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2 Introduction
2.1 Epidemiology and pathophysiology of aortic valve stenosis

Calcific aortic valve stenosis (AS) is the most prevalent valvular heart disease in high-income 
countries, especially afflicting the geriatric population. The burden of disease increases with age, 
making it a more and more relevant public health challenge in aging populations.1 It is generally 
estimated that AS affects around 4% of adults aged 70 years and older, but this number can vary 
depending on the age group limits, definition, and methods of assessment of AS chosen in the 
study.2–4 The true prevalence of AS is most likely unknown, especially for mild and moderate AS, 
but newer studies started to address this issue.5 While the reasons for the observed and projected 
increase of AS are still under discussion, the need for a correct risk stratification and identification 
of AS patients for treatment is clear.6

The development of AS is a complex process, marked by inflammation, lipid deposition, and 
finally calcification of the valve (Figure 1). Oscillatory sheer stress leads to valvular endothelial 
cell (VEC) dysfunction, which makes the adhesion and infiltration of platelets and inflammatory 
cells possible, as well as the diffusion of lipids and haemoglobin. Local inflammation of the valve 
leads to an oxidative modification of the lipids, which in turn leads to increased inflammation and 
an expression of adhesion molecules. An angiogenic response leads to vascularisation of the valve, 
perceptible through intraleaflet haemorrhage. Extracellular microparticles are released in the pro-
oxidant environment of the valve, which in turn reinforces the endothelial dysfunction and platelet 
aggregation. Herewith, the perfect conditions for the final phase, also called the propagation 
phase, are prepared. First, valve interstitial cells (VICs) differentiate into myofibroblastic cells 
activated by cytokine. Extracellular matrix remodelling and the production of collagen is 
triggered. During the last step, myofibroplastic VICs differentiate into osteoblastic-like cells. A 
process similar to bone formation, together with the dysregulation of the phosphocalcic 
metabolism, leads to the calcification of the valve.7,8

Development and progression of AS is highly dependent on the individual patient and 
contradictory grading results are no exception.9 Grading of severity is based on three parameters: 
the mean pressure gradient (MPG), echocardiographic peak velocity and the aortic valve area 
(AVA).10,11 Additional parameters like the stroke volume index can be taken into account, 
especially to assess the flow status.12 Patients are classified into mild, moderate or severe AS with 
a further division into symptomatic or asymptomatic severe AS.11 The presence or absence of 
symptoms, the left ventricular ejection fraction and surgical risk are assessed to decide how and 
when patients are treated. This is especially important since mortality is high in patients with 
untreated severe AS.13 No pharmacological prevention or treatment for AS exists so far, but new 
treatment strategies are being investigated.14 Despite the fact that AS shares aspects and risk 
factors with atherosclerosis, treatment and prevention differs.12 Historically, surgical aortic valve 
replacement (SAVR) was the treatment of choice for AS patients and has undergone significant 
development since the invention of the first mechanic valve around 1960.15–17 Approximately 20 
years ago, transcatheter aortic valve implantation (TAVI) was established. The first TAVI was 
described in 2002 and since then, the procedure has been intensely researched and developed.18,19

The indications for TAVI have slowly been widened to now include not just older, high-risk 
patients with severe AS, but also patients with intermediate surgical risk.12 Additionally, the safety 
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and efficacy of TAVI in patients with severe AS and low surgical risk has been of great interest in 
recent years.20,21 Today, more TAVIs than SAVRs are performed in Germany, making it the 
treatment of choice.22 The same development can be observed in other countries, but treatment 
decisions still vastly differ.23,24

It is important to note that AS is not just a local alteration in the valve, but also affects the 
whole cardiovascular system. Progressively, the blood flow is obstructed by the calcified valve. The 
subsequent pressure gradient between the heart and the aorta leads to left ventricular 
hypertrophy, a compensatory mechanism to maintain cardiac output.25 This can be exacerbated 
by reduced arterial compliance, adding to the increased afterload.26,27 The cause and effect of AS 
and arterial or aortic stiffness are receiving continuing interest.28,29 It is still not entirely clear how 
arterial stiffness is impacted in patients with AS, but studies have started to explore the value of 
arterial function markers in patients with AS.30,31 Additional arterial biomarkers have the potential 
to assist in the evaluation, management and treatment of patients with AS.28

Figure 1. Overview of the development of AS on a cellular level. Initial endothelial dysfunction, 
followed by inflammation and finally calcification of the valve. ADP: adenosine diphosphate; 
aVIC: activated valvular interstitial cell; Ca: calcium; ECM: extracellular matrix; ICAM-1: 
intercellular adhesion molecule-1; IL: interleukin; qVIC: quiescent valvular interstitial cell; MPs: 
microparticles; obVIC: osteoblastic-like valvular interstitial cell; Pi: inorganic phosphate; SDF-1: 
stromal cell-derived factor-1; TF: tissue factor; TGF-β: transforming growth factor-β; TNF-α: 
tumour necrosis factor-α; VCAM-1: vascular cell adhesion molecule-1; VEGF: vascular 
endothelial cell growth factor; vWF: von Willebrand factor. European Society of Cardiology, 
Aortic stenosis and the hemostatic system, Cardiovascular research, 2023, 119, 6, 1310-1323, 
10.1093/cvr/cvac192. Reprinted by permission of Oxford University Press on behalf of the 
European Society of Cardiology.

2.2 Aortic valve stenosis and vascular function
The vascular system of the human body encompasses two circulatory systems: the blood vessels 

and the lymphatic vessels. Arteries, veins and capillaries transport blood from and to the heart. 
This transport systems brings oxygen, nutrients and immune cells to tissues throughout the body 
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and takes waste products away. It is an integral part of the respiratory, digestive and urinary 
system and the temperature control of the body. Arterial function encompasses all aspects of the 
physiological properties of the arterial tree, including the regulation of vessel tones, the 
permeability and the upkeep of the structural integrity of all vessels.32 The term “vascular 
function” covers all these aspects of the normal functioning of the vascular system.

Potentially the most studied aspect of arterial function in patients with AS is arterial 
stiffness.28,29,33 Arterial stiffness is a change in the mechanical behaviour of an artery leading to a 
loss of distensibility of the vessel. This can be a direct effect of changes in the wall structure, but 
also an indirect effect of wall geometry and tension.34,35 Arterial stiffness can relate to both the 
systemic assessments of function, but also local or regional stiffness of central or peripheral 
arteries.36 Whilst these are all passive mechanisms, the active processes that precede arterial 
stiffness are complex and multilayered. Signalling pathways that alter the structure of the vessel 
are included here, as well as genetic factors and direct alterations of muscle cells.34 All layers of 
the vessel wall and the surrounding connective tissue with the autonomic nervous system and the 
vasa vasorum contribute to these effects. Arterial stiffness is a well-established predictor for overall 
cardiovascular (CV) risk.37–39 In patients with AS, it has been investigated as a possible tool in 
several areas: better understanding of the pathophysiology and development of AS, evaluation of 
AS, risk stratification, treatment management and the prognostic value of arterial stiffness, with 
promising results.28,29 Studies have shown that arterial stiffness is directly impacted by aortic valve 
replacement (AVR) and severity is an important contributor to this, which can aid in the 
evaluation of AS patients.33,40–44 Baseline arterial stiffness is also a valuable marker for future 
cardiovascular events and prognosis.30,31,45

In terms of vascular function, endothelial (dys)function can be seen as a subtopic of arterial 
stiffness in a pathophysiological sense. Changes in, for example, nitride oxide (NO) release of the 
endothelial cells have a direct impact on arterial stiffness. But there are also indicators that this 
relationship is reciprocal and that arterial stiffness alters endothelial function.46,47 A clear 
definition of endothelial dysfunction does not exist, but a literal interpretation is that the function 
of the endothelial cells of vessels is impaired in all functional areas. This means that the regulation 
of the vessel tone, the permeability, adhesive properties and the thromboresistance are impacted. 
To draw more attention to the fact that endothelial dysfunction is an active process, Deanfield et 
al. suggested the term “endothelial activation”. Whilst less descriptive, it incorporates the 
underlying mechanism of a change in phenotype that results in the activation of several 
mechanisms, like the expression of adhesion molecules and cytokines.47 It also underlines the active 
process involved in endothelial dysfunction. Endothelial dysfunction has received some interest in 
patients with AS, but is less well studied than arterial stiffness. It is a marker for overall 
cardiovascular disease (CVD) risk and has been shown to be impaired in patients with AS.48–52

After AVR, studies have found an improvement in endothelial function in AS patients, most likely 
due to the normalization of the cardiovascular physiology.53–57 Whilst pathophysiologically a close 
relationship exists, in a clinical setting endothelial dysfunction and arterial stiffness are often 
treated as separate entities.58 Methodology differs greatly, even for similar target outcomes. 
Agreement between methods is often low, revealing the complexity of the topic.59–61 The 
assessment of vascular function can therefore be seen as more than a redundant repetition of 
studies, but a necessary exploration of the physiological mechanisms. A comparison of the 
assessment methods of vascular function can be found in the next chapter.
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2.3 Vascular function assessment methods
The range of vascular function assessment methods is as diverse as the aspects of vascular 

function itself. The interest in measuring vascular function, such as arterial stiffness, has increased 
in recent decades due to its role in the development of cardiovascular disease.62 Methods can be 
classified into various categories, but a unified taxonomy does not exist so far and category 
membership is not necessarily mutually exclusive. The most important and most applied 
categorization is invasive versus non-invasive methods. Additional overarching themes are58,63:

• Arterial stiffness
• Endothelial dysfunction
• Microvascular endothelial function
• Biomarkers

Arterial stiffness is often additionally divided into local versus systemic stiffness and peripheral 
versus central.36 The same has been proposed for endothelial function, where central and 
peripheral methods also exist.64,65 The question of how we define arterial function adds more 
complexity to the topic of categorizing vascular function assessment methods. Physiologically, the 
distinction between stiffness and endothelial function might be arbitrary and not all authors 
distinguish between the two.47,64 But especially in a clinical setting, it still seems to be a common 
distinguisher.36,58,65,66 Additionally, assessments could be categorized by the level of validation, 
clinical application or cost-effectiveness. Agreement between methods and reliability could also be 
an important factor, especially concerning research and when methods are used to categorize 
patients, e.g. in risk groups or treatment groups.

Figure 2. Two-dimensional speckle tracking (2DST) of the common carotid artery (CCA) with 
region of interested selected and the results of the peak circumferential strain (CS) visible.
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2.3.1 Two-dimensional speckle tracking
Two-dimensional speckle tracking (2DST) can be seen as an extension of local arterial stiffness 

facilitated by ultrasound, like the stiffness index ß or the distensibility, that are calculated from 
the diameter change of the vessel in relation to the change in pressure.36,67

Whilst 2DST is mostly utilized to assess myocardial deformation, its application has been 
extended to other areas.68,69 An algorithm calculates the movement of so-called speckles to estimate 
deformation. This can be expressed as the peak circumferential strain (CS, %), the peak strain 
rate (CSR, 1/s) or the change in area (cm2). Speckles are produced by the interaction between the 
ultrasound waves and the tissue or blood. In vascular assessment, this is a fairly new method, but 
it has certain advantages. Sonography is readily available in most clinical settings. The utilization 
of the vessel circumference and not just the diameter, means more information is retained 
compared to more classical methods, like the stiffness index. Greater automatization of the 
analysis means it is less dependent on the observer. Several studies have evaluated the value of 
2DST of the carotid artery.70–72 Studies in patients with AS are still scarce, but first results have 
shown that carotid stiffness is a promising new marker.73

Figure 3. EndoPAT® signal of A) the control arm and B) the test arm with eh occlusion. The 
PAT ratio is calculated by first calculating the ratio between the dilatation and baseline period 
for both arms and dividing the results.

2.3.2 Fingertip reactive hyperemia peripheral arterial tonometry
The fingertip reactive hyperemia peripheral arterial tonometry (RH-PAT) is often grouped as 

a method together with flow-mediated dilation (FMD) as a measure for endothelial dysfunction. 
Whilst both methods are based on the same phenomenon: the induced hyperemic response after 
occlusion of the vessels in the arm, the two methods also differ in several key points. FMD 
measures the change of the diameter of brachial artery using ultrasound.74 FMD is well established 
and evaluated, but has several issues. It is observer-dependent and requires a high level of skill 
and specific equipment. RH-PAT measures the change of the pulsatile arterial volume change 
using fingertip plethysmography.65 Patients are positioned in a supine position and need to rest for 
at least 15 minutes before the test. A five minute baseline amplitude is recorded, followed by 5 
minutes of occlusion using a blood pressure cuff that is rapidly inflated to 60 mmHg above systolic 
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blood pressure. The post-occlusion period, where the dilatation can be observed, lasts another 5 
minutes. The recorded data is analysed with a built-in algorithm, that calculates the PAT ratio 
from the ratio between the dilatation period and baseline period for the test and the control arm. 
The RH-PAT is much easier to perform and less observer-dependent with fewer skills needed, but 
also requires specific equipment.64 In a clinical setting, the RH-PAT could have certain advantages,  
because the application can be standardized quite easily and be applied by various personnel. This 
could be a great advantage in a search for a simple and standardized endothelial dysfunction 
marker.

2.4 Aims of the thesis
The two studies presented in this work focus on different aspects of arterial function in patients 

with AS and the impact of TAVI on the outcomes. The methods applied in the studies have both 
not been researched extensively in TAVI patients in the past, so we offer new insights into the 
application of RH-PAT and 2DST on vessel function. 2DST offers a readily available and easy 
approach to measure arterial stiffness without the need of specialized equipment. RH-PAT is a less 
observer-dependent and lower in training than FMD to measure endothelial dysfunction. The 
overarching hypothesis is, that arterial function in AS patients changes after TAVI. We aimed to 
quantify this change using two novel methods and explore possible predictors of this change.

2.5. Summary of study results
2.6 Results publication I

Arterial stiffness was examined in 47 patients with AS one day before and three days after 
TAVI. 2DST of the common carotid artery was used to calculate CS and CSR from sonography 
examinations of all patients. Significant improvement in CS was found after TAVI (4.5% vs. 5.1%, 
p = 0.012), as well as in CSR (0.9 1/s vs. 1.4 1/s, p = 0.002). These changes correlated with 
cardiovascular risk factors like BMI, MPG and AVA, but not with other arterial stiffness markers, 
such as pulse wave analysis and augmentation index. This indicated that 2DST is distinctly 
different from other vascular function markers. Overall, our results offer new insights in the 
application of 2DST as a tool for the assessment of arterial stiffness in AS patients. Future 
research is needed to establish the additional value of CS and CSR for patients.

