model’s ability to identify

patients who experienced adverse outcomes.

e Fl-score: 83.7%, balancing precision and recall to provide a

comprehensive performance measure.

The receiver operating characteristic (ROC) curve and area under the
curve (AUC) were also analyzed, with the model achieving an AUC of 0.80
for predicting cardiac-related death based on procedural factors such as
fluoroscopy time and contrast volume. This high discriminative ability under-
scores the potential of ML models to complement traditional risk scores and
improve pre-procedural risk stratification.

5.3.6. Integration into clinical practice

For ML models to be clinically impactful, they must be seamlessly

integrated into existing workflows. Potential applications in TAVI include:

o Pre-procedural risk assessment: enhancing traditional risk scores
with data-driven predictions to identify high-risk patients.

» Real-time decision support: providing intra-procedural alerts based
on dynamic data inputs, such as changes in fluoroscopy time or
contrast use.

o Post-procedural monitoring: predicting long-term outcomes based
on procedural data and early recovery markers.

However, challenges remain, including the need for external validation

in diverse populations, addressing data privacy concerns, and ensuring
regulatory compliance for ML-based clinical tools [196].

5.3.7. Limitations and future directions

While the model demonstrated strong predictive performance, certain
limitations warrant consideration:

o Single-center data: limits generalizability to broader populations

with varying procedural protocols.

o Prospective design: introduces potential biases related to data

collection and outcome adjudication.

o Lack of external validation: future studies should validate the model

in multi-center cohorts to confirm robustness.

Future research should explore the integration of deep learning algo-
rithms, such as convolutional neural networks (CNNs), which can analyze
raw imaging data without manual feature extraction. Additionally, incorpo-
rating genomic data and real-time hemodynamic monitoring may further
enhance predictive accuracy and support personalized TAVI planning.
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CONCLUSIONS

Based on the conducted study, significant demographic, clinical, echo-
cardiographic, and computed tomography factors influencing the prog-
nosis of patients with aortic valve stenosis after transcatheter aortic valve
implantation were identified.

Demographic factors:

» Patient age was an important prognostic factor, with each additional
year increasing the risk of mortality by 16% (OR =1.16; p =0.012).

o Female sex showed a tendency toward higher risk, but did not demon-
strate a statistically significant association with adverse outcomes
(p=0.934).

Clinical factors:

e A reduced left ventricular ejection fraction (LVEF <50%) was
associated with a 3.49-fold increase in mortality risk, approaching
statistical significance (OR = 3.49; p = 0.054).

o Ahistory of myocardial infarction (p = 0.049) and a high EuroSCORE
IT (p = 0.059) were significant clinical prognostic factors.

Echocardiographic factors:

o  Pulmonary hypertension and the mean pressure gradient across the
aortic valve did not reach statistical significance (p = 0.204 and
p = 0.176, respectively).

o A reduced LVEF <50% was close to statistical significance (p =
0.054).

Computed tomography factors:

e A high volume of aortic valve calcification was a significant factor
increasing the risk of adverse outcomes (p = 0.025).

e Calcification of the non-coronary cusp of the aortic valve had a
protective effect and was associated with improved stability of the
implanted valve and reduced mortality risk (OR = 0.21; p = 0.037).

Procedural factors such as prolonged fluoroscopy time significantly
increased the risk of mortality (OR = 1.08; p = 0.002). A contrast volume
exceeding 120 mL was associated with a 1% increase in complication
risk for each additional milliliter (OR = 1.01; p = 0.047). The combina-
tion of prolonged fluoroscopy time (> 17 minutes) and high contrast
volume (>120 mL) resulted in a high mortality rate (77.8%; p < 0.001).
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One-year follow-up of patients who underwent TAVI revealed the
following rates of major adverse cardiovascular events: all-cause mor-
tality — 25 patients, including 18 cardiovascular-related deaths. Stroke
occurred in 9 patients. Hospitalization due to heart failure was recorded
in 69 patients, indicating persistent cardiac dysfunction after TAVIL.
Severe vascular complications were reported in 27 patients. Conduction
disturbances requiring permanent pacemaker implantation developed in
15 patients.

Key associations between patient characteristics and TAVI outcomes
were identified: fluoroscopy duration over 17 minutes and contrast volu-
me over 120 mL were associated with 77.8% of deaths, making these
parameters critically important risk predictors. Reduced LVEF <5 0%
increased the risk of death by 3.49 times, underscoring the importance of
preoperative assessment of cardiac function. A high volume of aortic
valve calcification was associated with complications in the early post-
operative period, confirming the need for thorough CT evaluation prior
to valve selection. Calcification of the non-coronary sinus had a protec-
tive effect, improving prosthesis stability and reducing the risk of death
(OR=0.21, p=0.037). Age was also a significant factor: each additional
year increased the risk of death by 16% (p = 0.012).
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PRACTICAL RECOMMENDATIONS

Implement predictive modeling algorithms (e.g., SHAP analysis, random
forest) for personalized risk assessment and patient selection for
transcatheter aortic valve implantation.

Optimize procedural strategy to minimize complications. Reducing
procedural invasiveness and precisely planning key steps of the TAVI
procedure can significantly lower the risk of adverse events such as
vascular injury, nephropathy, conduction disturbances, and paravalvular
regurgitation. Limit contrast volume to < 120 mL to prevent contrast-
induced nephropathy. Utilize advanced imaging techniques and 3D mo-
deling for accurate valve positioning.

