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ABSTRACT 

Aortic stenosis (AS) is the most prevalent valvular heart disease in the 
developed world and is becoming more common due to the ageing population 
and increased life expectancy. Severe symptomatic AS carries a dismal 
prognosis without operative treatment. During the last decade there has been 
an unforeseen increase in aortic valve interventions as transcatheter aortic 
valve replacement (TAVR) has revolutionized the treatment of AS in patients 
at high or prohibitive risk of surgical aortic valve replacement (SAVR). Today, 
TAVR is the dominant procedure to treat AS as results have been optimized 
with advanced pre-procedural image planning and improved valve and 
delivery system technology, together with increasing operator experience. 

TAVR has been tested in randomized clinical trials and has shown 
superiority in comparison with medical treatment in inoperable patients and 
comparable results in comparison with SAVR in intermediate- to high-risk 
patients. Recently, the ongoing clinical trials in low-risk patients have reported 
equivalent 2-year results after TAVR and SAVR. 

 However, there are concerns that limit the use of TAVR in younger patients 
with longer life expectancy. First, the lack of long-term valve durability data, 
and second, the incidence of paravalvular regurgitation (PVR) continues to be 
significantly higher after TAVR than after SAVR. Third, conduction 
abnormalities and the need for permanent pacemaker implantation are 
worrisome over the long term. 

This thesis is based on five original articles from the FinnValve registry, 
which is a nationwide registry including data on all patients who underwent 
TAVR or SAVR with a bioprosthesis for severe AS from 2008 to 2017. The aim 
of this thesis was to investigate the efficacy of TAVR with a focus on some 
important complications. 

Study I examined the incidence of PVR and its impact on survival after 
TAVR and SAVR. PVR was a much more frequent finding after TAVR. 
Moderate-to-severe PVR was infrequent, but mild PVR remained common. In 
this study, both mild and moderate-to-severe PVR were associated with 
increased mortality in midterm follow-up. The rate of PVR decreased 
significantly over time, coinciding with advanced image planning and a newer 
generation of valves better designed to reduce PVR. 

Study II studied major vascular complications (MVCs) after transfemoral 
TAVR. The rates of MVCs declined significantly during the study period. Non-
access-site-related MVCs increased mortality threefold in the 3-year follow-
up. Access-site-related MVCs were associated with increased mortality if 
severe bleeding occurred. 

Study III investigated acute kidney injury (AKI) following TAVR and SAVR 
in patients without chronic kidney disease. In propensity score matched 
cohorts, the risk of AKI was significantly lower after TAVR. Bleeding 
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complications were closely associated with the occurrence of AKI in both 
cohorts. Mortality was significantly higher in AKI patients and increased 
dramatically with increasing severity of AKI. 

Study IV examined the risk of endocarditis after TAVR and SAVR. There 
was no difference in the risk of prosthetic valve endocarditis between TAVR 
and SAVR in the midterm follow-up, neither in unmatched nor the propensity 
score matched cohorts. Prosthetic valve endocarditis was associated with very 
high in-hospital and 1-year mortality. 

Study V investigated the efficacy of TAVR in preventing 1-year mortality 
and estimated the accuracy of risk prediction tools. In Finland, the vast 
majority of patients underwent TAVR with acceptable risk. 

In conclusion, the results of TAVR in Finland are comparable to the results 
reported from major trials and large registry studies. TAVR has completely 
transformed the outlook for high-risk AS patients. Complication rates have 
significantly decreased with increased operator experience and better devices 
but there are still some concerns, and with the lack of long-term valve 
durability data TAVR is not yet the first choice in younger low-risk patients. 
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TIIVISTELMÄ 

Aorttaläpän ahtauma (aorttastenoosi) yleistyy väestön ikääntyessä ja eläessä 
pidempään. Vaikea-asteinen oireinen aorttastenoosi on erittäin 
huonoennusteinen sairaus. Katetriteitse asennettava biologinen 
aorttakeinoläppä (TAVI) on mullistanut aorttastenoosipotilaiden hoidon. 
Aiemmin moni iäkäs tai monisairas potilas rajattiin hoidon ulkopuolelle liian 
korkea leikkausriskin vuoksi. Kasvava kokemus, kehittyneempi 
katetriläppätekniikka ja nykyaikainen tietokonekuvantamiseen perustava 
etukäteissuunnittelu ovat parantaneet hoidon tuloksia. Toimenpidemäärät 
ovat nousseet rajusti ja TAVI:sta on tullut tietyille potilasryhmille ensisijainen 
aorttastenoosin hoitomuoto. 