2.7 Results publication II
Between August 2021 and March 2022 47 patients with severe AS were treated with TAVI. 

Endothelial dysfunction measured by RH-PAT was tested shortly before and after TAVI. Patients 
showed a slight, but non-significant improvement in RH-PAT after valve replacement (Reactive 
hyperemia index (RHI) 1.5 vs. 1.6, p = 0.883). This change was mainly driven by patients with 
less severe AS, who had a lower RHI and lnRHI pre-TAVI, but higher values post-TAVI. Patients 
with more severe AS had decreased RHI and lnRHI values post-TAVI. Whilst the two groups did 
not differ in characteristics like age, sex, etc., patients with no or negative improvement had lower 
blood pressure and a smaller AVA and a higher MPG. A possible explanation is the impact of the 
stenotic valve on the blood flow and a therefore higher NO release in patients with more severe 
AS. More research is needed on the impact of TAVI on microvascular flow in patients with AS, 
but in the future this knowledge could help to develop new risk markers for patients with AS.
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3 Zusammenfassung
Die Aortenklappenstenose (AS) ist die häufigste erworbene Herzklappenerkrankung in 

Industrieländern, mit einer geschätzten Prävalenz von 4 % in über 70-Jährigen. Viele Studien 
gehen davon aus, dass die Häufigkeit in den nächsten Jahrzehnten weiter steigen wird. Als Gründe 
sind dafür der demografische Wandel, aber auch eine bessere Diagnostik zu nennen. Umso 
wichtiger ist es daher, effektive Möglichkeiten zu finden, Patienten in Risikogruppen einzuteilen, 
Behandlungsentscheidungen treffen zu können und das Management zu verbessern.

Die Pathophysiologie der AS ist ein komplexer, dreistufiger Prozess: zuerst eine lokale 
Entzündung der Klappe, gefolgt von der Einlagerung von Lipiden, und als finaler Schritt die 
Kalzifizierung. Während diese lokalen Prozesse ablaufen, betrifft eine AS aber auch das ganze 
kardiovaskuläre System. Der Klappendurchmesser reduziert sich fortschreitend und behindert den 
Blutfluss. Dies führt zu einer Linksherzbelastung und kann zusätzlich noch durch eine reduzierte 
arterielle Compliance und endotheliale Dysfunktion verstärkt werden. Um ein besseres 
Verständnis für die AS zu entwickeln, wird dieses Zusammenspiel zunehmend erforscht um 
Ansatzpunkte für neue Marker zu finden. Der Ablauf und die Progression von AS sind je nach 
Patient sehr individuell. Daher ist auch die Einteilung von AS in Schweregrade kompliziert und 
nicht immer eindeutig. Die wichtigsten Faktoren für die Einteilung sind der Druckgradient, die 
Klappenöffnungsfläche und die Flussgeschwindigkeit. Daneben können für die 
Therapieentscheidung noch das Operationsrisiko und die Symptomatik relevant sein. Trotz 
fortschreitender Forschung gibt es bis jetzt keine medikamentöse Therapie für Patienten mit AS. 
In Deutschland hat die Transkatheter-Aortenklappenimplantation (TAVI) den chirurgischen 
Klappenersatz als häufigste Intervention überholt.

Um besser zu verstehen, wie die Gefäßfunktion bei Patienten mit AS durch die Behandlung mit 
TAVI beeinflusst wird, haben wir zwei neuartige Methoden zur Messung der Gefäßfunktion vor 
und nach TAVI verglichen. Das zwei-dimensionale Speckle Tracking (2DST) ist eine nicht-invasive 
Methode, die eingesetzt werden kann um die Gefäßsteifigkeit der Carotis zu messen. Dabei wird 
die Bewegung sogenannter Speckle, Reflektionen der Ultraschallwellen im Gewebe, mit einem 
Algorithmus automatisch verfolgt. Der große Vorteil von 2DST ist, dass es einfach anzuwenden ist 
und keine speziellen Gerätschaften benötigt, anders als viele andere Methoden zur Messung der 
Gefäßsteifigkeit. Computerprogramme zur Auswertung von Ultraschalldaten für 2DST sind 
heutzutage außerdem weitverbreitet. Als Zweites wurde die endotheliale Funktion mittels 
reaktiver Hyperämie peripherer arterieller Tonometrie (RH-PAT) über die Fingerkuppen 
gemessen. Auch hier sind Vorteile die einfachere Anwendung und die geringere 
Untersucherabhängigkeit als bei anderen etablierten Methoden.

Wir haben gefunden, dass die Gefäßfunktion gemessen mit 2DST sich signifikant verbessert hat 
nach TAVI, während der RH-PAT keine signifikante Verbesserung zeigte. Um genauer zu 
verstehen, ob sich der RH-PAT generell nicht verändert, wurden die Patienten weiter unterteilt in 
zwei Gruppen: keine oder negative Veränderung des RH-PAT versus eine positive Veränderung. 
Interessanterweise waren die Patienten mit schwererer AS häufiger in der Gruppe mit keiner oder 
negativer Veränderung. Dies ist wahrscheinlich auf die ausgeprägtere Einschränkung des 
Blutflusses bei Patienten mit kleinerer Aortenklappenöffnung und höherer Flussgeschwindigkeit 
zurückzuführen. Auch bei der Veränderung der Gefäßsteifigkeit waren die hämodynamischen 
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Parameter wichtige Einflussfaktoren, jedoch primär mit der entgegengesetzten Auswirkung. 
Patienten mit schwererer AS zeigten eine ausgeprägtere Verbesserung der Gefäßsteifigkeit. Der 
mikrovaskuläre Fluss scheint also anders auf TAVI zu reagieren als der Blutfluss und die 
Gefäßsteifigkeit der großen Gefäße.

Diese Ergebnisse unterstreichen die Relevanz und Indikation unterschiedlicher Messmethoden 
zur Erfassung der Gefäßfunktion und die Komplexität der Interaktion zwischen TAVI, dem Herz 
und den Gefäßen. Unsere Ergebnisse können daher potenziell helfen, Patienten mit AS vor und 
nach Intervention besser zu beobachten. Langfristig sind weitere Studien nötig, um zu etablieren 
ob sich 2DST und RH-PAT auch als Risikomarker für die Morbidität und Mortalität eignen. Beide 
Parameter könnten in Zukunft helfen das Verständnis der Gefäßfunktion in Patienten mit AS zu 
verbessern und dringend benötigte Marker zu liefern.
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4 Abstract
Aortic stenosis (AS) is the most common acquired valvular heart disease in high-income 

countries. It has an estimated prevalence of 4% in the age group of 70 years and older. Many 
studies predict that this will increase in the next decades due to an ageing population and 
improved diagnostic methods. This adds even more importance to finding effective tools for risk 
prediction, treatment decisions and patient management.

The pathophysiology of AS is a complex, three-stage process: it starts with local inflammation 
of the valve, followed by lipid deposition and finally calcification. Importantly, AS is not just a 
local alteration of the valve but impacts the whole cardiovascular system. The valve area decreases 
and obstructs the blood flow leading to left ventricular hypertrophy as a compensatory 
mechanism. This process can be exacerbated by reduced arterial compliance and endothelial 
dysfunction. The interaction between arterial function and AS is receiving increasing interest to 
gain a better understanding of the development of AS, but also to find new cardiovascular 
markers. The development and progression of AS are highly individual in each patient. Grading 
can be difficult and even contradictory. Aortic valve area, pressure gradient and maximum velocity 
are the main grading factors. Additionally, surgical risk, symptoms and left ventricular ejection 
fraction are important for treatment decisions. No pharmacological treatment for AS exists so far. 
Surgical aortic valve replacement has long been the standard therapy, but transcatheter aortic 
valve implantation (TAVI) is now the most frequent intervention in Germany.

To gain a better understanding of how vascular function is affected by TAVI in patients with 
AS, we compared two novel methods for measuring vascular function before and after TAVI. Two-
dimensional speckle tracking (2DST) is a non-invasive method, that can be used to quantify 
vascular stiffness of the carotid artery. The movement of so-called speckles, reflections of 
ultrasound waves in the tissue, is automatically tracked using an algorithm. The great advantage 
of 2DST is that it is easy to use and does not require any special equipment, unlike many other 
methods for vascular stiffness. Additionally, computer-programs for the evaluation of ultrasound 
data for 2DST are widely available today. Secondly, endothelial function was measured using 
fingertip reactive hyperemia peripheral arterial tonometry (RH-PAT). It has similar advantages, 
such as a simpler application and less observer dependency than other established methods for 
endothelial dysfunction.

We could demonstrate that vascular function measured by 2DST improved significantly after 
TAVI, while RH-PAT showed no significant improvement. To gain a better understanding why 
RH-PAT does not change in general, patients were further divided into two groups, one with no 
or negative change in RH-PAT and one with positive change. Interestingly, patients with more 
severe AS were more likely to be in the group with no or negative change. This is probably due 
to the more pronounced blood flow restrictions in patients with a smaller aortic valve area and 
higher flow velocities. Hemodynamic parameters were also an important influencing factor for the 
change in vascular stiffness, but with the opposite effect. Patients with more severe AS showed a 
more pronounced improvement in vascular stiffness. Microvascular flow therefore appears to 
respond differently to TAVI than the blood flow and vascular stiffness of larger vessels.

These results underline the relevance and indication of different measurement methods for 
vascular function and the complexity of the interaction between TAVI, the heart and the vessels. 
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Our results can potentially help to better monitor patients with AS before and after intervention. 
In the long term, further studies are needed to establish whether 2DST and RH-PAT are also 
suitable as risk markers for morbidity and mortality. Both parameters could help to improve the 
understanding of vascular function in patients with AS in the future and provide much-needed 
markers.
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Abstract: Arterial stiffness has received increasing interest as a cardiovascular marker in patients with
aortic valve stenosis (AS). So far, studies on the impact of aortic valve replacement (AVR) on arterial
stiffness have been equivocal. Two-dimensional speckle tracking (2DST) is a novel, non-invasive
method to measure the motion of the vessel wall. In this prospective observational study, we aimed
to assess the change in arterial stiffness of the common carotid artery (CCA) measured by 2DST
in patients undergoing transcatheter aortic valve implantation (TAVI). A total of 47 patients were
included in the study (age 80.04 ± 6.065 years). Peak circumferential strain (CS) was significantly
improved after TAVI (4.50 ± 2.292 vs. 5.12 ± 2.958, p = 0.012), as was the peak strain rate (CSR)
(0.85 ± 0.567 vs. 1.35 ± 0.710, p = 0.002). Body mass index (BMI), mean arterial pressure (MAP)
and hemodynamic parameters were associated with this change. 2DST results did not correlate
with aortic pulse wave velocity (aPWV) or augmentation index normalized to heart rate (AIx@75),
suggesting a distinct difference between arterial stiffness of the CCA and other stiffness parameters.
2DST seems to be a promising new tool to assess arterial stiffness in TAVI patients.

Keywords: transcatheter aortic valve replacement; vascular stiffness; 2D speckle tracking

1. Introduction

Aortic valve stenosis (AS) is the most common acquired valvular heart disease. As
the prevalence increases with age, the burden of disease is only expected to rise in the
future [1]. Mortality is low in patients with asymptomatic AS. However, once symptoms
occur, the mortality rate increases dramatically unless aortic valve replacement (AVR)
is performed [2]. Transcatheter aortic valve implantation (TAVI) is now more common
in Germany than surgical valve replacement, and there is ongoing investigation into its
indication in different low-risk groups [3,4].

In the general population, arterial stiffness has been established as an independent
marker and predictor of cardiovascular events and all-cause mortality [5,6]. Interestingly,
arterial stiffness is also gaining more and more interest as a prognostic cardiovascular
marker in AS patients [7].

In recent years, a better understanding of the changes in central aortic stiffness after
AVR has emerged. Central pulse wave velocity (PWV) increases as an immediate adaption
to the load change after the reparation of the damaged valve. Studies suggest that this
adaptation is not only limited to the aorta but also applies to other parts of the vascular
system [8,9]. However, relevant data on this matter are scarce.

Two-dimensional speckle tracking (2DST) is a novel, non-invasive imaging technique
to measure arterial stiffness of the common carotid artery (CCA). 2DST has wide application
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in the assessment of left ventricular function. It has also been proposed as a direct measure
to evaluate arterial stiffness of vessels, such as the CCA [10]. It can be used as a screening
tool during routine sonographic examination and is easy to apply.

The objectives of this study were to assess the change in arterial stiffness of the CCA
in patients undergoing TAVI using 2DST and to compare these results to other arterial
stiffness parameters. Moreover, to investigate associations between arterial stiffness, its
change after TAVI, and patient characteristics.

2. Materials and Methods

We conducted this study in accordance with the revised version of the Declaration of
Helsinki [11]. The local ethics committee “Ethikkommission der Medizinischen Fakultät
der LMU München“ approved this study (project number: 21-0418, date of approval: 1
June 2021). All patients gave written informed consent. This prospective observational
study took place between August 2021 and March 2022. Patients were recruited at the
Department of Medicine I, University Hospital, LMU Munich. All patients scheduled for
TAVI procedure that met the inclusion criteria were contacted for participation. Inclusion
criteria were severe AS and a referral for TAVI. Severe AS was defined according to the
guidelines of the joint taskforce of the European Society of Cardiology and the European
Association for Cardio-Thoracic Surgery, and the German extension of the guidelines [12,13].
General exclusion criteria were peripheral artery and/or neurological disease and a history
of carotid endarterectomy. Only patients who completed pre- and post-TAVI measurements
were included in the study sample.

Patients were examined 24 to 48 h prior to TAVI and 72 h after TAVI. If patients
suffered from TAVI-associated complications, this period was extended until the second
examination was possible. Patients who could not be examined 14 days after TAVI were
excluded. All patients were examined by the same study investigator. Information on
patients’ medical history, including pre-existing health conditions (arterial hypertension,
diabetes, atrial fibrillation, coronary artery disease, lipid metabolism disorders, chronic
renal disease), NYHA class, smoking status, regular medication (coumarin, acetylsalicylic
acid, clopidogrel, beta-blockers, angiotensin-converting enzyme inhibitors, angiotensin
receptor blockers, diuretics, statins), and laboratory work (NT-proBNP, total cholesterol,
triglycerides, LDL-cholesterol, HDL-cholesterol, non-HDL-cholesterol) were taken from
clinical records and by questioning patients. Information on peak aortic valve velocity
(PVel, m/s), mean pressure gradient (MPG, mmHg), maximum pressure gradient (MaxPG,
mmHg), and aortic valve area (AVA, mm2) were evaluated retrospectively through routine
transthoracic echocardiography as part of the conventional TAVI examination.