Mandatory preoperative assessment of left ventricular function and the
degree of mitral regurgitation before TAVI. Patients with an ejection
fraction < 50% and significant mitral regurgitation require closer monito-
ring and a personalized treatment approach.

Introduce a standardized postoperative monitoring protocol after TAVI

with mandatory echocardiographic evaluations at 1, 6, and 12 months.

* Use Al-based algorithms for early detection of bioprosthetic dys-
function, paravalvular regurgitation, and the need for reintervention.

» Develop preventive strategies to reduce late valve degeneration and
define criteria for repeat interventions based on individual patient
characteristics.

Integrate Al solutions for automated diagnostic image analysis (CT,
echocardiography). Apply Al-based predictive models (ADASYN, ran-
dom forest, SHAP) for personalized outcome forecasting and optimi-
zation of patient management strategies.
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amziumi susijusi voztuvy lapeliy kalcifikacija, nulemianti jy sustoréjima.
Voztuvy lapeliai tampa standis ir trukdo normaliam kraujo tekéjimui i$ kai-
riojo skilvelio j aortg. Tai lemia Sirdies funkcijos pablogé¢jimg, gyvenimo
kokybés sumazejimg ir negydant — didelj mirtinguma.

Progresuojantis voztuvo susiaur¢jimas sukelia anging, alpimg ir Sirdies
nepakankamuma, kurie reikSmingai blogina prognoz¢. Neoperuojant, kriitin-
¢s anging jauCiantys pacientai iSgyvena 5 metus, praradusieji sgmong —
3 metus, turintieji Sirdies nepakankamumo simptomy — maZiau nei 2 metus.
AS yra létiné ir progresuojanti liga, todél laiku nustatyta diagnoz¢ ir gydymas
yra biitini, norint i§vengti mirtiny padariniy. Taciau diagnoz¢ ir gydyma
sunkina gretutinés ligos, kurios daZniau nustatomos vyresnio amziaus pa-
cientams.

Anksciau pagrindinis sunkios AS gydymo metodas buvo chirurgingé
aortos voztuvo pakeitimo operacija. Ji labai pagerina hemodinamikg, mazina
Sirdies nepakankamumo rizika ir ilgina gyvenimo trukme. Taciau dé¢l didelio
chirurginio invaziskumo §i procedira yra rizikinga senyviems ar daug gretu-
tiniy ligy turintiems pacientams.

2002 m. pirma karta buvo sékmingai atlikta kateterin¢ aortos voztuvo
implantacija pacientui, priklausanéiam didelés rizikos grupei. Si
implantacija — svarbus AS gydymo luzis. TAVI — tai minimaliai invaziné
procediira, leidzianti implantuoti biologinj voZtuvo proteza voztuvo bio-
proteza per kateterj, nereikalinga atviroji Sirdies operacija. 1§ pradziy TAVI
buvo skirta tik pacientams, kuriems buvo per didelé chirurginés operacijos
rizika. Naujausi tyrimai (PARTNER 3, SURTAVI) jrodé jos sauguma ir
efektyvuma ir vidutinés bei net mazos chirurginés rizikos pacientams. Tai
i§plete klinikines indikacijas ir jtvirtino TAVI kaip pirmaeilj gydymo metoda
vyresniems nei 75 mety pacientams.

Pagrindinis skirtumas tarp SAVR ir TAVI yra invaziskumo dydis. Atlie-
kant SAVR reikalinga atviroji Sirdies operacija, naudojant dirbting kraujo-
taka. Tai yra didele chirurginé trauma, ilga hospitalizacija ir padidéjusi infek-
cijy bei kraujavimo rizika. PrieSingai, TAVI yra minimaliai invaziné proce-
diira, kurios metu voztuvas pasiekiamas per kateteri, istumiama per slaunine
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arterijg (transfemoraliné prieiga) arba per maza pjuvi kritinés srityje (trans-
apikaliné prieiga).

SAVR rekomenduojamas geros bendros sveikatos pacientams, kuriy
tikétina gyvenimo trukmé yra daugiau nei 10 mety. TAVI i§ pradziy buvo
sukurta pacientams, kuriems chirurginé operacija buvo per didelés rizikos.
Taciau Siuolaikiniai tyrimai rodo, kad TAVI yra tokia pat saugi ir veiksminga
vidutinés bei mazos rizikos pacientams, todél ji vis dazniau taikoma Siai
grupei.

Tyrimai rodo, kad SAVR yra susijusi su didesne insulto ir pooperacinio
mirtingumo rizika pacientams per 75 mety, o TAVI lemia mazesn¢ chirurging
traumg ir mazesnj trumpalaikj mirtingumg. Taciau TAVI gali sukelti
komplikacijy, tokiy kaip paravalvuliné regurgitacija ir Sirdies stimuliatoriaus
implantacijos poreikis, ypa¢ naudojant savaime iSsipleciancius voztuvus.

Tradiciskai SAVR biologiniai voztuvo protezai funkcionuoja 15-20
mety. TAVI voztuvy ilgaamziSkumas vis dar tiriamas, taciau dabartiniai duo-
menys rodo, kad jie islieka efektyvis iki 10 mety, tod¢l TAVI yra optimalus
pasirinkimas vyresniems nei 75 mety pacientams.