TAVI-toimenpidettä on verrattu kirurgiseen aorttaläppäleikkaukseen 
useissa satunnaistetuissa tutkimuksissa. Leikkaukseen soveltumattomilla 
potilailla TAVI on osoitettu paremmaksi kuin konservatiivinen hoito. Korkean 
ja keskikorkean riskin potilailla tulokset ovat olleet verrattavissa kirurgiaan 5 
vuoden seurannassa. Matalan riskin potilailla ensimmäiset tulokset 2 vuoteen 
asti ovat olleet samankaltaisia kuin avosydänkirurgiassa. 

Nuoremmilla matalan riskin potilailla TAVI:n käyttöä rajoittaa etenkin 
pitkäaikaisten tulosten puute läppien kestävyydestä, mutta myös tietyt 
komplikaatiot, joiden merkitys saattaa korostua pidemmällä aikavälillä. 
Läppäkehikon ulkopuolinen vuoto on yleisempää TAVI-potilalla kuin 
kirurgiseseti leikatuilla potilailla. Tahdistimen tarve ja johtumishäiriöt ovat 
myös huolenaihe TAVI:n jälkeen. Myös toimenpiteeseen liittyviä 
verisuonikomplikaatiota tulee edelleen pystyä vähentämään. 

Tämä väitöskirja koostuu viidestä tutkimusartikkelista, jotka ovat osa 
FinnValve-monikeskustutkimusta. FinnValve on kansallinen rekisteri, joka 
käsittää tiedot kaikista potilasta, jotka hoidettiin yliopistosairaaloissa 
aorttaläpän ahtauman vuoksi TAVI:lla tai kirurgisesti biologisella 
aorttakeinoläpällä vuosina 2008-2017. Väitöskirjan tavoitteena oli tutkia 
TAVI:n tehokkuutta keskittyen tiettyihin komplikaatioihin ja niiden 
vaikutuksiin. 

Osatyö I selvitti läppäkehikon ulkopuolisen vuodon 
(paravalvulaarivuodon) yleisyyttä ja vaikutusta ennusteeseen TAVI:n ja 
kirurgisen leikkauksen jälkeen. Paravalvulaarivuoto oli selvästi yleisempi 
löydös TAVI:n jälkeen, vaikkakin ilmaantuvuus väheni tutkimusperiodin 
loppua kohden. Tässä tutkimuksessa sekä lievä että keskivaikea-vaikea 
paravalvulaarivuoto heikensivät potilaiden ennustetta keskipitkällä 
aikavälillä. 

Osatyö II tutki merkittävien verisuonikomplikaatioiden esiintyvyyttä ja 
niiden vaikutusta ennusteeseen reisivaltimon kautta tehdyissä TAVI-
toimenpiteissä. Verisuonikomplikaatioiden esiintyvyys väheni merkittävästi 
tutkimusperiodin aikana. Verisuonireitin sisäänmenokohtaan liittyvät 
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komplikaatiot huononsivat ennustetta, jos niihin liittyi merkittävää 
verenvuotoa. Muualla kuin verisuonireitin sisäänmenokohdassa tapahtuvat 
verisuonikomplikaatiot lisäsivät kuolleisuutta kolminkertaiseksi. 

Osatyö III vertaili akuutin munuaisvaurion esiintyvyyttä ja vaikutusta 
ennusteeseen TAVI:n ja kirurgisen aorttaläppäleikkauksen jälkeen. 
Hoitoryhmien tilastollisen tasapainottamisen jälkeen akuutti munuaisvaurio 
oli merkittävästi harvinaisempi TAVI:n jälkeen. Kuolleisuus lisääntyi 
huomattavasti munuaisvaurion vaikeusasteen lisääntyessä. 