Sonographic examination of the CCA was performed by one investigator using a
3–8 MHz sector array transducer on a Philips iE33 xMatrix ultrasound machine (Philips
Healthcare, Amsterdam, Netherlands). Loops were recorded under constant three-lead
ECG. After 15 minutes of resting, patients were examined in a supine position with the neck
extended at a 45◦ degree angle facing away from the investigator. Patients were instructed
to hold their breath and not swallow during recordings, to minimize motion artifacts.
Bilateral B-Mode sonographic recordings were taken approximately 1 cm below the carotid
bifurcation over three consecutive heart cycles. The recordings were transferred to a
workstation for further offline analysis (QLAB cardiovascular ultrasound quantification
software version 11.1, Philips Healthcare, Amsterdam, Netherlands). Offline analysis
was performed on sonographic recordings that met sufficient image quality requirements.
Loops with motion artifacts were excluded. The evaluation was performed as previously
described [14]. Peak circumferential strain (CS, %), the maximal deformation of the vessel
wall in percent, and peak strain rate (CSR, 1/s), the maximal change of circumferential
strain over time, were calculated semi-automatically. The software’s SAX-A function and
aCMQ tool were utilized. Loops of the left and right CCA were analyzed individually.
The region of interest (ROI) was manually set to exactly match the endovascular border.
The software then automatically tracked the movement of the speckles within the ROI
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(Figure 1). The procedure was repeated three times, and the resulting values for CS, CSR,
and the change in the vessel’s change in area were averaged.

In addition, the stiffness index β (βarea) was calculated from sonographic data of the
CCA. As proposed by Cho and Kim, the vessel’s area, instead of diameter, was utilized [15].
The area offers more precise information regarding the vessel’s deformation in comparison
to the circumferential and longitudinal diameters. As the stiffness index β is dependent on
blood pressure, which can be impacted by AVR, SSarea was normalized to blood pressure.
For this reason, the reference blood pressure BPref was set to 100 mmHg, as proposed by
Spronck et al. [16]:

βarea =
ln(SBP/DBP)

(areamax/areamin)− 1
− ln

(
DBP
BPref

)
.

Blood pressure was taken from the brachial oscillometric measurement instead of local
CCA pressure measurements, as suggested by some authors [17]. We deemed the necessary
consistency to be provided, and the method to be sufficiently accurate due to the paired
nature of the data.

Systolic (SBP, mmHg) and diastolic blood pressure (DBP, mmHg), mean arterial
pressure (MAP, mmHg), aortic PWV (aPWV, m/s), augmentation index normalized to
heart rate (AIx@75, %), cardiac index (CI, L/min × L/m2), and total vascular resistance
(dyn·s/cm5) were measured using a non-invasive oscillometric blood pressure device with
a brachial cuff and patented software with the ARCSOlver algorithm (Mobil-O-Graph, HMS
CS Version 6.1, IEM GmbH, Stolberg, Germany) [18]. The Mobil-O-Graph is a validated
method to measure aPWV [19]. The pulse wave is recorded at the A. brachialis over 10 s
using a high-fidelity pressure sensor. A three-level algorithm analyzes the pressure waves.
The algorithm tests plausibility, removes artifacts, and applies a transfer function [20].
Measurements were taken on the right arm, unless not possible. After a ten-minute
acclimatization period in the supine position, measurements were repeated at least three
times and averaged. The signal quality provided by the device had to be at least excellent
or good, otherwise measurements were discarded.

We conducted a sample size calculation prior to this study. A mean of 4.0% and a
standard deviation (SD) of 1.0% were estimated for CS from the literature. A 10% post-TAVI
change was assumed, as no literature is available on the change in CS for patients post-TAVI.
Adding a dropout rate of 20%, the necessary number of recruited patients was estimated to
be 60.

Data were visually inspected and tested for normal distribution using qq-plots, his-
tograms, and the Shapiro–Wilk test. Depending on the distribution, patients’ characteristics
were presented as mean ± SD, median ± IQR (interquartile range), or the number of
patients (n) and percentage. Pre- and post-TAVI values of hemodynamic parameters and
stiffness indices were compared by paired t-tests or Wilcoxon rank sum tests. Additionally,
an adjusted p-value was produced by linear mixed regression with a random intercept
for patient ID and the covariates age, sex, MAP, and heart rate (HR, bpm). HR and MAP
were modeled as time-variant fixed effects, sex and age were time-invariant. βarea was
not adjusted for MAP since the stiffness index itself is already corrected for blood pres-
sure. Additionally, we compared the stiffness parameters of patients with atrial fibrillation
(paroxysmal and permanent) to patients without atrial fibrillation by using the Wilcoxon
rank sum test. To evaluate correlations between stiffness parameters, as well as factors
influencing the stiffness indices, Pearson, Spearman or point-biserial correlation coefficients
were calculated based on the distribution and the type of data. To assess the change, the
delta was formed from the pre- and post-TAVI measurements for each patient. Covariates
included sex, age, BMI, HR, MAP, hemodynamic measurements, and laboratory parameters.
p-values < 0.05 were considered statistically significant. All analyses were performed in R
version 4.2.1 (R Core Team, Vienna, Austria, 2022).
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Figure 1. Two−dimensional speckle (2DST) tracking of the common carotid artery (CCA) for the
measurement of (A) the region of interest and the peak circumferential strain (CS), (B) the peak
circumferential strain rate (CSR) and (C) the change of area.

3. Results
3.1. Study Sample

Overall, 61 patients who met the inclusion criteria were recruited into the study. Of
those, 14 patients were lost to follow-up or could not be examined post-TAVI and were
therefore excluded. Reasons for this were: rescheduled procedure (n = 5), refusal of second
examination/second examination not possible (n = 6), and patients diseased before the
procedure (n = 3). In total, pre- and post-TAVI measurements were available for 47 patients.

The mean age of the patients was 80.04 years (±6.065) and patients were predom-
inantly male (76.6%). A detailed illustration of patients‘ characteristics can be found in
Table 1. Baseline AVA was 0.74 mm2, PVel changed from 3.90 m/s pre-TAVI to 2.20 m/s post-
TAVI (p < 0.001). MPG changed from 39.16 mmHg to 11.11 mmHg post-TAVI (p < 0.001)
(Table 2).



Publication I 23

J. Clin. Med. 2024, 13, 222 5 of 12

Table 1. Baseline patients’ characteristics of the study population.

n Mean ± SD or No. (%)

Patients’ characteristics
Sex (male) 47 36 (76.6%)
Age (years) 47 80.04 ± 6.065

BMI (kg/m2) 47 28.73 ± 4.372
Arterial hypertension 47 44 (93.6%)

Diabetes 47 15 (31.9%)
Atrial fibrillation 47 18 (38.3%)

CAD 47 27 (57.4%)
Lipid metabolism disorders 47 29 (61.7%)

Chronic renal disease 47 9 (19.1%)
Smoker (active or past) 47 15 (31.9%)

NYHA class 46
I 6 (13.0%)
II 13 (28.3%)
III 27 (58.7%)
IV 0 (0.0%)

Time between pre-TAVI examination and TAVI procedure (hours) 47 52 ± 47.3
Time between post-TAVI examination and TAVI procedure (hours) 47 82 ± 20.5

Medication
Coumarin 47 5 (10.6%)

Acetylsalicylic acid 47 27 (57.4%)
Clopidogrel 47 7 (14.9%)
Beta-blocker 47 25 (53.2%)

Angiotensin-converting enzyme inhibitor 47 19 (40.4%)
Angiotensin receptor blocker 47 12 (25.5%)

Diuretic 47 28 (59.6%)
Statin 47 18 (38.3%)

Hemodynamic parameters
AVA (mm2) 46 0.74 ± 0.150

MaxPG (mmHg) 47 64.01 ± 17.850
MPG (mmHg) 47 39.16 ± 11.430

PVel (m/s) 46 3.90 ± 0.560
Low-flow low-gradient AS 47 8 (17.0%)

Laboratory parameters
NT-proBNP (pg/mL) 45 3715.20 ± 5450.591

Total cholesterol (mg/dL) 43 177.12 ± 53.367
Triglycerides (mg/dL) 43 147.58 ± 133.655

LDL-Cholesterol (mg/dL) 43 99.05 ± 46.742
HDL-Cholesterol (mg/dL) 43 58.79 ± 17.614

Non-HDL-Cholesterol (mg/dL) 43 118.33 ± 52.251

BMI = body mass index (kg/m2), CAD = coronary artery disease, SD = standard deviation, AVA = aortic valve
area, MPG = mean pressure gradient, MaxPG = maximum pressure gradient, PVel = peak aortic valve velocity.

Table 2. Change in stiffness indices and hemodynamic parameters of the patient population with
aortic valve stenosis (AS) before and after transcatheter aortic valve implantation (TAVI).

Pre-TAVI Post-TAVI

Parameter N Mean ± SD or
Median ± IQR N Mean ± SD or

Median ± IQR p-Value 1 p-Value 2

Stiffness indices
CS (%) 44 4.50 ± 2.292 43 5.12 ± 2.958 0.035 0.012

CSR (1/s) 44 0.85 ± 0.567 43 1.35 ± 0.710 <0.001 0.002
βarea 43 4.99 ± 2.720 42 4.44 ± 2.440 0.241 0.143

aPWV (m/s) 38 11.92 ± 2.050 41 11.70 ± 1.400 0.101 0.894
AIx@75 (%) 41 29.00 ± 13.417 38 18.67 ± 14.333 0.005 0.002
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Table 2. Cont.

Pre-TAVI Post-TAVI

Parameter N Mean ± SD or
Median ± IQR N Mean ± SD or

Median ± IQR p-Value 1 p-Value 2

Hemodynamic parameters
PVel (m/s) 46 3.90 ± 0.560 45 2.20 ± 0.370 <0.001

MPG (mmHg) 47 39.16 ± 11.430 41 11.11 ± 3.916 <0.001
MaxPG (mmHg) 47 64.01 ± 17.850 47 19.89 ± 6.818 <0.001

SBP (mmHg) 45 130.33 ± 18.073 45 125.60 ± 16.694 0.232
DBP (mmHg) 45 77.92 ± 8.831 45 75.35 ± 12.274 0.239
MAP (mmHg) 45 100.79 ± 11.137 45 96.50 ± 11.473 0.070

CI (L/min × L/m2) 38 2.40 ± 0.432 41 2.60 ± 0.400 0.004
Total vascular resistance

(dyn·s/cm5) 38 1732.64 ± 340.212 41 1539.50 ± 222.133 0.010

HR (bpm) 45 66.79 ± 12.275 44 72.23 ± 10.581 0.002
1 p-value calculated by t-test for normal data and Wilcoxon rank sum test for non-normal data; 2 p-value derived
from mixed model corrected for age, sex, heart rate, and MAP; CS = circumferential strain, CSR = circumferential
strain rate, βarea = normalized stiffness index based on area, aPWV = arterial pulse wave velocity, AIx@75 =
augmentation index normalized to heart rate.

3.2. Changes in Arterial Stiffness after TAVI

Table 2 and Figure 2 present the changes in hemodynamic parameters and stiffness
indices between pre- and post-TAVI time points. Models for the adjusted p-values can be
found in Supplementary Table S2. CS and CSR measured by 2DST significantly increased
after TAVI (CS p = 0.012, CSR p = 0.002), while the stiffness index βarea decreased (p = 0.181).
aPWV decreased without reaching significance, whilst AIx@75 showed a significant de-
crease (aPWV p = 0.894, AIx@75 p = 0.002).
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Univariate analysis revealed that a higher increase in CS was associated with a stronger
decrease in MAP post-TAVI, as well as a stronger decrease in MaxPG. Patients with a lower
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baseline BMI and a lower baseline AVA displayed a higher increase in CS, whilst a higher
baseline NT-proBNP was associated with a higher change in CS post-TAVI (Supplementary
Table S1). Similar associations were found for the change in CSR post-TAVI: whilst PVel and
MPG were both negatively associated with CSR, no significant influence on AVA and MAP
was found. The decrease in AIx@75 was positively associated with post-TAVI HR, total
peripheral resistance, as well as the change in MPG and MaxPG (Supplementary Table S1).

Due to a high rate of atrial fibrillation in the patient cohort, additional analysis compar-
ing patients with and without atrial fibrillation was performed. No significant differences
in stiffness parameters between these groups were revealed (Supplementary Table S3).

3.3. Assessment of Arterial Stiffness

Pre-TAVI CS was negatively associated with age, as well as pre- and post-TAVI HR,
whilst post-TAVI CS was no longer associated with age and pre-TAVI HR. Only post-
TAVI HR remained as a significant, yet attenuated, correlation. In comparison, CSR was
neither associated with age, nor HR, but negatively correlated with ∆MPG (Supplementary
Table S1).

Pre- and post-TAVI βarea showed a similar picture. There were no correlations with
baseline patient characteristics or hemodynamic measurements. Pre-TAVI aPWV was
positively associated with age and NT-proBNP, whilst post-TAVI aPWV was also associated
with post-TAVI HR. Pre- and post-TAVI AIx@75 were influenced by CI and total vascular
resistance (Supplementary Table S1).

3.4. Agreement between Stiffness Parameters

CS and CSR did not correlate with aPWV before or after TAVI, or when looking at the
change of these parameters. Only pre-TAVI CS and pre-TAVI aPWV showed a moderate
significant correlation (Table 3). Correlations between CS, CSR, and AIx@75 were even
lower, with no significant relationships at any time point. CS correlated slightly better with
βarea than CSR, but all the time points and the change showed significant correlations for
both stiffness parameters (Table 3). Pre-TAVI CS and βarea and post-TAVI CS and βarea
had the highest agreement (pre-TAVI r = −0.71, p < 0.001; post-TAVI r = −0.80, p < 0.001)
and pre-TAVI CSR and βarea and ∆CSR and βarea the lowest (pre-TAVI r = −0.67, p < 0.001;
∆pre- and post-TAVI r = −0.34, p < 0.001).

Table 3. Correlation of arterial stiffness markers from 2D speckle tracking (2DST) of the common
carotid artery (CCA) and aPWV, AIx@75, and βarea in patients with aortic valve stenosis (AS) before
and after transcatheter aortic valve implantation (TAVI).