2021 m. Europos kardiology draugijos gairése nurodoma, kad TAVI yra
pirmaeilis gydymas pacientams, vyresniems nei 75 mety, sergantiems sunkia
simptominé AS, neatsizvelgiant j chirurging rizika. Pacientams iki 75 mety
pasirinkimas tarp TAVI ir SAVR turéty biiti grindziamas anatomija, tikétina
gyvenimo trukme, gretutinémis ligomis ir paciento pageidavimais. Taip pat
reikia atsizvelgti | individualius rizikos veiksnius, jskaitant pakartotinés
intervencijos poreikj ir ilgalaike protezy disfunkcija.

Dé¢l technologinés pazangos ir procediiros tobulinimo TAVI reikSmingai
pagerino gydymo rezultatus. Ankstyvuoju laikotarpiu (per 30 dieny po proce-
diiros) mirtingumas siekia 2—3 proc. mazos rizikos pacientams ir 5—6 proc.
didelés rizikos pacientams. Ilgalaikiai rezultatai taip pat geri — 3 mety iSgyve-
namumas siekia 87 proc., o tai prilygsta SAVR rezultatams.

TAVI vis dar yra aktyviy moksliniy tyrimy objektas, ypac¢ tiriant jau-
nesnius pacientus ir sudétingg anatomija turinéius pacientus, kuriems reika-
lingas kruopstesnis pasirinkimas tarp TAVI ir SAVR. Viena svarbiausiy
tyrimy sri¢iy yra biologiniy voztuvo protezy ilgaamziskumas ir pakartotiniy
intervencijy poreikis po 10—15 mety.

Naujy technologijy, tokiy kaip masSininis mokymasis ir SHAP (SHapley
Additive exPlanations) algoritmai, taikymas leidzia kurti individualizuotus
gydymo sprendimus, jvertinant pacienty anatominius ypatumus, amziy,
Sirdies funkcijg ir gretutines ligas [29].

Moderniis biologiniai voztuvo protezai — balionu i$plec¢iami ir savaime
iSsipleCiantys — taip pat pagerino gydymo rezultatus. BEV suteikia didesnj
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tiksluma, sumazindami paravalvulinés regurgitacijos rizika, o SEV yra lanks-
tesni implantacijos metu, ypac tinkami pacientams, kuriy sudétinga anato-
mija.

TAVI yra revoliuciné AS gydymo metodika, kuri ypa¢ naudinga didelés
chirurginés rizikos pacientams. Taciau ilgalaikés prognozes, protezy ilga-
amziSkumas ir pakartotiniy intervencijy poreikis tebéra aktyviy tyrimy sritys.
Modernios technologijos ir individualizuotasis gydymas suteikia naujy gali-
mybiy pagerinti AS gydymo veiksminguma ir pacienty gyvenimo kokybe.

TYRIMO TIKSLAS IR UZDAVINIAI

Tyrimo tikslas

Darbo tikslas — jvertinti jvairiy (demografiniy, klinikiniy, echokardio-
grafiniy, kompiuterinés tomografijos, invaziniy hemodinaminiy, procediiros)
veiksniy jtakg pacienty, serganciy aortos voztuvo stenoze, po biologiniy
aortos voztuvy kateterinio implantavimo, vieny mety prognozei.

Tyrimo uZdaviniai:

1. Ivertinti demografinius, klinikinius, echokardiografinius, kompiute-
rinés tomografijos veiksnius, galin€ius turéti jtakos aortos voztuvo
stenoze serganciy pacienty, kuriems numatomas biologiniy aortos
voztuvy implantavimas per kateterius, prognozei.

2. Ivertinti procediiros sukeliamus veiksnius, galin¢ius turéti jtakos
tyrimo pacienty prognozei.

3. Ivertinti dideliy nepageidaujamy Sirdies ir kraujagysliy reiSkiniy
daznumg po aortos voztuvy kateterio implantavimo per vienus
metus.

4. Nustatyti rySius tarp analizuojamy savybiy ir jvykiy grei¢io bei
jvertinti jy jtakg prognozei.

Tyrimo mokslinis naujumas

Kateteriné aortos voztuvo implantacija tapo pagrindiniu sunkig aortos
stenoz¢ turin¢iy pacienty gydymo metodu, ypac ty, kuriems biidinga didele
chirurginé rizika. Taciau pacienty atrankos ir procediiros planavimo optimi-
zavimas iSlieka svarbia uzduotimi, siekiant pagerinti ilgalaikius rezultatus ir
sumazinti komplikacijy daznuma. Tikslus prieSoperacinis jvertinimas, tinka-
mas voztuvo protezo parinkimas ir perioperaciniy riziky maZzinimas yra
biitini, siekiant padidinti TAVI saugumg ir efektyvuma.
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Siame tyrime nagrinéjami nauji metodai, skirti pagerinti pacienty strati-
fikacija, procediiros technikas ir pooperacinj stebéjima, naudojant pazangia
vaizding diagnostikg ir prognozavimo modelius, pagrjstus masSininiu moky-
musi.