Osatyö IV tarkasteli läppätulehduksen (endokardiitti) esiintyvyyttä 
TAVI:n ja kirurgisen aorttaläppäleikkauksen jälkeen. Hoitoryhmien 
tasapainottamisen jälkeen keinoläpän endokardiitin riski ei eronnut ryhmien 
välillä keskipitkän aikavälin seurannassa. Endokardiittipotilaiden ennuste oli 
erittäin huono ja sairaalakuolleisuus korkea. 

Osatyö V arvioi uudemman polven katetriläppien tehokkuutta varhaisen 
kuoleman estämisessä. Valtaosa potilaista katetriläppä asennettiin 
hyväksyttävällä riskillä. Osatyössä arvioitiin myös riskilaskureiden 
toimivuutta kuolemanriskin ennustamisessa. 

Yhteenvetona TAVI on mullistanut aorttaläppäahtaumaa sairastavien 
potilaiden hoidon. Suomessa tulokset ovat samankaltaisia kuin muualla 
maailmalla. Komplikaatiot vähenivät seurannassa lisääntyneen kokemuksen 
ja kehittyneen teknologian myötä. Pitkäaikaistulosten puuttuessa kirurginen 
aorttaläppäleikkaus on edelleen ensisijainen hoitomuoto nuoremmilla 
matalamman leikkausriskin potilailla. 
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1 INTRODUCTION 

Aortic stenosis (AS) is the most common valvular heart disease leading to 
surgery or catheter intervention in developed countries [1,2]. The incidence of 
AS increases as the population ages [3]. AS affects up to 10% of the population 
over 80 years old [4]. AS is a progressive disease of fibro-calcific remodelling 
of valve leaflets that eventually leads to severely limited opening of the aortic 
valve orifice, which causes increasing burden to the left ventricle due to 
pressure overload. Without aortic valve replacement (AVR), severe 
symptomatic AS carries a poor prognosis [5]. 

Surgical aortic valve replacement (SAVR) has been the gold standard in the 
treatment of AS for decades and was successfully performed for the first time 
in 1960. Since then, open cardiac surgery has taken big steps forward. 
Recommendations for SAVR are based upon comparisons of the natural 
history of AS with the outcomes after SAVR [6]. Until recently, a significant 
proportion of severe AS patients did not undergo SAVR due to prohibitive 
surgical risk or a patient’s refusal to have open heart surgery [7]. 

The advent of transcatheter aortic valve replacement (TAVR) offered a 
minimally invasive option for AVR. TAVR has revolutionized the treatment of 
patients who were previously deemed inoperable [8]. TAVR has been tested 
against SAVR in several randomized clinical trials, which have included high-
risk, intermediate-risk and currently low-risk patients. The results of TAVR 
were comparable to SAVR at 5 years in high- and intermediate-risk patients 
[9-11]. Low-risk trials have reported similar results after TAVR and SAVR for 
up to 2 years, but longer follow-up data are needed [12-14]. 

As an attractive alternative to SAVR, TAVR has evoked a great deal of 
enthusiasm, and procedure numbers have increased vastly during the last 
decade, making TAVR the dominant treatment strategy for patients with 
increased surgical risk [15,16]. Still, appropriate caution is necessary before 
expanding indications for TAVR to younger low-risk patients. There are 
certain challenges related to TAVR due to anatomical sequelae of the 
procedure. Paravalvular regurgitation (PVR), especially mild PVR, is far more 
frequent after TAVR than SAVR. While the significance of mild PVR is less 
clear [17,18], moderate-to-severe PVR impairs survival [19,20]. Conduction 
abnormalities remain a concern after TAVR, especially with self-expandable 
valves [12,13]. The potential adverse effects of right ventricular pacing and the 
long-term effects of left bundle branch block (LBBB) are well described in the 
literature [21,22]. Vascular and bleeding complications increase mortality and 
morbidity and should be further minimized [23,24]. Nontransfemoral access 
sites are associated with increased mortality and require critical appraisal 
[25]. Importantly, the lack of long-term data on transcatheter valve durability 
should limit the expansion of TAVR indications to low-risk populations. 
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This thesis aimed to investigate the results of TAVR as part of the 
nationwide FinnValve registry study, which included data on all patients who 
underwent TAVR or SAVR with a bioprosthesis at five Finnish university 
hospitals during 2008–2017. This registry was designed to complement data 
from randomized clinical trials to provide data from real-world experience of 
unselected AS patients, including both TAVR and SAVR procedures. The focus 
of this study was on possible adverse effects of TAVR. When feasible, 
comparisons with the SAVR population were made. Studies examined the 
incidence and effect of PVR, vascular complications, acute kidney injury (AKI) 
and endocarditis on midterm outcomes. These topics have not been studied to 
this extent in Finland before. 
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2 REVIEW OF THE LITERATURE 