Pre-TAVI Measurements

aPWV (m/s) AIx@75 (%) βarea

R p-Value R p-Value R p-Value

CS (%) 1 −0.40 0.016 0.11 0.508 −0.71 <0.001
CSR (1/s) 1 −0.23 0.184 0.13 0.458 −0.67 <0.001

Post-TAVI Measurements

aPWV (m/s) AIx@75 (%) βarea

R p-Value R R p-Value R

CS (%) 1 −0.09 0.583 0.08 0.632 −0.80 <0.001
CSR (1/s) 1 −0.11 0.528 0.09 0.573 −0.69 <0.001

Change between Pre- and Post-TAVI Measurements

∆aPWV (m/s) ∆AIx@75 (%) ∆βarea

R p-Value R p-Value R p-Value

∆CS (%) 2 −0.34 0.055 0.08 0.675 −0.64 <0.001
∆CSR (1/s) 2 −0.21 0.242 −0.02 0.857 −0.34 <0.001

1 Spearman correlation coefficient; 2 Pearson correlation coefficient.
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4. Discussion

Our study showed a significant improvement in the arterial stiffness of the CCA as
measured by 2DST, apparent by a rise in CS and CSR. Possible relationships between
cardiovascular risk factors such as BMI, hemodynamic parameters such as MPG and AVA,
and the change in arterial stiffness from pre- to post-TAVI were found. This extends recent
discoveries about changes in central arterial stiffness and hemodynamic parameters in
patients with AS undergoing AVR. It also adds to our understanding of arterial stiffness
in AS patients and could be a valuable additional diagnostic and prognostic marker in
the future.

Several factors most likely explain the post-TAVI decrease in arterial stiffness measured
by 2DST. Whilst several recent studies have found a consistent increase in aortic stiffness
measured by the gold standard carotid-femoral PWV, as well as brachial-ankle PWV and
cardio-ankle vascular index, there is little understanding of arterial stiffness in other parts
of the arterial tree [8,9,21,22]. Terentes-Pritzios et al. established the model of “acute load-
mediated changes in elastic properties” for the aorta after AVR, and proposed an extension
of this model to the peripheral vascular system [8]. In theory, peripheral vasodilation might
occur to accommodate the increased stroke volume after AVR, but, so far, no study has
measured this directly. The increase in CS and CRS observed in our study supports this
model, offering a link between increased aortic stiffness and decreased peripheral arterial
stiffness by examining the stiffness of the CCA. This takes into account that elastic properties
are heterogeneous along the arterial tree and that the CCA might adapt differently after AVR
than the aorta [17]. The instant change in arterial stiffness after TAVI is most likely driven
by cellular elements of the vessel (e.g., mechanical properties, paracrine mediators), which
facilitate short-term adjustments to the environment [23]. Whether long-term structural
changes, such as an increase in collagen and elastin fibers, also occur remains unclear [8].

In our study, patients with a smaller baseline AVA, higher improvement in MPG and
MaxPG post-TAVI, and a lower BMI, showed more improvement in arterial stiffness post-
TAVI. This seems plausible, as patients with more severe AS might benefit more from the
restoration of the normal hemodynamic flow patterns. This is in agreement with recently
published results on carotid stiffness in TAVI patients [24]. Other studies also found that
echocardiographic indices including AVA, MPG, and ejection time, as well as patient char-
acteristics like age, BMI, and HR, were the most commonly reported predictors of change
in arterial stiffness after TAVI [9,25,26]. Interestingly enough, age did not significantly
correlate with change in arterial stiffness, as reported by other authors [9,25]. Overall, this
indicates that both hemodynamic factors and CV risk factors might influence changes in
arterial stiffness in our study.

Carotid 2DST is a promising new method that is still being investigated in the evalua-
tion of arterial stiffness. Animal sheep models and in-vitro validation had good agreement
with reference strain values [27,28]. Literature reference values for CS and CSR are not
widely available. So far, in a patient group slightly younger than our study sample, the pic-
ture is inhomogeneous with both higher, lower, and similar ranges in CS and CSR [24,29–31].
This wide range of values might be explained by age, comorbidities, and generally high
heterogeneity in the patient populations of the studies. CS and CSR values found in this
study seem to be comparable to what is reported in the literature, but better data on refer-
ence values and their dependence on methods are needed. A comparison of carotid 2DST
with PWV and other sonographic markers of arterial stiffness, like intima media thickness
and AIx@75, showed a low correlation between 2DST and other markers, but good inter-
and intrarater agreement [10]. We observed the same low correlation between 2DST and
other markers in our study, especially with the Mobil-O-Graph measurements. AIx@75 and
aPWV are markers of central arterial stiffness, and quantify arterial stiffness in a different
location of the arterial tree [17]. Correlations between βarea and CS and CSR were notably
higher. This was to be expected, as the β stiffness index is another local arterial stiffness
parameter and was measured at the same location. It is interesting that only CS and CSR
significantly changed after TAVI and βarea did not. Podgórski et al. compared 2DST of
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the CCA and other sonographic markers to PWV and the augmentation index [10]. They
found the reliability of 2DST to be higher than that of the β stiffness index, which might
also explain the different outcomes in our studies. In a larger sample, the β stiffness index
might significantly change after TAVI as well.

Our study shows the following strengths: the variation of the primary outcome vari-
ables is limited by the pre- and post-TAVI measurement design. Moreover, the performance
of all measurements was conducted by one investigator. Confounders like MAP, HR, age,
and sex were accounted for by the adjustment in the models. Still, certain limitations should
be acknowledged.

The study sample included 47 patients, but measurements were not always available
for all patients due to technical issues and measurement quality. Excluding measurements
that did not meet pre-defined criteria was important to achieve high data quality. Studies in
larger populations are needed, especially to establish more complex interactions between
factors influencing arterial stiffness. It was not possible to blind the investigator to the time
point of the measurement. The follow-up period was limited to three days, so long-term
data on stiffness parameters are not available for this study. Interestingly, other studies
have shown that changes in different arterial stiffness parameters persist after AVR in
long-term follow-up [8,32]. However, more studies are needed to determine whether a
decrease in arterial stiffness post-TAVI is associated with a better cardiovascular outcome
in the long run. Further, the influence of different AVR procedures (e.g., TAVI vs. surgical
valve replacement) on arterial stiffness needs to be addressed in the future. The study
sample was quite heterogeneous. Men comprised the vast majority of study participants,
which could be due to retention bias, as men seemed to agree more frequently to take
part in the study. In addition, a larger cohort of men present for TAVI at the hospital, as
studies have shown that women are underdiagnosed and the severity of AS symptoms is
underestimated in female patients [33]. As expected, patients were also multimorbid. In
comparison to patients receiving surgical valve replacement, TAVI patients are commonly
older and frailer. This limitation was, however, accounted for by the paired study design.
To minimize the influence of atrial fibrillation on the analysis, sufficient data quality in
ECG-readings for 2DST had to be reached. Stiffness parameters for patients with and
without atrial fibrillation were compared, and no significant differences were found. Atrial
fibrillation is a common condition affecting approximately one third of TAVI patients, it is
therefore important to take this factor into account [34].

5. Conclusions

In summary, we found a significant improvement in arterial stiffness of the CCA after
TAVI, as measured by CS and CSR using 2DST, which is an accessible and readily available
method to measure arterial stiffness. Results indicated that these improvements might be
associated with a change in MAP, baseline AVA, BMI, ∆MPG, ∆MaxPG, and NT-proBNP
for CS and CSR. Future efforts should focus on expanding the understanding of arterial
stiffness in different sections of the arterial tree. Moreover, the interchangeability of 2DST
with other stiffness parameters, and its additional value for prognostics, risk stratification
and treatment decisions, should be addressed. Studies in larger populations and longer
follow-up periods are needed to assess whether 2DST of the CCA has prognostic and
diagnostic value. Additionally, more complex models investigating the factors influencing
the change in both arterial stiffness of the CCA and central arterial stiffness after AVR, as
well as the characteristics of patients displaying different degrees of agreement, would be
beneficial to identify patients that would most benefit from AS treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm13010222/s1, Table S1: Pearson correlation matrix of stiffness
indices circumferential strain (CS, %), strain rate (CSR, 1/s), normalized stiffness index βarea, arterial
pulse wave velocity (aPWV, m/s), augmentation index normalized to heart rate (Alx@75, %) and
patient characteristics, hemodynamic parameters, and laboratory parameters in patients with aortic
stenosis (AS) undergoing transcatheter aortic valve implantation (TAVI); Table S2: Mixed linear
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regression model with a random intercept for Patient ID and arterial stiffness markers as outcomes
variables for patients before and after transcatheter aortic valve transplantation (TAVI); Table S3:
Patients with atrial fibrillation (paroxsysmal and permanent) versus patients without atrial fibrillation
arterial stiffness markers before transcatheter aortic valve transplantation (TAVI).
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A B S T R A C T

Vascular function is impaired in patients with aortic valve stenosis (AS). The impact of transcatheter aortic valve
implantation (TAVI) on endothelial function is inconclusive so far. Therefore, we sought to assess the short-term
influence of TAVI on endothelial dysfunction in patients with AS.
We recruited 47 patients (76.6 % male, 80.04 years old) with AS scheduled for TAVI. Endothelial function was

assessed by fingertip reactive hyperemia peripheral arterial tonometry (RH-PAT). Measurements were conducted
one day before and three days after TAVI. Patients were grouped according to RH-PAT change after TAVI.
Overall, RH-PAT measurements did not significantly improve after TAVI (Reactive Hyperemia Index: 1.5 vs

1.6, p = 0.883; logarithm of the Reactive Hyperemia Index: 0.44 vs. 0.49, p = 0.523). Interestingly, patients with
no RH-PAT improvement after TAVI displayed a more severe AS and had lower blood pressure after TAVI. This
might be due to a more disturbed blood flow in patients with a smaller aortic valve area and higher peak aortic
valve velocity.
The relationship between AS severity, endothelial dysfunction and TAVI has to be investigated in future

research that apply longitudinal study designs.

1. Introduction

Aortic valve stenosis (AS) is the most common valvular diseases in
the western world and is associated with systemic endothelial dysfunc-
tion (Fujisue et al., 2013; Lindman et al., 2016; Trimaille et al., 2023).
Multiple factors behind this mechanism are assumed such as mechanical
stress causing dysfunction of the valvular endothelial cells leading to
local inflammation, lipid deposition and finally calcification (Trimaille
et al., 2023). Moreover, AS is linked to the release of extracellular mi-
croparticles and activation of platelets promoting endothelial dysfunc-
tion (Horn et al., 2015; Trimaille et al., 2023). Several cross-sectional
and longitudinal studies have quantified the relationship between
endothelial dysfunction and AS (Fujisue et al., 2013; Horn et al., 2015;
Moscarelli et al., 2019; Tanaka et al., 2021).
Flow-mediated dilatation (FMD) is the non-invasive method of

choice to measure endothelial function and is able to record changes in
endothelial dysfunction in AS patients receiving aortic valve

replacement (AVR) (Sena et al., 2022). However, FMD is observer
dependent, requires a high level of skill and high-resolution ultrasound
equipment. Fingertip reactive hyperemia peripheral arterial tonometry
(RH-PAT) was developed as an alternative to FMD with less dependence
on the skill level and training of the observer (Sena et al., 2022). Both
techniques utilize the same mechanism: NO dependent vasodilatation
after an induced hyperemic reaction. The target regions differ greatly
though. While FMD measures the endothelial function in the conduit
artery, the RH-PAT measures the endothelial function in the peripheral
resistance arteries(Kato, 2021). Studies have shown, that they are not
closely related, but prospective studies have also shown that they are
both independent predictors of cardiovascular events (Hamburg et al.,
2011; Matsuzawa et al., 2015). Horn et al. explained the restoration of
endothelial function through the improved wall sheer stress (WSS),
increased stroke volume and pulsatile flow pattern after transcatheter
aortic valve implantation (TAVI) (Horn et al., 2015). The same effects
could be expected if RH-PAT values are similarly influenced by
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hemodynamic parameters. Several studies have shown that FMD im-
proves significantly after transcatheter or surgical valve replacement
(TAVI/SAVR) in AS patients (Horn et al., 2015; Moscarelli et al., 2019;
Tanaka et al., 2021). Research addressing the change in endothelial
function measured by RH-PAT in AS patients is more scarce and
inconclusive so far. Several small studies with few patients could not
find a significant change after AVR (Comella et al., 2019; Melo et al.,
2017).
In this study we aimed to assess endothelial functioned measured by

RH-PAT before and after TAVI. We further investigated differences in
patients undergoing TAVI depending on the observed change in endo-
thelial function.

2. Methods

2.1. Ethical approval

This study was conducted in accordance with the revised version of
the Declaration of Helsinki (World Medical Association, 2013). The local
ethics committee “Ethikkommission der Medizinischen Fakultät der
LMU München“approved this study (project number: 21–0418, date of
approval: 1st June 2021). All patients signed written informed consent.

2.2. Study design

We conducted this prospective single-center observational study
between August 2021 and March 2022 at the Department of Medicine I
University Hospital, LMU Munich. Patients referred to the clinic for
TAVI procedure were contacted for study participation if they met the
inclusion criteria. Inclusion criteria were AS diagnosis with an indica-
tion for TAVI. Exclusion criteria were peripheral artery disease, pe-
ripheral neurological disease and any reasons that prohibit adequate
signal acquisition with RH-PAT. AS was defined according to the
guidelines of the joint taskforce of the European Society of Cardiology
and European Association for Cardio-Thoracic surgery as well as the
German commentary of the guideline (Baldus et al., 2022; Vahanian
et al., 2022). Indication for TAVI was determined by the University
hospital LMU heart team based on the current guidelines.
Patients were examined 24 to 48 h before TAVI procedure and 72 h

after TAVI. If patients suffered from complications post-TAVI this period
was extended until the examination was possible and before discharge.
Patients with major complications were not included in the study (e.g.
stroke, systemic infection). Patients that did not complete pre- and post-
TAVI examinations were excluded from the study. All examinations
were performed by the same investigator.

2.3. Data collection

Baseline patients’ characteristics including medical history,
concomitant medication intake, laboratory parameters and trans-
thoracic echocardiographic findings were collected from medical re-
cords. Mean pressure gradient (MPG), maximum pressure gradient
(MaxPG), aortic valve area (AVA) and peak aortic valve velocity (PVel)
were evaluated during transthoracic echocardiography. Post-
interventional data was collected at the time of follow-up.

2.4. Assessment of endothelial function

Patients were positioned in supine position, resting for at least 15
min before the test. Blood pressure was measured non-invasively by an
oscillometric blood pressure device (Mobil-O-Graph®, IEM GmbH,
Stolberg, Germany) at least 5min before the RH-PAT examination on the
control arm. EndoPAT® (Itamar Medical Ltd., Caesarea, Israel) is a non-
inasive device using digital plethysmography to assess endothelial
function. Measurements were taken on the right arm if possible and on
the same arm before and after TAVI. Temperature was monitored to

assure correct conditions between 21 and 24 degrees Celsius. After
checking the standby mode for at least one minute to ensure sufficient
data quality and system setup, baseline measurements were taken for 5
min. Arterial occlusion was initiated with at least 60 mmHg above
systolic blood pressure or 200 mmHg. If occlusion was not sufficient,
cuff pressure was increased in steps up to 300mmHg. After the occlusion
period of 5 min the cuff was rapidly deflated, and the post occlusion
period was started for 5 min. The collected data was analyzed with the
built-in automated algorithm, which calculates the EndoScores reactive
hyperemia index (RHI) and the natural logarithm of the RHI (lnRHI).
The lnRHI is calculated to achieve a more normal distribution. Occlusion
borders were adjusted where necessary. RHI, lnRHI and the augmenta-
tion index adjusted for heart rate (AIx@75) were calculated for each
patient pre- and post-TAVI. An RHI > 1.67 and lnRHI >0.51 are
considered normal EndoScores.