Tyrimas sitilo naujg pozitrj — masininio mokymosi modelius naudoti
ankstyviems saugumo rezultatams prognozuoti: jtraukiant klinikinj, echokar-
diografinj ir kompiuterinés tomografijos vertinimg. Rezultatai parode, kad
kairiosios S§launies arterijos skersmuo, aortos voztuvo kalkéjimo turis ir
aortos ziedo kampas yra svarbiis prognoziniai veiksniai, kurie iki $iol buvo
mazai tyrin¢jami klinikin¢je praktikoje. SHAP (SHapley Additive exPlanations)
analiz¢ parodé, kaip Sie parametrai prisideda prie procediiros saugumo, atsi-
randa nauja galimybe¢ rizikai vertinti.

Be to, tyrimas nustate, kad fluoroskopijos laikas ir kontrastinés medzia-
gos tiris yra nepriklausomi mirtingumo po TAVI prognozés veiksniai. Siy
veiksniy jtraukimas j prognozavimo model; suteikia naujg pagrindg procedi-
roms optimizuoti — pabréziama radiacijos poveikio ir kontrastinés medziagos
sukeltos nefropatijos mazinimo svarba. Rezultatai rodo, kad ribojant fluoro-
skopijos trukme iki <17 minuciy ir kontrasto tiirj iki <120 ml, pacienty
iSgyvenamumas labai pager¢ja. Tai pateikia jrodymus, kad Sie procediiros
pakeitimai galeéty buti jtraukti j klinikines gaires.

Tyrime taip pat iSpléstas dviburio voZtuvo regurgitacijos ir kairiojo
skilvelio funkcijos kaip prognoziniy po TAVI i§gyvenamumo rodikliy supra-
timas. Rezultatai parodé, kad pacientai, turintys vidutinio sunkumo ar sunkia
mitraling regurgitacija ir sumaze¢jusig kairiojo skilvelio iSstumio frakcija
(<50 proc.), patiria didesn¢ pooperaciniy komplikacijy rizika, todél pries
operacja bitina atlikti iSsammy jy biiklés vertinimg ir galbut koreguoti gy-
dyma.

Idiegus masininio mokymosi pagrindu sukurta rizikos prognozavimo
modelj, optimizavus fluoroskopijos ir kontrasto parametrus bei validavus
naujus anatominius rizikos veiksnius, $is tyrimas prisideda prie Sirdies
struktiiriniy intervencijy precizinés medicinos vystymo. Tyrimo rezultatai
ypac aktualils, atsizvelgiant | did¢jant] vyresnio amziaus pacienty, kuriems
atliekama TAVI procediira, skai¢iy. Jie padeda formuoti individualizuotg ir
jrodymais pagrista gydymo strategija, gerinancig procediry s€kme ir pacienty
isgyvenamuma. Sie duomenys gali turéti jtakos baisimoms klinikinéms gai-
réms ir pagerinti pacienty gydymo rezultatus greitai besivystancioje Sirdies
voztuvy ligy srityje.
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REZULTATAI
Pirminé duomeny analizé

Pagrindinés pacienty charakteristikos

Pacienty jtraukimo j tyrima laikotarpiu 2021 m. rugs¢jo—2024 m. balan-
dzio mén. i§ viso buvo jtraukti 224 pacientai, kuriems buvo diagnozuota
didelé aortos stenoze ir rekomenduota kateterin¢ aortos voztuvo implantacija.
Visi pacientai buvo vyresni, vidutinis pacienty amzius — 79,69 + 6,17 mety.
Lyties skirstinys — daugiau motery (60,7 proc., n = 136) nei vyry (39,3 proc.,
n = 88). 94,2 proc. (n = 211) pacienty sirgo arterine hipertenzija, 25,9 proc.
(n = 58) — cukriniu diabetu, 88,8 proc. (n = 199) — 1étine vainikiniy arterijy
liga. 36,2 proc. (n = 81) pacienty , sirgusiems létine vainikiniy arterijy liga,
nebuvo atlikta revaskuliarizacija, o 52,7 proc. (n = 118) atlikta vainikiniy
arterijy revaskuliarizacija (i§ anamnezés). 22,3 proc. pacienty (n = 50) buvo
persirge miokardo infarktu (i§ anamnezés). Anksciau atlikta aortos vainikiniy
arterijy jungciy suformavimo operacija— 10,3 proc. pacienty (n = 23).
Anksciau atlikta perkutaniné koronariné intervencija (PKI) — 99,1 proc. pa-
cienty (n = 222). Remiantis Kanados Sirdies ir kraujagysliy draugijos (CCS)
klasifikacija, III klasés stabiligjg kriitinés anging turéjo 63,8 proc. (n = 143),
IT klasés— 35,7 proc. (n = 80), I klasés — tik 0,4 proc. (n = 1) pacienty. Lengvas
arba vidutinio sunkumo inksty nepakankamumas buvo 90,6 proc. pacienty
(n= 203), sunkus inksty nepakankamumas — 6,3 proc. pacienty (n = 14).
Normalig inksty funkcija turéjo 3,1 proc. (n = 7) pacienty. Vidutinis glomeru-
ly filtracijos greitis buvo 57,43 + 17,62 ml/min., atitinkantis 2-3 stadijos
létines inksty ligas. Pagal Niujorko Sirdies asociacijos (NYHA) klasifikacija
IIT klasés Sirdies nepakankamuma tur¢jo — 70,5 proc. (n = 158) pacienty, II
klasés — 27,7 proc. (n = 62), IV klasés — 1,8 proc. (n = 4). EuroSCORE II
(chirurgingés rizikos vertinimas): medianinis rodiklis buvo 3,80 proc. (0,91—
34,96 proc.), rodantis, kad pacientai turé¢jo viduting arba didele chirurging
rizikg. Vidutinis kiino pavirSiaus plotas — 1,86 m? (intervalas: 0,55-2,73 m?).