2.1 AORTIC STENOSIS 

2.1.1 EPIDEMIOLOGY AND AETIOLOGY 
 
The prevalence of AS increases with age. In a prospective population-based 
study, the prevalence of AS, defined as mean transvalvular gradient 
≥15 mmHg, varied from 0.2% at ages 50–59 to 1.3% at ages 60–69, 3.9% at 
ages 70–79, and 9.8% at ages 80–89 years [4]. A meta-analysis calculated a 
yearly incidence rate of 4.4%/year for severe AS in a general population of 
≥65 years of age [26]. Echocardiographic screening in the Helsinki Ageing 
Study revealed some degree of calcification in 75% of people aged 85–86 years. 
The prevalence of critical AS was 1–2% in persons 75–76 years of age and 6% 
in persons 85–86 years of age [27]. The demographic shift will increase the 
prevalence of AS due to the ageing population’s longer life expectancy [3]. 

AS is the most common valvular disease leading to hospital care and 
valvular interventions in developed countries, as approximately 40% of the 
interventions for patients with valvular disease are isolated aortic valve 
interventions [1,2]. 

AS is characterized by progressive fibro-calcific remodelling of the aortic 
valve leaflets that leads to narrowing of the valvular opening. Over time, severe 
obstruction to cardiac outflow causes increasing burden to the left ventricle, 
which eventually succumbs under the pressure overload [28]. 

There are three primary causes of valvular AS. First, a congenitally 
abnormal valve. With a prevalence of 0.5–1% in children, a bicuspid aortic 
valve is the most common congenital heart abnormality and it predisposes to 
AS and regurgitation. Bicuspid valves account for nearly half of the stenotic 
aortic valves that are surgically operated. Among patients who underwent 
surgery at <50 years of age, approximately two-thirds had a bicuspid valve and 
one-third a unicuspid valve, and among patients between 50 and 70 years of 
age, approximately two-thirds had a bicuspid valve and one-third a tricuspid 
valve. Among patients over 70 years of age, approximately 60% had a tricuspid 
valve and 40% a bicuspid valve [29]. Second, calcific disease of a trileaflet 
valve, which on average occurs 10–20 years later than bicuspid aortic valve 
disease. Clinical risk factors for calcific AS are similar to the risk factors for 
atherosclerosis [30]. Third, rheumatic heart disease, which continues to be the 
leading cause of AS in the developing world [31]. 
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Figure 1. Examples of aortic valve pathology. a) Age-related calcific aortic stenosis and b) 
congenitally bicuspid aortic valve with calcific degeneration. Reprinted with 
permission from Springer Nature. Fishbein GA and Fishbein MC. Pathology of the 
aortic valve: Aortic valve stenosis/aortic regurgitation. Curr Cardiol Rep. 2019; 
21:81 [32]. 

2.1.2 CLINICAL MANIFESTATION AND DIAGNOSIS 
 
The natural history of AS is characterized by asymptomatic slow progression 
over the years. When AS becomes haemodynamically significant, it leads to 
adaptive changes in the left ventricle. The increased systolic pressure leads to 
concentric left ventricular hypertrophy to maintain normal wall stress. 
Gradually the left ventricle becomes less compliant and left ventricular end-
diastolic pressure rises. This contributes to the onset of symptoms. 