2.5. Statistics

Prior to the beginning of this study, a sample size calculation was
performed. Based on the available literature, a median RHI of 2.0 with a
standard deviation of 0.5 was estimated (Comella et al., 2019; Melo
et al., 2017). To detect a change in RHI of at least 10 % and after adding
a dropout rate of 20 %, a necessary sample size of 60 participants was
arrived at.
Data was assessed for normal distribution by visual inspection (qq-

plot, histogram) and the Shapiro-Wilk test. Normally distributed data
was presented as mean ± SD, non-normally distributed data as median
± IQR. Pre- and post-TAVI measurements of endothelial function and
hemodynamic parameters were compared by paired t-test or paired
Wilcoxon rank sum test. Additionally, a p-value corrected for age, sex,
heart rate and mean arterial pressure was calculated by a linear mixed
model with patient as a random intercept. To assess the relationship
between the EndoScores and baseline patients’ characteristics, hemo-
dynamic measurements and laboratory parameters, univariate analysis
was performed using the Pearson or Spearman correlation coefficient, or
the point-biserial correlation for binary variables.
Patients were divided into two groups depending on the change in

lnRHI, calculated by subtracting the post-TAVI lnRHI from the pre-TAVI
lnRH. The first group included patients with either no or a negative
change in lnRHI (ΔlnRHI ≤0, no/negative change group), the second
group included patients with a positive change in lnRHI (ΔlnRHI >0,
positive change group). Depending on the outcome type and distribu-
tion, the baseline characteristics of the two groups were compared by t-
test, Wilcoxon rank sum test, chi squared test or Fishers exact test. The
pre-TAVI and post-TAVI RHI and lnRHI values of the two groups were
compared by t-test and Wilcoxon rank sum test. Differences in baseline
characteristics, hemodynamic and laboratory parameters were
compared for each timepoint (pre- and post-TAVI) between the groups
by paired t-test, Wilcoxon rank sum test, chi-squared test or Fishers exact
test.
All data were analyzed in R version 4.2.1 (R Core Team, 2022) P-

values <0.05 were considered statistically significant.

3. Results

3.1. Baseline characteristics

An overview of the patients’ characteristics is presented in Table 1.
During recruitment, 61 patients were included in the study. Of those, 14
patients were lost to follow-up or excluded due to the following reasons:
procedure was rescheduled (n = 8), second examination was refused or
not possible (n = 6), including three patients with major complications
after TAVI (stroke n = 1, systemic infection n = 2). The final study
population consisted of 47 patients.
The mean age of the study population at baseline was 80 ± 6 years

and 77 %were male (n = 36). Mean baseline AVA was 0.74± 0.15 mm2.
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TAVI was successfully performed in all included patients and MPG
decreased from 39.16 ± 11.43 to 11.11 ± 3.92 mmHg, whilst PVel
decreased from 3.90 ± 0.56 to 2.20 ± 0.37 m/s post-TAVI (Table 2).

3.2. Impact of TAVI on endothelial function

Endothelial function measured by RHI and lnRHI was slightly
increased after TAVI (RHI: 1.50 ± 0.51 to 1.60 ± 0.72, lnRHI: 0.44 ±

0.39 to 0.49 ± 0.29), but did not reach significance (RHI: p = 0.883,
lnRHI: p = 0.465) (Table 2). At baseline, 14 (31.1 %) patients had a
normal EndoScore larger than 1.67. After TAVI, this was slightly
increased to 16 (38.1 %) patients.
Pre-TAVI lnRHI significantly negatively correlated with age for both

RHI and lnRHI and with trigylcerides for lnRHI. Post-TAVI, the corre-
lation with age was attenuated and only remained significant for RHI.
PVel and MPG were also significantly negatively correlated with post-
TAVI EndoScores (full results presented in the supplementary material).

3.3. Differences between EndoScore groups

Whilst the group of patients with no/negative change was slightly
smaller (19 vs. 22 patients), the two groups did not significantly differ in
age, sex, BMI, medication and comorbidities (Table 1). The no/negative
change group had a significantly higher RHI and lnRHI pre-TAVI,
therefor 11 patients in this group had a normal EndoScore, whilst only
three patients had a normal EndoScore in the positive change group.
This difference was attenuated post-TAVI and the positive change group
had a non-significantly slightly higher endothelial function than the no/
negative change group (see also Fig. 1). An example recording of an
EndoPAT® examination before and after TAVI of a patient in each lnRHI
change group is presented in Fig. 2. After TAVI, 10 patients in the pos-
itive change group had a normal EndoScore and only 6 patients in the
no/negative change group had a normal EndoScore. After the exclusion
of patients with low-flow low-gradient AS the results remained the same
(additional analysis is presented in the supplementary material).
Pre-TAVI, patients in the positive change group had a significantly

lower PVel (p = 0.038) and maximum pressure gradient (MaxPG) (p =

0.010). AVA was also significantly higher (p = 0.032). Blood pressure,
HR and laboratory parameters did not significantly differ between the
groups pre-TAVI (Table 3). Post-TAVI, systolic blood pressure (SBP) and
diastolic blood pressure (DPB) were significantly higher in the positive
change group (SBP p = 0.007, DBP p = 0.023). MPG, MaxPG und PVel
were very similar in both groups without significant differences
(Table 3). Overall, AIx@75 significantly decreased the in the study
population post TAVI (Table 2). Pre-TAVI the positive change group had

Table 1
Baseline patients’ characteristics of all patients receiving transcatheter aortic
valve replacement (TAVI) and patients grouped by improvement (ΔLnRHI >0)
or no/negative change (ΔLnRHI ≤0) of the natural logarithm of the reactive
hyperemia index (lnRHI) measured before and after TAVI by fingertip reactive
hyperemia peripheral arterial tonometry (RH-PAT).

All
patients
(n = 47)

ΔLnRHI ≤
0
(n = 19)*

ΔLnRHI >
0
(n = 22)*

p-
value

N
all

mean ± SD/Median ± IQR or No. (%)

Patients’
characteristics
Sex (male) 47 36 (76.6

%)
13 (68.4
%)

18 (81.8
%)

0.528a

Age (years) 47 80.04 ±

6.065
79.58 ±

6.012
79.96 ±

5.859
0.841a

BMI (kg/m2) 47 28.73 ±

4.372
27.82 ±

4.365
29.01 ±

4.198
0.382a

Arterial
hypertension

47 44 (93.6
%)

17 (89.5
%)

21 (95.5
%)

0.588b

Diabetes 47 15 (31.9
%)

6 (31.6 %) 9 (40.9 %) 0.769a

Atrial fibrillation 47 18 (38.3
%)

5 (26.3 %) 10 (45.5
%)

0.345b

CAD 47 27 (57.4
%)

13 (68.4
%)

12 (54.5
%)

0.557a

Lipid metabolism
disorders

47 29 (61.7
%)

14 (73.7
%)

13 (59.1
%)

0.514a

Smoker (active or
past)

47 15 (31.9
%)

6 (31.6 %) 9 (40.9 %) 0.769a

NYHA class 46 0.605b

I, n (%) 6 (13.0 %) 4 (22.2 %) 2 (9.1 %)
II, n (%) 13 (28.3

%)
4 (22.2 %) 6 (27.3 %)

III, n (%) 27 (58.7
%)

10 (55.6
%)

14 (63.6
%)

V, n (%) 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)
Time between pre-
TAVI examination
and TAVI procedure
(hours)

47 52 ± 47.3 63 ±

60.510
47 ±

38.824
0.323a

Time between post-
TAVI examination
and TAVI procedure
(hours)

47 82 ± 20.5 87 ±

21.482
77 ±

16.448
0.118a

AVA (mm2) 47 0.74 ±

0.15
0.67 ±

0.156
0.77 ±

0.132
0.032a

PVel (m/s) 46 3.9 ± 0.56 4.16 ±

0.456
3.81 ±

0.567
0.038a

MPG (mmHg) 47 39.16 ±

11.43
44.01 ±

9.072
37.56 ±

11.584
0.053a

MaxPG (mmHg) 47 64.01 ±

17.85
73.16 ±

16.222
59.35 ±

16.321
0.010a

Low-flow low-
gradient AS

47 8 (17.0 %) 1 (5.3 %) 5 (22.7 %) 0.191

Medication
Coumarin 47 5 (10.6 %) 2 (10.5 %) 2 (9.1 %) 1.000b

Acetylsalicylic acid 47 20 (42.6
%)

10 (52.6
%)

9 (40.9 %) 0.662a

Clopidogrel 47 7 (14.9 %) 2 (10.5 %) 5 (22.7 %) 0.419b

Beta-blocker 47 25 (53.2
%)

11 (57.9
%)

13 (59.1
%)

1.000a

Angiotensin-
converting enzyme
inhibitor

47 19 (40.4
%)

8 (42.1 %) 8 (36.4 %) 0.956a

Angiotensin
receptor blocker

47 12 (25.5
%)

2 (10.5 %) 8 (36.4 %) 0.075b

Diuretic 47 28 (59.6
%)

8 (42.1 %) 15 (68.2
%)

0.173a

Statin 47 31 (66.0
%)

13 (68.4
%)

14 (63.6
%)

1.000a

Laboratory parameters
NT-proBNP (pg/mL) 45 1381.00

±

4726.000

1220.00
±

3267.250

1452.00
±

4384.000

0.945b

Table 1 (continued )

All
patients
(n = 47)

ΔLnRHI ≤
0
(n = 19)*

ΔLnRHI >
0
(n = 22)*

p-
value

N
all

mean ± SD/Median ± IQR or No. (%)

Total cholesterol
(mg/dL)

43 175.00 ±

62.000
162.00 ±

46.000
183.00 ±

67.000
0.769b

Triglycerides (mg/
dL)

43 105.00 ±

83.500
105.00 ±

95.000
111.00 ±

83.000
0.736b

LDL-Cholesterol
(mg/dL)

43 92.00 ±

49.000
88.00 ±

34.000
96.00 ±

42.000
0.490b

HDL-Cholesterol
(mg/dL)

43 57.00 ±

21.500
61.00 ±

27.000
56.00 ±

19.000
0.872b

Non-HDL-
Cholesterol (mg/dL)

43 108.00 ±

55.500
108.00 ±

17.000
106.00 ±

49.000
0.837b

RHI = Reactive hyperemia index, LnRHI = natural log of RHI, CAD = Coronary
artery disease, SD = standard deviation, AVA = Aortic valve area.
a T-test/Chi-squared test.
b Wilcoxon rank sum test/Fishers exact test.
* LnRHI group information missing n = 6.
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a higher AIx@75 than the no/negative change group, without reaching
significance (p = 0.371). This difference disappeared post-TAVI and
both groups had very similar AIx@75 values (Table 3).

4. Discussion

In this study we show, that the endothelial function measured by RH-
PAT in patients with AS does improve slightly without reaching signif-
icance in the overall study sample. However, once the patients are
grouped based on the increase or decrease/no change of EndoScores
after TAVI, clear differences between the two groups could be distin-
guished. Overall, the patients with a negative change in EndoScores
after TAVI had lower EndoScores to begin with, had more severe AS and
lower blood pressure post-TAVI. The significantly higher EndoScores of
the no/negative change group disappeared after the intervention and
the positive change group had a slightly higher, but non-significant RHI
and lnRHI. These changes might indicate that TAVI has not only a

positive effect on the heart and the vasculature, but also on the micro-
vascular and the endothelial function in some patients.

4.1. Endothelial dysfunction and aortic valve replacement

Previous studies on the impact of AVR in patients with aortic stenosis
have yielded conflicting results. Most studies apply FMD, the most
commonly applied non-invasive method to measure endothelial func-
tion. Studies in patients with AS receiving either TAVI or SAVR have
shown an improvement in FMD or no change (Chenevard et al., 2006;
Comella et al., 2021; Horn et al., 2015; Moscarelli et al., 2019; Quast
et al., 2024; Takata et al., 2015; Tanaka et al., 2021). Data on endo-
thelial function in AS patients measured by RH-PAT is scarce. Two small
studies showed no improvement in TAVI patients (Comella et al., 2019;
Melo et al., 2017). Both studies cited small sample size as an explana-
tion, but Melo et al. also already alluded to a relationship between AS
severity and endothelial dysfunction. Our study, which includes a much

Table 2
Endothelial function, hemodynamic and laboratory parameters of patients receiving transcatheter aortic valve replacement (TAVI) for two timepoints.

Pre-TAVI Post-TAVI

Parameter N Mean ± SD or Median ± IQR N Mean ± SD or Median ± IQR p-valuea p-valueb

Endothelial function
RHId 45 1.50 ± 0.510 42 1.60 ± 0.718 0.872 0.883
LnRHIc 45 0.44 ± 0.391 42 0.49 ± 0.289 0.523 0.465

Hemodynamic parameters
AIx@75 (%)d 46 14.28 ± 31.315 46 7.618 ± 36.761 0.002
PVel (m/s)c 46 3.9 ± 0.56 45 2.2 ± 0.37 <0.001
MPG (mmHg) c 47 39.16 ± 11.43 41 11.11 ± 3.916 <0.001
MaxPG (mmHg) c 47 64.01 ± 17.85 47 19.89 ± 6.818 <0.001
SBP (mmHg) c 45 130.33 ± 18.073 45 125.60 ± 16.694 0.232
DBP (mmHg) c 45 77.92 ± 8.831 45 75.35 ± 12.274 0.239
MAP (mmHg) c 45 100.79 ± 11.137 45 96.50 ± 11.473 0.070
HR (bpm) c 46 67.09 ± 10.604 46 72.43 ± 10.515 <0.001

RHI = Reactive hyperemia index, LnRHI = natural log of RHI, AIx@75 = Augmentation index normalized to heart rate, PVel = Peak aortic valve velocity (m/s), MPG
=Mean pressure gradient (mmHg), MaxPG =Maximum pressure gradient (mmHg), SBP = Systolic blood pressure (mmHg), DBP = Diastolic blood pressure (mmHg),
MAP = Mean arterial pressure (mmHg), HR = Heart rate.
a p-value calculated by t-test for normal data and Wilcoxon rank sum test for non-normal data.
b p-value derived from mixed model corrected for age (years), sex, heart rate (bpm) and mean arterial pressure (mmHg).
c Central tendency and dispersion displayed as mean ± SD.
d Central tendency and dispersion displayed as median ± IQR.