Sirdies kompiuterinés tomografijos analizé

Atliekant standartinj pasirengimg TAVI procediirai, visiems pacientams
buvo atlikta kontrastiné¢ kompiuteriné tomografija, apimanti irdj ir visg aorta.
Vidutinis aortos ziedo skersmuo — 25,16 + 2,34 mm. Perimetru gristas aortos
ziedo skersmuo — 25,32 + 2,33 mm. Vidutinis kairiojo skilvelio iSstiimio
trakto perimetras — 80,13 + 8,97 mm. Perimetru gristas skersmuo — 25,59 +
2,60 mm. Didziausias LVOT skersmuo — 28,84 + 2,93 mm. Maziausias skers-

&3



muo — 21,72 +£2,63 mm. Valsalvos anciy (kairiojo, deSiniojo ir nekoronari-
nio) vidutinis skersmuo — 31,33-33,28 mm. Sinotubulinés (antinés—vamzdi-
nés) jungties (STJ) vidutinis skersmuo — 29,39 + 3,90 mm. Kairiosios vaini-
kinés arterijos aukstis — 14,41 + 3,04 mm. DeSiniosios vainikings arterijos
aukstis — 16,80 mm (intervalas 9,80-32,80 mm). DeSiniojo priesirdzio vidu-
tinis skersmuo— 8,10 = 1,25 mm. Kairiojo prieSirdzio vidutinis skersmuo—
7,97 £ 1,42 mm.

Klinikiniai rezultatai ir nepageidaujami reiSkiniai

Ankstyvy saugumo rodikliy prognozavimas

Tyrime dalyvave pacientai buvo suskirstyti i dvi grupes: pacientai,
kiniy jvykiy pacientai. Vidutinis pacienty, neturin¢iy ankstyvy klinikiniy
ivykiy, amzius — 79,96 + 6,97 mety. Vidutinis ankstyvy klinikiniy jvykiy
turinéiy pacienty amzius — 81,94 = 3,38 mety. Sis skirtumas nebuvo statis-
tiskai reikSmingas (p = 0,251).

Lyties skirstinys: neturin¢iy ankstyvy klinikiniy jvykiy pacienty grup¢je:
39,4 proc. vyry, 60,6 proc. motery. Ankstyvy klinikiniy jvykiy turin€iy pacie-
nty grupéje: 38,8 proc. vyry, 61,2 proc. motery.

I$ 224 pacienty: 23 pacientai (10,3 proc.) anks¢iau buvo patyre Sirdies
chirurgines intervencijas. Tarp koronarine $irdies liga (KSL) sirgusiy ir
perkutaning koronaring intervencija (PKI) turéjusiy pacienty grupiy reiks-
mingy skirtumy nenustatyta (p = 0,432 ir p = 0,452). Miokardo infarkto (MI)
anamnez¢ buvo reikSmingai daZnesné pacientams, turéjusiems ankstyvus
klinikinius jvykius (32,0 proc. 68,0 proc. p = 0,049). EuroSCORE 1I buvo
didesnis pacienty, turé¢jusiy ankstyvus klinikinius jvykius (7,3 £ 6,61 proc.
4,9 £ 3,55 proc., ribiné verte p = 0,059). NYHA klasifikacija: pacientai,
turintys III-1V klasiy Sirdies nepakankamuma, dazniau patyré¢ ankstyvus
klinikinius jvykius, bet $is skirtumas nebuvo statistiskai reikSmingas (p =
0,355). Echokardiografiniai rodikliai, pvz., kairiojo skilvelio galinis diasto-
linis matmuo ir kairiojo skilvelio iSstiimio frakcija, buvo panasus tarp abiejy
grupiy. Atsizvelgiant | aortos voztuvo slégio gradientg ir plauciy arterijos
sistolinis spaudima, taip pat nenustatyta reikSmingy skirtumy tarp grupiy.