The classic triad of symptoms of severe AS are dyspnoea, syncope and chest 
pain, typically on exertion [7]. For most patients, symptoms rarely occur until 
the stenosis is severe. Most patients with AS develop symptoms before left 
ventricular systolic dysfunction occurs. Dyspnoea is caused by elevated left 
ventricular filling pressure or failure to increase cardiac output on exertion. 
Angina may occur in patients with or without coexisting coronary artery 
disease and can be caused by increased oxygen demand due to myocardial 
hypertrophy, compression of intramyocardial coronary arteries, impaired 
coronary flow reserve, and reduced diastolic coronary perfusion time during 
tachycardia. Syncope and presyncope are a result of reduced cerebral 
perfusion during exercise due to fixed cardiac output. These symptoms, 
however, are non-specific and patients need further investigations to attribute 
them to AS. 

A typical harsh mid-to-late systolic murmur at the right second intercostal 
space with radiation to the right carotid artery can raise suspicion of AS. The 
second heart sound can become diminished and the carotid pulse upstroke 
delayed and weaker. 

Echocardiography is the main diagnostic tool and it allows visualization of 
the valve and assessment of the severity of AS. A transvalvular peak velocity of 
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≥4.0 m/s, a mean pressure gradient of ≥40 mmHg and a calculated aortic 
valve area of <1.0 cm2 implies severe AS (Table 1). 

In current practice, only a small minority of patients need cardiac 
catheterization for direct pressure measurements across the aortic valve. 
Aortic valve calcium score measured from computed tomography (CT) 
provides excellent discrimination for severe AS and has independent 
prognostic significance. Calcium score measurement can be useful especially 
if clinical picture and echocardiographic results are disproportionate. Severe 
AS is likely if the calcium score exceeds 1300 Agatston units in women and 
2000 in men [33]. 

 

Table 1. Echocardiographic grading of aortic stenosis severity. 

 Peak velocity 
(m/s) 

Mean gradient 
(mmHg) 

AVA 
(cm2) 

Indexed AVA 
(cm2/m2) 

Velocity ratio 

Sclerosis ≤2.5     

Mild 2.5–3.0 <20 >1.5 >0.85 >0.5 

Moderate 3.0–4.0 20–40 1.0–1.5 0.6–0.85 0.25–0.5 

Severe ≥4.0 ≥40 <1.0 <0.6 <0.25 

Modified from the ‘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’ [34]. AVA, aortic valve area. 

2.1.3 NATURAL HISTORY OF SEVERE AORTIC STENOSIS 

2.1.3.1 Symptomatic severe aortic stenosis 
 
With the onset of symptoms, severe AS carries a poor prognosis: 
approximately 75% of patients will not survive past 3 years without valve 
replacement. The natural course of severe AS was first proposed by Ross and 
Braunwald more than 50 years ago [5] (Figure 2), and it has been confirmed 
in several more recent studies [7,35-40]. The iconic survival curve has shifted 
right as the significance of rheumatic heart disease has subsided and calcific 
AS affects older age groups. 
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Figure 2. Natural history of aortic stenosis as postulated by Ross and Braunwald in 1968. 
Reprinted with permission from Wolters Kluwer Health, Inc. Braunwald E. Aortic 
stenosis: Then and now. Circulation. 2018; 137:2099-2100 [5]. 

2.1.3.2 Asymptomatic severe aortic stenosis 
 
A substantial number of patients with severe AS are not yet symptomatic. 
During the asymptomatic period, clinical events are rare, including sudden 
death, which occurs in <1% of such patients per year. However, these patients 
are at high risk of developing symptoms in the near future. Observational 
studies have demonstrated low event-free (symptoms, surgery or death) 
survival rates of 53–63% at 2 years and 25–33% at 4–5 years (Figures 3–5) 
[41-43]. 
 