Fig. 1. A) Reactive hyperemia index (RHI) and B) the natural logarithm of the RHI (lnRHI) of patients before and after transcatheter aortic valve implantation (TAVI)
grouped by improvement (ΔlnRHI >0) or no/negative change (ΔlnRHI ≤0) of the lnRHI. t-test RHI by group: pre-TAVI p < 0.001, post-TAVI p = 0.065. t-test lnRHI
by group: pre-TAVI p < 0.001, post-TAVI p = 0.073.
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Fig. 2. Recordings of EndoPAT® examination of two patients. Pre-TAVI (A) and post-TAVI (B) examination of a patient with a higher natural logarithm of the
reactive hyperemia index (lnRHI) after TAVI, and pre-TAVI (C) and post-TAVI (D) examinations of a patient with a lower lnRHI after TAVI.

Table 3
Hemodynamic and laboratory parameters of patients before and after transcatheter aortic valve replacement (TAVI) grouped by improvement (ΔlnRHI >0) or no/
negative change (ΔlnRHI ≤0) of the natural logarithm of the reactive hyperemia index (lnRHI).

ΔlnRHI ≤ 0 ΔlnRHI > 0

N Mean ± SD or Median ± IQR N Mean ± SD or Median ± IQR p-value

Pre-TAVI
AIx@75 (%) 19 9.51 ± 41.874 22 14.45 ± 23.259 0.371b

PVel (m/s) 18 4.16 ± 0.456 22 3.81 ± 0.567 0.038a

MPG (mmHg) 19 44.01 ± 9.072 22 37.56 ± 11.584 0.053a

MaxPG (mmHg) 19 73.16 ± 16.222 22 59.35 ± 16.321 0.010a

SBP (mmHg) 19 129.07 ± 17.932 20 131.23 ± 18.464 0.713a

DBP (mmHg) 19 77.18 ± 9.729 20 78.05 ± 8.107 0.763a

MAP (mmHg) 19 100.05 ± 11.567 20 101.19 ± 11.017 0.755a

HR (bpm) 19 67.26 ± 8.937 22 67.32 ± 11.227 0.986a

NT-proBNP (pg/mL) 18 1220.00 ± 3267.250 21 1452.00 ± 4384.000 0.945b

Total cholesterol (mg/dL) 17 162.00 ± 46.000 21 183.00 ± 67.000 0.769b

Triglycerides (mg/dL) 17 105.00 ± 95.000 21 111.00 ± 83.000 0.736b

LDL-Cholesterol (mg/dL) 17 88.00 ± 34.000 21 96.00 ± 42.000 0.490b

HDL-Cholesterol (mg/dL) 17 61.00 ± 27.000 21 56.00 ± 19.000 0.872b

Non-HDL-Cholesterol (mg/dL) 17 108.00 ± 17.000 21 106.00 ± 49.000 0.837b

Post-TAVI
AIx@75 (%) 19 9.62 ± 36.728 22 9.75 ± 42.593 0.164b

PVel (m/s) 19 2.21 ± 0.271 20 2.12 ± 0.428 0.481a

MPG (mmHg) 17 11.32 ± 2.855 18 11.13 ± 4.674 0.882a

MaxPG (mmHg) 19 19.84 ± 4.561 22 20.23 ± 7.976 0.848a

SBP (mmHg) 19 119.08 ± 8.779 20 133.86 ± 20.466 0.007a

DBP (mmHg) 19 70.59 ± 7.028 20 79.78 ± 15.462 0.023a

MAP (mmHg) 19 92.61 ± 7.970 20 101.02 ± 14.214 0.079a

HR (bpm) 19 73.63 ± 11.171 22 72.32 ± 10.181 0.698a

RHI = Reactive hyperemia index, LnRHI = natural log of RHI, AIx@75 = Augmentation index normalized to heart rate, PVel = Peak aortic valve velocity (m/s), MPG
=Mean pressure gradient (mmHg), MaxPG =Maximum pressure gradient (mmHg), SBP = Systolic blood pressure (mmHg), DBP = Diastolic blood pressure (mmHg),
MAP = Mean arterial pressure (mmHg), HR = Heart rate.
a T-test.
b Wilcoxon rank sum test.
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larger sample, comparable to most studies investigating FMD, is in line
with these results. EndoScores did not change in general when the entire
study sample was investigated, but upon closer inspection differences
could be found between patients that did not improve after TAVI and
patients that did. Interestingly, approximately halve of the patients had
increased EndoScores after TAVI, and halve either decreased or showed
no change at all. Both groups did not differ significantly in age, sex, BMI,
etc., but baseline AVA, MPG and MaxPG were either close to or signif-
icantly different between the groups. On average, patients in the no/
negative change group had more severe AS based on AVA, MPG and
MaxPG, but also higher pre-TAVI RHI and LnRHI values, while the
opposite was found in the positive change group. It is important to note,
that patients with a low-flow low-grade AS were included in the study
and those patients were predominantly in the positive change group. But
even after excluding those patients (results presented in the appendix),
patients still significantly differed in the two groups and the main results
remained comparable.

4.2. Pathophysiological mechanisms

A relationship between AS severity and EndoScores has been found
in the past. Fujisue et al. found significantly different RHI values in
patients with AS depending on severity and also compared to matched
controls without AS (Fujisue et al., 2013). This might seem counterin-
tuitive at first, because patients in the no/negative change group had a
higher pre-TAVI EndoScore and more severe AS, but it is important to
note that Fujisue et al. compared patients with mild to moderate/severe
AS and the AVA cutoff for this was an AVA of 1 cm2. Our patient cohort is
much more homogenous concerning severity and correlations of pre-
and post-TAVI EndoScores revealed no relationship between severity
and EndoScores. Why patients with more severe AS exhibit better
EndoScores initially, but improve less after TAVI cannot ultimately be
explained in this study, but several mechanisms come to mind. It is
possible, that EndoScores do not have a linear relationship with markers
of AS severity in patients with severe AS. Horn et al. could show that pre-
TAVI FMD does not correlate with AS severity and Tanaka et al. and
Schumm et al. found a higher PVel in patients with higher FMD values
(Horn et al., 2015; Schumm et al., 2011; Tanaka et al., 2021). These
results and our results suggest that AS severity is an important factor for
endothelial dysfunction, but the relationship is more complex than just a
linear relationship between severity of AS and endothelial dysfunction.
Schumm et al. proposes that the stenotic valve leads to disturbances in
the blood flow and therefor increased NO release and that the increased
FMD is an reaction to increased pulse pressure and transvalvular gra-
dients (Schumm et al., 2011). This translates well to the results observed
in our studies, where patients with a higher PVel exhibited higher pre-
TAVI EndoScores, which might point to more cardiovascular impair-
ment and a possibly slower post-TAVI improvement. Blood pressure was
similar in both groups pre-TAVI, but patients in the positive change
group had a significantly higher blood pressure post-intervention.
Studies have shown that lower blood pressure after TAVI is associated
with increased mortality and that elevated blood pressure is associated
with a better prognosis (Lindman et al., 2016; Perlman et al., 2013). This
was mainly associated with an increase in cardiac output after TAVI
independent of baseline cardiac function (Perlman et al., 2013). Further
research is needed to unravel the relationship between endothelial
dysfunction improvement and cardiovascular function in patients with
AS. It is also important to establish whether the changes observed in this
study have physiological and clinical significance. Long-term follow-up
is essential to investigate whether EndoScore improvement occurs later
in some patients and to understand whether, for example, vascular
remodeling plays a role in why some patients improve more than others.
This could improve overall understanding of AS pathophysiology and
thus result into new clinical implications. Future risk stratification of
patients based on changes in RH-PAT is required.

4.3. Comparison of RH-PAT and FMD

Studies have shown the prognostic value of both FMD and RHI for
cardiovascular events (Matsuzawa et al., 2015). Whilst both aim to
quantify the same effect, the hyperemic reaction, they are not inter-
changeable as has been shown in the Framingham Heart Study
(Hamburg et al., 2011). The FMD measures the reaction at the brachial
artery, the target region of the RH-PAT is the digital vessel bed. Studies
have shown that there is only a moderate correlation between the two
methods (Hamburg et al., 2011). Toru Kato presents a compelling
comparison in his commentary on a smoking cessation study and sug-
gests that RHI and FMD capture different information on vascular
function (Kato, 2021). FMD seems to be more sensitive to age and hy-
pertension, whilst the RHI is more sensitive to BMI and Diabetes. The
short study period and the paired design of our study account for most of
this and age, BMI and Diabetes where similar in the two groups. Sensi-
tivity to hypertension could explain the changes observed in FMD after
TAVI that are reported by most authors, since blood pressure can be
impacted, even though those changes are reported to be small in most
studies (Yeoh and MacCarthy, 2019). After TAVI, blood pressure was
significantly different between the two change groups, but the pre-TAVI
differences in RHI were attenuated and did not reach significance. So,
while blood pressure might have a slight influence on EndoScores, the
extent has to be assessed in future studies.

4.4. Strengths and limitations

To the best of our knowledge, this is the largest study on endothelial
function measured by RHI in patients before and after AS intervention.
The paired design and a single observer for data collection are strengths
of this study. Some limitations should however be acknowledged: this is
a single-center study, the follow-up time was short and no long-term
data were collected. Follow-up data on FMD after AVR has shown that
the results are sustained long-term (Horn et al., 2015; Moscarelli et al.,
2019). Further research should focus on longer-term changes in RHI
after AVR, which might not present instantly. Even though a sample size
calculation was performed, it is possible that the change in RHI in TAVI
patients was too small to be detected. Larger, multi-center studies are
needed to further investigate this. In this study, patients with severe
complications were excluded. However, the patient cohort in this study
was very heterogenous, including a diverse range of comorbidities and
medications. Therefore, it is possible that unaccounted confounders
influenced the results. On the other hand, TAVI patients tend to be fairly
old and frail and our patient cohort mirrors this, adding external validity
to our results. No controls were matched to our study sample, because
not treating patients with AS and an indication for TAVI would be un-
ethical and patients who receive SAVR do not match our patient set.
However, data on healthy subjects compared to patients with AS is
provided by Fujisue (Fujisue et al., 2013). A sampling bias could not be
ruled out in this study. More men than women were included in the
sample, which could be due to sampling or the known gender differences
in AS diagnosis and treatment (Hervault and Clavel, 2018).

4.5. Clinical Implications and conclusion

Even though endothelial dysfunction assessed by RH-PAT did not
significantly improve shortly after TAVI in patients with severe AS, small
differences could be found between patients that improved and patients
that did not improve. Patients with less severe AS had a greater
improvement in RH-PAT than patients with more severe AS, indicating
that microvascular flow is not restored in all patients equally. For the
improvement of endothelial function, which is visualized by RH-PAT,
patients with AS should be strongly encouraged to adhere to healthy
lifestyle habits. Moreover, cardiovascular risk factors (e.g. excess
weight, arterial hypertension, dyslipidemia) should be identified and
treated at an early stage to improve RH-PAT (Hamburg et al., 2011;
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Kurose et al., 2014). Post-TAVI patients with AS should be mobilized
early.
In the short-term, this knowledge might help clinicians to better

monitor patients before and after AVR. In the long-term, further
research is required investigation whether RH-PAT can be used as a
cardiovascular risk marker for morbidity and mortality. Further
research is also needed to establish the additional value and differences
between RH-PAT and FMD in patients receiving AVR.
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Flögel, U., Wang, T., Neidlin, M., Steinseifer, U., Niepmann, S.T., Zimmer, S.,
Gerdes, N., Cortese-Krott, M.M., Feelisch, M., Zeus, T., Kelm, M., 2024. Aortic valve
stenosis causes accumulation of extracellular hemoglobin and systemic endothelial
dysfunction. Circulation 0. https://doi.org/10.1161/
CIRCULATIONAHA.123.064747.

R Core Team, 2022. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Schumm, J., Luetzkendorf, S., Rademacher, W., Franz, M., Schmidt-Winter, C.,
Kiehntopf, M., Figulla, H.R., Brehm, B.R., 2011. In patients with aortic stenosis
increased flow-mediated dilation is independently associated with higher peak jet
velocity and lower asymmetric dimethylarginine levels. Am. Heart J. 161, 893–899.
https://doi.org/10.1016/j.ahj.2011.02.015.

Sena, C.M., Gonçalves, L., Seiça, R., 2022. Methods to evaluate vascular function: a
crucial approach towards predictive, preventive, and personalised medicine. EPMA
J. 13, 209–235. https://doi.org/10.1007/s13167-022-00280-7.

Takata, M., Amiya, E., Watanabe, M., Ozeki, A., Watanabe, A., Kawarasaki, S., Nakao, T.,
Hosoya, Y., Uno, K., Saito, A., Murasawa, T., Ono, M., Nagai, R., Komuro, I., 2015.
Brachial artery diameter has a predictive value in the improvement of flow-mediated
dilation after aortic valve replacement for aortic stenosis. Heart Vessel. 30, 218–226.
https://doi.org/10.1007/s00380-014-0475-x.

Tanaka, S., Imamura, T., Ushijima, R., Sobajima, M., Fukuda, N., Ueno, H., Hirai, T.,
Kinugawa, K., 2021. Improvement in vascular endothelial function following
transcatheter aortic valve implantation. Medicina (Kaunas) 57, 1008. https://doi.
org/10.3390/medicina57101008.

Trimaille, A., Hmadeh, S., Matsushita, K., Marchandot, B., Kauffenstein, G., Morel, O.,
2023. Aortic stenosis and the haemostatic system. Cardiovasc. Res. 119, 1310–1323.
https://doi.org/10.1093/cvr/cvac192.

Vahanian, A., Beyersdorf, F., Praz, F., Milojevic, M., Baldus, S., Bauersachs, J.,
Capodanno, D., Conradi, L., De Bonis, M., De Paulis, R., Delgado, V., Freemantle, N.,
Gilard, M., Haugaa, K.H., Jeppsson, A., Jüni, P., Pierard, L., Prendergast, B.D.,
Sádaba, J.R., Tribouilloy, C., Wojakowski, W., ESC/EACTS Scientific Document
Group, 2022. 2021 ESC/EACTS Guidelines for the management of valvular heart
disease: developed by the Task Force for the management of valvular heart disease of
the European Society of Cardiology (ESC) and the European Association for Cardio-
Thoracic Surgery (EACTS). Eur. Heart J. 43, 561–632. https://doi.org/10.1093/
eurheartj/ehab395.