Kompiuterinés tomografijos duomenys. Aortos voztuvo kalkéjimo tiiris
buvo reik§mingai didesnis pacienty, turé¢jusiy ankstyvy klinikiniy jvykiy (p =
0,025). Aortos voztuvo skersmuo ir perimetru gristas skersmuo buvo didesni
pacienty, tur¢jusiy neigiamy klinikiniy jvykiy, taciau Sie skirtumai nebuvo
statistiSkai reikSmingi (p = 0,075 ir p = 0,104). Pagal VARC II (Valve
Academic Research Consortium) rekomendacijas ankstyvi saugumo rodikliai
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po TAVI buvo vertinami per 30 dieny. Ankstyvi saugumo rodikliai buvo
nustatyti 49 pacientams (21,8 proc.), i§ kuriy: 25 pacientai turé¢jo 1 nepagei-
daujama jvykj. 24 pacientai patyré 2 ar daugiau nepageidaujamy jvykiy.
Nustatyti pagrindiniai ankstyvi nepageidaujami reiskiniai: bendras mirStamu-
mas — 7 atvejai (14,3 proc.), insultas — 5 pacientai (10,2 proc.), gyvybei
pavojingas kraujavimas — 18 pacienty (36,7 proc.), i§ kuriy: 16 pacienty rei-
kéjo vazopresoriy ar operacijos. 1 tiriamajam po TAVI reikéjo chirurgines
operacijos. 2 atvejai — vainikiniy arterijy uzsikimSimas. 2 atvejai — Sirdies
tamponada. Voztuvo disfunkcija — 9 pacientai (18,4 proc.), i§ kuriy: 3 pa-
cientams prireiké TAV-in-TAV implantacijos. Uminis inksty paZeidimas
(2 ar 3 stadija) — 9 pacientai (18,4 proc.). 15 pacienty (30,6 proc.) po TAVI
procediiros prireiké nuolatinio Sirdies stimuliatoriaus implantavimo.

SHAP analizés rezultatai. Norint nustatyti pagrindinius veiksnius, turin-
Cius jtakos ankstyviems saugumo rodikliams po TAVI, buvo taikoma SHapley
Additive Explanations (SHAP) analizé.

Si analizé padéjo nustatyti svarbiausius prognozinius veiksnius: kairio-
sios Slaunies arterijos skersmuo — maZzesnis skersmuo buvo susijes su bloges-
ne prognoze. Didesnis aortos voztuvo kalkéjimo tiiris — reikSmingai blogino
ankstyvus klinikinius rezultatus. Didesnis aortos ziedo kampas — buvo susij¢s
su didesne komplikacijy rizika. Sie rezultatai rodo, kad prie§ TAVI procediira
butina kruopsciai jvertinti anatoming paciento bukle, siekiant sumazinti
ankstyvy komplikacijy rizika.

Procediiros sukelty ir pacientui budingy veiksniy jtakos 1 mety
rezultatams jvertinimas

Sio tyrimo metu 199 (88,8 proc.) pacientai iSgyveno po kateterinio aortos
voztuvo implantavimo procediiros, o 25 (11,2 proc.) miré. 18 (8,0 proc.)
tiriamyjy miré nuo Sirdies sutrikimy. Po proceduros Sirdies sutrikimy
nulemtos mirtys jvairiais laikotarpiais: 4 (22,2 proc.) procediiros metu, 4
(22,2 proc.) per 1 ménesi, 7 (38,9 proc.) per 6 ménesius ir 3 (16,7 proc.) per
12 ménesiy. IS viso 20 pacienty buvo paguldyti i ligoning dél Sirdies ir
kraujagysliy indikacijy. Keturi pacientai patyré miokardo infarkta. Pastebétas
hospitalizacijos daznumo padidéjimas: 27,8 proc. tyrimo pacienty, mirusiy
deél sirdies priezasciy, buvo hospitalizuoti, palyginti su 7,5 proc. iSgyvenu-
sigjy (p > 0,05). Tarp dviejy grupiy insulty ir miokardo infarkty daznumo
reikSmingy skirtumy nenustatyta.

Taciau buvo nustatytos medicininés ir procediros nulemtos savybés,
susijusios su mirties nuo Sirdies sutrikimy ligy rizika. Tiksliau — kalcifikacijos
buvimas nevainikiniy arterijy skiltyje buvo daug didesnis tarp i§gyvenusiyjy
(91,3 proc.), palyginti su tais, kurie miré nuo Sirdies sutrikimy (68,8 proc.), o
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p verté buvo 0, 005. Tarp baig¢iy taip pat buvo pastebéti reikSmingi dviburio
voztuvo nesandarumo skirtumai prie§ TAVI ir AoV greicio pokytj: mirusiy
pacienty grup¢je dazniau nustatomas didesnis voztuvo nesandarumas (p =
0,015) ir mazesnis AoV grei€io pokytis (p = 0,031). Fluoroskopijos laikas
trukmé ir kontrasto tiiris buvo daug didesni pacienty, mirusiy nuo Sirdies
priezaséiy (p <0,001 ir p < 0,005). Sie duomenys rodo galima rysj tarp proce-
diiros trukmés / naudojamo kontrasto kiekio ir mirties nuo Sirdies sutrikimy.
Nenaudojant dvejetainiy logistinés regresijos modeliy, skirty Sirdies mirciai
prognozuoti.

Kiekvieni papildomi amziaus metai rezultaty tikimybe didinal6 proc.
(AR = 1,16, 95 proc. PI 1,03-1,31, p = 0,012), o tai rodo nuosekly poveiki
visame diapazone nuosekly poveikj visoms amziaus grupéms. Pacienty, kuriy
kairiojo skilvelio iSstimio frakcija (KSIF) mazesné¢ nei 50 proc., ligos
baigties tikimybé buvo 3,49 karto didesné nei pacienty, kuriy KSIF
> 50 proc., nors $is rezultatas buvo ties statistinio reikSmingumo slenksciu
(AR = 3,49, 95 proc. P1 0,98-1,5, p = 2,045, 1,5). Todél mirtingumo rizikos
veiksniai gali biiti mazesni nei 50 proc. KSIF.