World Medical Association, 2013. World Medical Association Declaration of Helsinki:
ethical principles for medical research involving human subjects. JAMA 310,
2191–2194. https://doi.org/10.1001/jama.2013.281053.

Yeoh, J., MacCarthy, P., 2019. The pressure is on: implications of blood pressure after
aortic valve replacement. J. Am. Heart Assoc. 8, e014631 https://doi.org/10.1161/
JAHA.119.014631.

L. Arnold et al. Microvascular Research 157 (2025) 104735 

7 

https://doi.org/10.1016/j.mvr.2024.104735
https://doi.org/10.1016/j.mvr.2024.104735
https://doi.org/10.1007/s12181-022-00555-3
https://doi.org/10.1136/hrt.2006.087437
https://doi.org/10.1136/hrt.2006.087437
https://doi.org/10.1016/j.hlc.2019.06.664
https://doi.org/10.1016/j.hlc.2019.06.664
https://doi.org/10.1016/j.ijcard.2021.03.062
https://doi.org/10.1161/circ.128.suppl_22.A12311
https://doi.org/10.1161/circ.128.suppl_22.A12311
https://doi.org/10.1161/HYPERTENSIONAHA.110.160812
https://doi.org/10.1161/HYPERTENSIONAHA.110.160812
https://doi.org/10.1080/24748706.2017.1420273
https://doi.org/10.4244/EIJY14M10_02
https://doi.org/10.1038/s41440-020-00565-2
https://doi.org/10.1016/j.orcp.2012.10.005
https://doi.org/10.1016/j.orcp.2012.10.005
https://doi.org/10.1038/nrdp.2016.6
https://doi.org/10.1038/nrdp.2016.6
https://doi.org/10.1161/JAHA.115.002270
http://refhub.elsevier.com/S0026-2862(24)00084-0/rf0065
http://refhub.elsevier.com/S0026-2862(24)00084-0/rf0065
http://refhub.elsevier.com/S0026-2862(24)00084-0/rf0065
http://refhub.elsevier.com/S0026-2862(24)00084-0/rf0065
https://doi.org/10.1016/j.ijsu.2019.01.014
https://doi.org/10.1016/j.ijsu.2019.01.014
https://doi.org/10.1016/j.jcin.2012.12.124
https://doi.org/10.1161/CIRCULATIONAHA.123.064747
https://doi.org/10.1161/CIRCULATIONAHA.123.064747
https://www.R-project.org/
https://doi.org/10.1016/j.ahj.2011.02.015
https://doi.org/10.1007/s13167-022-00280-7
https://doi.org/10.1007/s00380-014-0475-x
https://doi.org/10.3390/medicina57101008
https://doi.org/10.3390/medicina57101008
https://doi.org/10.1093/cvr/cvac192
https://doi.org/10.1093/eurheartj/ehab395
https://doi.org/10.1093/eurheartj/ehab395
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1161/JAHA.119.014631
https://doi.org/10.1161/JAHA.119.014631


References 38

6 References
1.  Yadgir S, Johnson CO, Aboyans V, Adebayo OM, Adedoyin RA, Afarideh M, Alahdab F, 
Alashi A, Alipour V, Arabloo J, Azari S, Barthelemy CM, Benziger CP, Berman AE, Bijani A, 
Carrero JJ, Carvalho F, Daryani A, Durães AR, Esteghamati A, Farid TA, Farzadfar F, Fernandes 
E, Filip I, Gad MM, Hamidi S, Hay SI, Ilesanmi OS, Naghibi Irvani SS, Jürisson M, Kasaeian A, 
Kengne AP, Khan AR, Kisa A, Kisa S, Kolte D, Manafi N, Manafi A, Mensah GA, Mirrakhimov 
EM, Mohammad Y, Mokdad AH, Negoi RI, Thi Nguyen HL, Nguyen TH, Nixon MR, Otto CM, 
Patel S, Pilgrim T, Radfar A, Rawaf DL, Rawaf S, Rawasia WF, Rezapour A, Roever L, Saad 
AM, Saadatagah S, Senthilkumaran S, Sliwa K, Tesfay BE, Tran BX, Ullah I, Vaduganathan M, 
Vasankari TJ, Wolfe CDA, Yonemoto N, Roth GA. Global, Regional, and National Burden of 
Calcific Aortic Valve and Degenerative Mitral Valve Diseases, 1990–2017. Circulation. 
2020;141(21):1670-1680. doi:10.1161/CIRCULATIONAHA.119.043391

2.  Danielsen R, Aspelund T, Harris TB, Gudnason V. The prevalence of aortic stenosis in 
the elderly in Iceland and predictions for the coming decades: The AGES-Reykjavík study. Int J 
Cardiol. 2014;176(3):916-922. doi:10.1016/j.ijcard.2014.08.053

3.  Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-Sarano M. 
Burden of valvular heart diseases: a population-based study. Lancet. 2006;368(9540):1005-1011. 
doi:10.1016/S0140-6736(06)69208-8

4.  Iung B, Baron G, Butchart EG, Delahaye F, Gohlke-Bärwolf C, Levang OW, Tornos P, 
Vanoverschelde JL, Vermeer F, Boersma E, Ravaud P, Vahanian A. A prospective survey of 
patients with valvular heart disease in Europe: The Euro Heart Survey on Valvular Heart Disease. 
Eur Heart J. 2003;24(13):1231-1243. doi:10.1016/s0195-668x(03)00201-x

5.  Ambrosy AP, Go AS, Leong TK, Garcia EA, Chang AJ, Slade JJ, McNulty EJ, Mishell 
JM, Rassi AN, Ku IA, Lange DC, Philip F, Galper BZ, Berry N, Solomon MD. Temporal trends 
in the prevalence and severity of aortic stenosis within a contemporary and diverse community-
based cohort. International Journal of Cardiology. 2023;384:107-111. doi:10.1016/j.
ijcard.2023.04.047

6.  Chatterjee A, Kazui T, Acharya D. Growing prevalence of aortic stenosis – Question of 
age or better recognition? International Journal of Cardiology. 2023;388:131155. doi:10.1016/j.
ijcard.2023.131155

7.  Zheng KH, Tzolos E, Dweck MR. Pathophysiology of Aortic Stenosis and Future 
Perspectives for Medical Therapy. Cardiol Clin. 2020;38(1):1-12. doi:10.1016/j.ccl.2019.09.010

8.  Trimaille A, Hmadeh S, Matsushita K, Marchandot B, Kauffenstein G, Morel O. Aortic 
stenosis and the haemostatic system. Cardiovascular Research. 2023;119(6):1310-1323. 
doi:10.1093/cvr/cvac192

9.  Messika-Zeitoun D, Lloyd G. Aortic valve stenosis: evaluation and management of 
patients with discordant grading. E-journal Cardiol Pract. 2018;15(26).

10.  Baumgartner H, Hung J, Bermejo J, Chambers JB, Edvardsen T, Goldstein S, Lancellotti 
P, LeFevre M, Miller F Jr, Otto CM. Recommendations on the echocardiographic assessment of 
aortic valve stenosis: a focused update from the European Association of Cardiovascular Imaging 
and the American Society of Echocardiography. European Heart Journal - Cardiovascular 
Imaging. 2017;18(3):254-275. doi:10.1093/ehjci/jew335

11.  Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP, Gentile F, Jneid H, 
Krieger EV, Mack M, McLeod C, O’Gara PT, Rigolin VH, Sundt TM, Thompson A, Toly C. 2020 



References 39

ACC/AHA Guideline for the Management of Patients With Valvular Heart Disease: A Report of 
the American College of Cardiology/American Heart Association Joint Committee on Clinical 
Practice Guidelines. Circulation. 2021;143(5):e72-e227. doi:10.1161/CIR.0000000000000923

12.  Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, Capodanno D, 
Conradi L, De Bonis M, De Paulis R, Delgado V, Freemantle N, Gilard M, Haugaa KH, Jeppsson 
A, Jüni P, Pierard L, Prendergast BD, Sádaba JR, Tribouilloy C, Wojakowski W, ESC/EACTS 
Scientific Document Group. 2021 ESC/EACTS Guidelines for the management of valvular heart 
disease: Developed by the Task Force for the management of valvular heart disease of the 
European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery 
(EACTS). European Heart Journal. 2022;43(7):561-632. doi:10.1093/eurheartj/ehab395

13.  Généreux P, Sharma RP, Cubeddu RJ, Aaron L, Abdelfattah OM, Koulogiannis KP, 
Marcoff L, Naguib M, Kapadia SR, Makkar RR, Thourani VH, van Boxtel BS, Cohen DJ, Dobbles 
M, Barnhart GR, Kwon M, Pibarot P, Leon MB, Gillam LD. The Mortality Burden of Untreated 
Aortic Stenosis. J Am Coll Cardiol. 2023;82(22):2101-2109. doi:10.1016/j.jacc.2023.09.796

14.  Ito S, Oh JK. Aortic Stenosis: New Insights in Diagnosis, Treatment, and Prevention. 
Korean Circ J. 2022;52(10):721-736. doi:10.4070/kcj.2022.0234

15.  Hufnagel CA, Villegas PD, Nahas H. Experiences with New Types of Aortic Valvular 
Prostheses. Annals of Surgery. 1958;147(5):636.

16.  Cosgrove DM, Sabik JF. Minimally invasive approach for aortic valve operations. The 
Annals of Thoracic Surgery. 1996;62(2):596-597. doi:10.1016/0003-4975(96)00418-3

17.  Brown ML, McKellar SH, Sundt TM, Schaff HV. Ministernotomy versus conventional 
sternotomy for aortic valve replacement: a systematic review and meta-analysis. J Thorac 
Cardiovasc Surg. 2009;137(3):670-679.e5. doi:10.1016/j.jtcvs.2008.08.010

18.  Cribier A, Eltchaninoff H, Bash A, Borenstein N, Tron C, Bauer F, Derumeaux G, 
Anselme F, Laborde F, Leon MB. Percutaneous transcatheter implantation of an aortic valve 
prosthesis for calcific aortic stenosis: first human case description. Circulation. 2002;106(24):3006-
3008. doi:10.1161/01.cir.0000047200.36165.b8

19.  Bourantas CV, Serruys PW. Evolution of Transcatheter Aortic Valve Replacement. 
Circulation Research. 2014;114(6):1037-1051. doi:10.1161/CIRCRESAHA.114.302292

20.  Mack MJ, Leon MB, Thourani VH, Pibarot P, Hahn RT, Genereux P, Kodali SK, 
Kapadia SR, Cohen DJ, Pocock SJ, Lu M, White R, Szerlip M, Ternacle J, Malaisrie SC, 
Herrmann HC, Szeto WY, Russo MJ, Babaliaros V, Smith CR, Blanke P, Webb JG, Makkar R. 
Transcatheter Aortic-Valve Replacement in Low-Risk Patients at Five Years. New England 
Journal of Medicine. 2023;389(21):1949-1960. doi:10.1056/NEJMoa2307447

21.  Braghiroli J, Kapoor K, Thielhelm TP, Ferreira T, Cohen MG. Transcatheter aortic valve 
replacement in low risk patients: a review of PARTNER 3 and Evolut low risk trials. Cardiovasc 
Diagn Ther. 2020;10(1):59-71. doi:10.21037/cdt.2019.09.12

22.  Gaede L, Blumenstein J, Husser O, Liebetrau C, Dörr O, Grothusen C, Eckel C, Al-Terki 
H, Kim WK, Nef H, Tesche C, Hamm CW, Elsässer A, Achenbach S, Möllmann H. Aortic valve 
replacement in Germany in 2019. Clin Res Cardiol. 2021;110(3):460-465. doi:10.1007/s00392-020-
01788-6

23.  Carroll JD, Mack MJ, Vemulapalli S, Herrmann HC, Gleason TG, Hanzel G, Deeb GM, 
Thourani VH, Cohen DJ, Desai N, Kirtane AJ, Fitzgerald S, Michaels J, Krohn C, Masoudi FA, 
Brindis RG, Bavaria JE. STS-ACC TVT Registry of Transcatheter Aortic Valve Replacement. J 



References 40

Am Coll Cardiol. 2020;76(21):2492-2516. doi:10.1016/j.jacc.2020.09.595

24.  Rudolph T, Appleby C, Delgado V, Eltchaninoff H, Gebhard C, Hengstenberg C, 
Wojakowski W, Petersen N, Kurucova J, Bramlage P, Bleiziffer S. Patterns of Aortic Valve 
Replacement in Europe: Adoption by Age. Cardiology. 2023;148(6):547-555. 
doi:10.1159/000533633

25.  Mancusi C, Bahlmann E, Basile C, Gerdts E. New Evidence About Aortic Valve Stenosis 
and Cardiovascular Hemodynamics. High Blood Press Cardiovasc Prev. 2022;29(3):231-237. 
doi:10.1007/s40292-022-00520-x

26.  Briand M, Dumesnil JG, Kadem L, Tongue AG, Rieu R, Garcia D, Pibarot P. Reduced 
Systemic Arterial Compliance Impacts Significantly on Left Ventricular Afterload and Function 
in Aortic Stenosis. Journal of the American College of Cardiology. 2005;46(2):291-298. 
doi:10.1016/j.jacc.2004.10.081

27.  Bahlmann E, Cramariuc D, Saeed S, Chambers JB, Nienaber CA, Kuck KH, 
Lønnebakken MT, Gerdts E. Low systemic arterial compliance is associated with increased 
cardiovascular morbidity and mortality in aortic valve stenosis. Heart. 2019;105(19):1507-1514. 
doi:10.1136/heartjnl-2018-314386

28.  Gardikioti V, Terentes-Printzios D, Iliopoulos D, Aznaouridis K, Sigala E, Tsioufis K, 
Vlachopoulos C. Arterial biomarkers in the evaluation, management and prognosis of aortic 
stenosis. Atherosclerosis. 2021;332:1-15. doi:10.1016/j.atherosclerosis.2021.07.006

29.  Plunde O, Bäck M. Arterial Stiffness in Aortic Stenosis and the Impact of Aortic Valve 
Replacement. Vasc Health Risk Manag. 2022;18:117-122. doi:10.2147/VHRM.S358741

30.  Tanaka T, Asami M, Yahagi K, Ninomiya K, Okuno T, Horiuchi Y, Komiyama K, Tanaka 
J, Yokozuka M, Miura S, Aoki J, Tanabe K. Prognostic impact of arterial stiffness following 
transcatheter aortic valve replacement. J Cardiol. 2021;78(1):37-43. doi:10.1016/j.jjcc.2021.01.007

31.  Broyd CJ, Patel K, Pugliese F, Chehab O, Mathur A, Baumbach A, Ozkor M, Kennon S, 
Mullen M. Pulse wave velocity can be accurately measured during transcatheter aortic valve 
implantation and used for post-procedure risk stratification. J Hypertens. 2019;37(9):1845-1852. 
doi:10.1097/HJH.0000000000002141

32.  Hantusch B. Morphological and Functional Characteristics of Blood and Lymphatic 
Vessels. In: Geiger M, ed. Fundamentals of Vascular Biology. Learning Materials in Biosciences. 
Springer International Publishing; 2019:1-43. doi:10.1007/978-3-030-12270-6_1

33.  Terentes-Printzios D, Gardikioti V, Aznaouridis K, Latsios G, Drakopoulou M, Siasos G, 
Oikonomou E, Tsigkou V, Xanthopoulou M, Vavuranakis Μ, Toutouzas K, Tousoulis D, 
Vlachopoulos C. The impact of transcatheter aortic valve implantation on arterial stiffness and 
wave reflections. Int J Cardiol. 2021;323:213-219. doi:10.1016/j.ijcard.2020.08.040

34.  Avolio A. Arterial Stiffness. Pulse. 2013;1(1):14. doi:10.1159/000348620

35.  Spronck B, Humphrey JD. Arterial Stiffness: Different Metrics, Different Meanings. J 
Biomech Eng. 2019;141(9):0910041-09100412. doi:10.1115/1.4043486

36.  Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, Pannier 
B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H, on behalf of the European Network for 
Non-invasive Investigation of Large Arteries. Expert consensus document on arterial stiffness: 
methodological issues and clinical applications. European Heart Journal. 2006;27(21):2588-2605. 
doi:10.1093/eurheartj/ehl254



References 41

37.  Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of Cardiovascular Events and 
All-Cause Mortality With Arterial Stiffness. Journal of the American College of Cardiology. 
2010;55(13):1318-1327. doi:10.1016/j.jacc.2009.10.061

38.  Wilkinson IB, Mäki-Petäjä KM, Mitchell GF. Uses of Arterial Stiffness in Clinical 
Practice. Arteriosclerosis, Thrombosis, and Vascular Biology. Published online May 2020. 
doi:10.1161/ATVBAHA.120.313130

39.  Kim HL, Lim WH, Seo JB, Kim SH, Zo JH, Kim MA. Prognostic value of arterial stiffness 
according to the cardiovascular risk profiles. J Hum Hypertens. 2021;35(11):978-984. doi:10.1038/
s41371-020-00441-z

40.  Di Minno MND, Di Minno A, Songia P, Ambrosino P, Gripari P, Ravani A, Pepi M, 
Rubba PO, Medda E, Tremoli E, Baldassarre D, Poggio P. Markers of subclinical atherosclerosis 
in patients with aortic valve sclerosis: A meta-analysis of literature studies. International Journal 
of Cardiology. 2016;223:364-370. doi:10.1016/j.ijcard.2016.08.122

41.  Bruschi G, Maloberti A, Sormani P, Colombo G, Nava S, Vallerio P, Casadei F, Bruno J, 
Moreo A, Merlanti B, Russo C, Oliva F, Klugmann S, Giannattasio C. Arterial Stiffness in Aortic 
Stenosis: Relationship with Severity and Echocardiographic Procedures Response. High Blood 
Press Cardiovasc Prev. 2017;24(1):19-27. doi:10.1007/s40292-016-0176-x

42.  Cantürk E, Çakal B, Karaca O, Omaygenç O, Salihi S, Özyüksel A, Akçevin A. Changes 
in Aortic Pulse Wave Velocity and the Predictors of Improvement in Arterial Stiffness Following 
Aortic Valve Replacement. Ann Thorac Cardiovasc Surg. 2017;23(5):248-255. doi:10.5761/atcs.
oa.17-00062

43.  Plunde O, Franco-Cereceda A, Bäck M. Cardiovascular Risk Factors and Hemodynamic 
Measures as Determinants of Increased Arterial Stiffness Following Surgical Aortic Valve 
Replacement. Front Cardiovasc Med. 2021;8:754371. doi:10.3389/fcvm.2021.754371

44.  Raimundo R, Saraiva F, Moreira R, Moreira S, Ferreira AF, Cerqueira RJ, Amorim MJ, 
Pinho P, Barros AS, Lourenço AP, Leite-Moreira A. Arterial Stiffness Changes in Severe Aortic 
Stenosis Patients Submitted to Valve Replacement Surgery. Arq Bras Cardiol. 2021;116(3):475-
482. doi:10.36660/abc.20190577

45.  Saeed S, Saeed N, Grigoryan K, Chowienczyk P, Chambers JB, Rajani R. Determinants 
and clinical significance of aortic stiffness in patients with moderate or severe aortic stenosis. 
International Journal of Cardiology. 2020;315:99-104. doi:10.1016/j.ijcard.2020.03.081

46.  Huveneers S, Daemen MJAP, Hordijk PL. Between Rho(k) and a hard place: the relation 
between vessel wall stiffness, endothelial contractility, and cardiovascular disease. Circ Res. 
2015;116(5):895-908. doi:10.1161/CIRCRESAHA.116.305720

47.  Deanfield JE, Halcox JP, Rabelink TJ. Endothelial Function and Dysfunction. 
Circulation. 2007;115(10):1285-1295. doi:10.1161/CIRCULATIONAHA.106.652859

48.  Poggianti E, Venneri L, Chubuchny V, Jambrik Z, Baroncini LA, Picano E. Aortic valve 
sclerosis is associatedwith systemic endothelial dysfunction. Journal of the American College of 
Cardiology. 2003;41(1):136-141. doi:10.1016/S0735-1097(02)02622-0

49.  Schumm J, Luetzkendorf S, Rademacher W, Franz M, Schmidt-Winter C, Kiehntopf M, 
Figulla HR, Brehm BR. In patients with aortic stenosis increased flow-mediated dilation is 
independently associated with higher peak jet velocity and lower asymmetric dimethylarginine 
levels. American Heart Journal. 2011;161(5):893-899. doi:10.1016/j.ahj.2011.02.015



References 42

50.  Lind L, Berglund L, Larsson A, Sundström J. Endothelial function in resistance and 
conduit arteries and 5-year risk of cardiovascular disease. Circulation. 2011;123(14):1545-1551. 
doi:10.1161/CIRCULATIONAHA.110.984047

51.  Yeboah J, Crouse JR, Hsu FC, Burke GL, Herrington DM. Brachial flow-mediated 
dilation predicts incident cardiovascular events in older adults: the Cardiovascular Health Study. 
Circulation. 2007;115(18):2390-2397. doi:10.1161/CIRCULATIONAHA.106.678276

52.  Cooper LL, Wang N, Beiser AS, Romero JR, Aparicio HJ, Lioutas VA, Benjamin EJ, 
Larson MG, Vasan RS, Mitchell GF, Seshadri S, Hamburg NM. Digital Peripheral Arterial 
Tonometry and Cardiovascular Disease Events: The Framingham Heart Study. Stroke. 
2021;52(9):2866-2873. doi:10.1161/STROKEAHA.120.031102

53.  Tanaka S, Imamura T, Ushijima R, Sobajima M, Fukuda N, Ueno H, Hirai T, Kinugawa 
K. Improvement in Vascular Endothelial Function following Transcatheter Aortic Valve 
Implantation. Medicina (Kaunas). 2021;57(10):1008. doi:10.3390/medicina57101008

54.  Vitez L, Starc V, Jug B, Bunc M. Improved Endothelial and Autonomic Function after 
Transcatheter Aortic Valve Implantation. RCM. 2023;24(5):140. doi:10.31083/j.rcm2405140

55.  Comella A, Michail M, Chan J, Cameron JD, Gooley R, Mathur A, Hughes AD, Brown 
AJ. Patients with aortic stenosis exhibit early improved endothelial function following 
transcatheter aortic valve replacement: The eFAST study. International Journal of Cardiology. 
2021;332:143-147. doi:10.1016/j.ijcard.2021.03.062

56.  Moscarelli M, Devito F, Fattouch K, Lancellotti P, Ciccone MM, Rizzo P, Gaudino M, 
Marchese A, Angelini G, Speziale G. The effect of surgical versus transcatheter aortic valve 
replacement on endothelial function. An observational study. International Journal of Surgery. 
2019;63:1-7. doi:10.1016/j.ijsu.2019.01.014

57.  Horn P, Stern D, Veulemans V, Heiss C, Zeus T, Merx MW, Kelm M, Westenfeld R. 
Improved endothelial function and decreased levels of endothelium-derived microparticles after 
transcatheter aortic valve implantation. EuroIntervention. 2015;10(12):1456-1463. doi:10.4244/
EIJY14M10_02

58.  Sena CM, Gonçalves L, Seiça R. Methods to evaluate vascular function: a crucial 
approach towards predictive, preventive, and personalised medicine. EPMA J. 2022;13(2):209-235. 
doi:10.1007/s13167-022-00280-7

59.  Perrault R, Omelchenko A, Taylor CG, Zahradka P. Establishing the interchangeability 
of arterial stiffness but not endothelial function parameters in healthy individuals. BMC 
Cardiovascular Disorders. 2019;19(1):190. doi:10.1186/s12872-019-1167-3

60.  Takase B, Higashimura Y, Hashimoto K. Disparity between EndoPAT measurement and 
brachial artery flow-mediated vasodilatation in hypertensive patients. Vascular Failure. 
2018;2(2):61-65. doi:10.30548/vascfail.2.2_61

61.  Schnabel RB, Schulz A, Wild PS, Sinning CR, Wilde S, Eleftheriadis M, Herkenhoff S, 
Zeller T, Lubos E, Lackner KJ, Warnholtz A, Gori T, Blankenberg S, Münzel T. Noninvasive 
vascular function measurement in the community: cross-sectional relations and comparison of 
methods. Circ Cardiovasc Imaging. 2011;4(4):371-380. doi:10.1161/CIRCIMAGING.110.961557

62.  Frąk W, Wojtasińska A, Lisińska W, Młynarska E, Franczyk B, Rysz J. Pathophysiology 
of Cardiovascular Diseases: New Insights into Molecular Mechanisms of Atherosclerosis, Arterial 
Hypertension, and Coronary Artery Disease. Biomedicines. 2022;10(8):1938. doi:10.3390/
biomedicines10081938



References 43

63.  Phillips SA, Andaku DK, Mendes RG, Caruso FR, Cabiddu R, Jaenisch RB, Arena R, 
Borghi-Silva A. Exploring Vascular Function Biomarkers: Implications for Rehabilitation. 
Brazilian Journal of Cardiovascular Surgery. 2017;32(2):125. doi:10.21470/1678-9741-2016-0085

64.  Anderson TJ, Phillips SA. Assessment and Prognosis of Peripheral Artery Measures of 
Vascular Function. Progress in Cardiovascular Diseases. 2015;57(5):497-509. doi:10.1016/j.
pcad.2014.11.005

65.  Flammer AJ, Anderson T, Celermajer DS, Creager MA, Deanfield J, Ganz P, Hamburg 
N, Lüscher TF, Shechter M, Taddei S, Vita JA, Lerman A. The Assessment of Endothelial 
Function – From Research into Clinical Practice. Circulation. 2012;126(6):753-767. doi:10.1161/
CIRCULATIONAHA.112.093245

66.  Anderson TJ. Arterial stiffness or endothelial dysfunction as a surrogate marker of 
vascular risk. Can J Cardiol. 2006;22(Suppl B):72B-80B.

67.  Cho JY, Kim KH. Evaluation of Arterial Stiffness by Echocardiography: Methodological 
Aspects. Chonnam Med J. 2016;52(2):101-106. doi:10.4068/cmj.2016.52.2.101

68.  Podgórski M, Grzelak P, Kaczmarska M, Polguj M, Łukaszewski M, Stefańczyk L. 
Feasibility of two-dimensional speckle tracking in evaluation of arterial stiffness: Comparison with 
pulse wave velocity and conventional sonographic markers of atherosclerosis. Vascular. 
2018;26(1):63-69. doi:10.1177/1708538117720047

69.  Catalano M, Lamberti-Castronuovo A, Catalano A, Filocamo D, Zimbalatti C. Two-
dimensional speckle-tracking strain imaging in the assessment of mechanical properties of carotid 
arteries: feasibility and comparison with conventional markers of subclinical atherosclerosis. 
European Journal of Echocardiography. 2011;12(7):528-535. doi:10.1093/ejechocard/jer078

70.  Patton DM, Li T, Hétu MF, Day AG, Preece E, Matangi MF, Johri AM. Speckle tracking 
carotid artery circumferential strain is a marker of arterial sclerosis but not coronary atherosis. 
Journal of Clinical Ultrasound. 2018;46(9):575-581. doi:10.1002/jcu.22632

71.  Saito M, Okayama H, Inoue K, Yoshii T, Hiasa G, Sumimoto T, Nishimura K, Ogimoto 
A, Higaki J. Carotid arterial circumferential strain by two-dimensional speckle tracking: a novel 
parameter of arterial elasticity. Hypertens Res. 2012;35(9):897-902. doi:10.1038/hr.2012.39

72.  Rosenberg AJ, Lane-Cordova AD, Wee SO, White DW, Hilgenkamp TIM, Fernhall B, 
Baynard T. Healthy aging and carotid performance: strain measures and β-stiffness index. 
Hypertens Res. 2018;41(9):748-755. doi:10.1038/s41440-018-0065-x

73.  Kavsur R, Schaefer C, Stumpf MJ, Weber M, Sugiura A, Becher MU, Zimmer S, Nickenig 
G, Schahab N. Carotid Stiffness After Transcatheter Aortic Valve Replacement. Angiology. 
Published online August 12, 2023:00033197231195647. doi:10.1177/00033197231195647

74.  Moens AL, Goovaerts I, Claeys MJ, Vrints CJ. Flow-Mediated Vasodilation: A Diagnostic 
Instrument, or an Experimental Tool? Chest. 2005;127(6):2254-2263. doi:10.1378/chest.127.6.2254



Acknowledgments 44

Acknowledgments
First of all, I would like to thank all the patients that participated in the studies that are the 

foundation of this thesis. Without their contribution this would not have been possible.

Secondly, I would like to thank my supervisors Prof. Dr. Nikolaus Haas, PD Dr. André Jakob 
and PD Dr. Simon Deseive for their help, time and support. I would also like to thank all of my 
co-authors for their contributions to the studies and the manuscripts. Furthermore, I would like 
to express my sincere appreciation to Dr. Felix Oberhoffer who always took the time to help me 
with any questions, supported the realisation of my doctoral thesis and gave invaluable feedback.

And most importantly, thank you to my friends and family. Without you I would not be where 
I am today and I could not have done this on my own. Lastly, I would like to express my deepest 
gratitude to Linda and Tina from the Schreibtreff of the LMU Munich. You gave me a place to 
write (and coffee). I hope you know how much I liked coming here.