Kalcifikacijos buvimas nevainikiniy arterijy skiltyje buvo susijes su daug
mazesneligos baigties tikimybe (AR = 0,21, 95 proc. PI 0,05-0,91, p =
0,037). Kiekviena papildoma fluoroskopijos minuté didino rezultato tikimybe
8 proc. (AR = 1,08, 95 proc. PI 1,03—1,13, p = 0,002), o tai rodo reikSminga
rys].

Kiekvieno papildomai panaudoto kontrastinio tiirio vieneto rezultaty
tikimybé¢ padidéjo 1 proc. (AR = 1,01, 95 proc. PI 1,00-1,02, p = 0,047), o
tai taip pat buvo statistiSkai reikSminga. Didesné vert¢, rodanti didesnj aortos
voztuvo greicio sumazéjima po TAVI, buvo susijusi su mazesne s¢kminga
procediiros galimybe (AR = 0,34, 95 proc. PI 0,13-0,85, p = 0,021), o tai
rodo, kad mazesnis AoV pager¢jimas po TAVI gali biti laikomas mirtingumo
veiksniu.

Kontrastinés medZiagos tiirio ir fluoroskopijos laiko trukmés jtaka

Galutiniame mirtingumo prognozavimo logistiniame modelyje buvo
nustatyti rizikos veiksniai, pvz., fluoroskopijos laikas ir kontrasto turis. Siy
veiksniy kritiniams slenks¢iams nustatyti buvo naudojama ROC kreivés
analiz¢.
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Sukurtas naujas indikatorius, jungiantis fluoroskopijos trukme ir
kontrasto tiirj, apibrézta taip:
1. Fluoroskopijos trukmé < 17 min. ir kontrasto tiiris < 120 ml
2. Fluoroskopijos trukmé < 17 min ir kontrasto tiiris > 120 ml arba
fluoroskopijos trukmé > 17 min. ir kontrasto tiiris < 120 ml
3. Fluoroskopijos trukmé > 17 min. ir kontrasto tiiris > 120 ml
Sio kombinuoto indikatoriaus pozymio plotas po ROC kreive (AUC) yra
didesnis nei fluoroskopijos trukmés ir kontrasto tirio AUC atskirai.
Pacienty skirstinys pagal fluoroskopijos trukme ir kontrasto turj, atsi-
zvelgiant | mirtinguma:
* I§ viso pacienty: 217, iskaitant:
— 1i8gyveng pacientai — 199 (91,7 proc.);
— mirg pacientai — 18 (8,3 proc.).
Pacienty grupés:
1. Pacientai, kuriy parametrai mazi (< 17 min. ir < 120 ml):

e i8gyveno — 62 (31,2 proc.);

e mir¢ — 0 (0 proc.);

e Sios grupés pacientams nustatyta geriausia prognoze, nes né
vienas pacientas nemir¢, o tai rodo maza mirtingumo rizikg
esant vidutiniams procediiros parametrams.

2. Pacientai, kuriy parametrai yra vidutiniai (< 17 min. ir > 120 ml arba

> 17 min. ir < 120 ml):

e iSgyveno — 88 (44,2 proc.);

e mir¢ —4 (22,2 proc.);

e Sios grupés pacientams mirtingumo rizika didéja, o 22,2 proc.
pacienty patiria miréta. Tai gali rodyti viduting rizika, susijusia
su pailgéjusia fluoroskopijos trukme arba padidéjusiu kontrasto
kiekiu.

3. Pacientai, kuriy parametrai dideli (> 17 min. ir > 120 ml):

e iSgyveno — 49 (24,6 proc.);

e mir¢ — 14 (77,8 proc.);

o didziausias mirtingumas nustatytas §ios grupés pacientams, kai
ir fluoroskopijos trukmé, ir kontrasto tiiris virsija ribines vertes.
Tai rodo labai padidéjusia mirties rizika, susijusig su ilgomis ir
didelio intensyvumo procediiromis.
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Kaplan-Meier i§gyvenamumo kreive iliustruoja fluoroskopijos trukmeés
ir kontrasto tiirio jtakg pacienty iSgyvenamumui per 360 dieny stebéjimo
laikotarpi. Grafikas suskirstytas j tris grupes pagal fluoroskopijos trukmes ir
kontrasto tiirio parametry derinj:

1.

Zalia linija (fluoroskopijos trukmé < 17 min. ir kontrastinis tiiris <

120 ml):

e Sios grupés tiriamiesiems nustatytas didziausias iSgyvenamu-
mas (beveik 100 proc.) per visg steb&jimo laikotarpi;

e visy pacienty duomenys parametrai nevirsijo saugiy fluorosko-
pijos trukmes ir kontrasto turio slenksciy;

o grafike matomi kryzeliais paZyméti taSkai — pacientai, kurie
nebuvo stebimi (nebuvo uzregistruotos mirties).

Pilka briik$niné linija (fluoroskopijos trukmé < 17 min. ir kontrasti-

nis tiiris > 120 ml arba fluoroskopijos trukmé > 17 min. ir kontrasti-

nis tiris < 120 ml):

e Sios grupés tiriamiesiems nustatytas vidutinis i§gyvenamumo
maze¢jimas laikui bégant;

e apima pacientus, kuriems pailgéjo fluoroskopijos trukme arba
jie virsijo kontrasto tiirio slenkstj;

e  per visg steb¢jimo laikotarpj stebimas laipsniskas i§gyvenamu-
mo mazéjimas.

Juoda linija (fluoroskopijos trukmé > 17 min. ir kontrastinis tiiris

> 120 ml):

e Sios grupés tiriamiesiems biidinga blogiausia prognoze, o per
pirmasias 90 stebéjimo dieny labai sumazéjo i§gyvenamumas;

o didziausias mirtingumas buvo pacienty, virSijusiy ir fluorosko-
pijos trukmes, ir kontrastinio turio slenkscius;

o yrakeletas kryzeliais paZyméty punkty, rodanciy, kad pacientai
nebuvo stebimi.

ISVADOS

echokardiografiniai ir kompiuterinés tomografijos (KT) veiksniai,
darantys jtaka pacienty, serganciy aortos voztuvo stenoze, prognozei po
transkateterinés aortos voztuvo implantacijos.

Demografiniai veiksniai:

Paciento amzius buvo svarbus prognostinis veiksnys — kiekvieni
papildomi metai padidino mirtingumo rizika 16 proc. (OR = 1,16;
p=10,012).
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*  Motery lytis rodé didesnés rizikos tendencijg, taciau statistiSkai
reikSmingo rySio su nepalankiais baigtimis neparodé (p = 0,934).

Klinikiniai veiksniai:

*  Sumazéjusi kairiojo skilvelio iSstimimo frakcija (LVEF < 50 proc.)
buvo susijusi su 3,49 karto didesne mirtingumo rizika, priartéjus prie
statistinio reikSmingumo ribos (OR = 3,49; p = 0,054).

*  Anksciau patirtas miokardo infarktas (p = 0,049) ir aukstas

EuroSCORE II jvertinimas (p = 0,059) buvo reikSmingi klinikiniai
prognostiniai veiksniai.

Echokardiografiniai veiksniai:

*  Plauciy hipertenzija ir vidutinis slégio gradientas per aortos voztuva
nepasieke statistinio reikSmingumo (atitinkamai p = 0,204 ir p =
0,176).

*  Sumazéjusi LVEF <50 proc. buvo arti statistinio reikSmingumo
(p =0,054).

Kompiuterinés tomografijos veiksniai:

»  AukStas aortos voztuvo kalcifikacijos tiiris buvo reik§mingas veiks-
nys, didinantis nepalankiy baigc€iy rizika (p = 0,025).

*  Nekoronarinés aortos voztuvo gaubtelio kalcifikacija tur¢jo apsau-
ginj poveik] ir buvo susijusi su geresniu implantuoto voztuvo stabi-
lumu bei sumazinta mirtingumo rizika (OR = 0,21; p = 0,037).

Proceduriniai veiksniai, tokie kaip uzsiteses fluoroskopijos laikas, reiks-
mingai padidino mirtingumo rizika (OR = 1,08; p = 0,002). Kontrasto
tiris, virSijantis 120 ml, buvo susijes su 1 % padidéjusia komplikacijy
rizika kiekvienam papildomam mililitrui (OR = 1,01; p = 0,047). ligas
fluoroskopijos laikas (> 17 min.) kartu su dideliu kontrasto kiekiu
(> 120 ml) lémé itin auksta pacienty mirtinguma (77,8 proc.; p < 0,001).

Vieneriy mety pacienty, kuriems buvo atlikta TAVI, stebésena atskleide
Siuos pagrindiniy nepageidaujamy Sirdies ir kraujagysliy jvykiy (MACE)
rodiklius: bendras mirtingumas — 25 pacientai, i$ jy 18 mire dél Sirdies ir
kraujagysliy priezasCiy. Insultas nustatytas 9 pacientams. D¢l Sirdies
nepakankamumo buvo hospitalizuoti 69 pacientai, kas rodo isliekantj
Sirdies funkcijos sutrikimg po TAVI. 27 pacientams uZzfiksuotos sunkios
kraujagysliy komplikacijos. 15 pacienty iSsivysté laidumo sutrikimai, dél
kuriy reikéjo nuolatinio Sirdies stimuliatoriaus implantavimo.
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Nustatyti pagrindiniai rySiai tarp paciento savybiy ir TAVI baigciy:
fluoroskopijos trukme > 17 min. ir kontrasto tiiris > 120 ml buvo susij¢
su 77,8 proc. mirtingumo atvejy, todé¢l Sie parametrai yra kritiskai svar-
biis rizikos prognozéje. Sumazejusi LVEF < 50 proc. padidino mirties
rizika 3,49 karto, pabréziant ikipreoperacinio Sirdies funkcijos jvertinimo
svarba. Didelis aortos voztuvo kalcifikacijos tris buvo susijes su komp-
likacijomis ankstyvuoju pooperaciniu laikotarpiu, patvirtinant i§samios
KT analizés butinuma prie§ pasirenkant voztuva. Nekoronarinio an¢iuvo
kalcifikacija tur¢jo apsauginj poveiki, pagerino voztuvo stabilumg ir
sumazino mirties rizika (OR = 0,21; p = 0,037). AmZius taip pat buvo
reik§mingas veiksnys: kiekvieni papildomi metai padidino mirties rizika
16 proc. (p =0,012).
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