 
 

Figure 3. Survival free of symptoms censored at aortic valve surgery. Reprinted with 
permission from Wolter Kluwer Health, Inc. Pellikka et al. Outcome of 622 adults 
with asymptomatic, hemodynamically significant aortic stenosis during prolonged 
follow-up. Circulation. 2005; 111:3290-3295 [42]. 
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Figure 4. Kaplan–Meier analysis of event-free survival among 33 patients 50 years of age or 
younger compared with 93 patients over 50 years of age. Reprinted with 
permission. Rosenhek et al. Predictors of outcome in severe, asymptomatic aortic 
stenosis. N Engl J Med. 2000; 343:611-617. Copyright Massachusetts Medical 
Society [41]. 

 

Figure 5. Kaplan–Meier analyses of aortic valve replacement (AVR) free survival for patients 
with severe aortic stenosis at entry to the registry. Reprinted with permission. 
Lancellotti et al. Outcomes of patients with asymptomatic aortic stenosis followed 
up in heart valve clinics. JAMA Cardiol. 2018; 3:1060-1068. Copyright American 
Medical Association [43]. 

In patients with very severe AS (defined as aortic velocity ≥5.0 m/s), event-
free survival is even lower (36% at 2 years and 4% at 4 years) [41]. In another 
study, an aortic velocity ≥5.0 m/s or mean pressure gradient ≥60 mmHg was 
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associated with a greater than sixfold increased risk of cardiovascular 
mortality [43]. 

2.1.3.3 Progression of aortic stenosis 
The progression of AS varies considerably among individual patients but is 
ultimately inevitable. The SEAS trial reported a mean peak aortic velocity 
increase of 0.15 m/s per year, an annual mean transaortic pressure gradient 
increase of 2.7 mmHg, and an aortic valve area reduction of 0.03 cm2 per year 
[44]. 

2.2 INDICATIONS FOR AORTIC VALVE REPLACEMENT 

2.2.1 GUIDELINE RECOMMENDATIONS 
 
The European Society of Cardiology (ESC) and the European Association for 
Cardio-Thoracic Surgery (EACTS) guideline on valvular heart disease was 
updated in August 2021, after completion of this thesis. The ESC/EACTS 
guideline referred to here is from 2017 [45]. The latest version of the guideline 
of the American College of Cardiology (ACC) and the American Heart 
Association (AHA) is from 2020 [46]. These guidelines provide very similar 
recommendations, and in this thesis, in terms of indications for treatment of 
AS, the more recent 2020 ACC/AHA Guideline for the Management of 
Patients With Valvular Heart Disease is referred to. 
 

Table 2. Recommendation classes (2020 American College of Cardiology / American 
Heart Association guideline). 

 Suggested phrases for writing recommendations 

Class 1 (strong) 
Benefit >>> Risk 

 Is recommended 
 Is indicated/useful/effective/beneficial 
 Should be performed/administered/other 
 Comparative-effectiveness phrases 

 Treatment/strategy A is recommended/indicated in 
preference to treatment B 

 Treatment A should be chosen over treatment B 

Class 2a (moderate) 
Benefit >> Risk 

 Is reasonable 
 Can be useful/effective/beneficial 
 Comparative-effectiveness phrases 

 Treatment/strategy A is probably 
recommended/indicated in preference to treatment B 

 It is reasonable to choose Treatment A over 
treatment B 
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Class 2b (weak) 
Benefit ≥ Risk 

 May/might be reasonable 
 May/might be considered 
 Usefulness/effectiveness is unknown/unclear/uncertain 

or not well-established 

Class 3: No benefit (moderate) 
Benefit = Risk 

 Is not recommended 
 Is not indicated/useful/effective/beneficial 
 Should not be performed/administered/other 

Class 3: Harm (strong) 
Risk > Benefit 

 Potentially harmful 
 Causes harm 
 Associated with excess morbidity/mortality 
 Should not be performed/administered/other 

 

Table 3. Evidence levels (2020 American College of Cardiology / American Heart 
Association guideline for valvular heart disease). 

Level A  High-quality evidence from more than 1 RCT 
 Meta-analyses of high-quality RCTs 
 One or more RCTs corroborated by high-quality registry 

studies 

Level B-R 
(randomized) 

 Moderate-quality evidence from 1 or more RCTs 
 Meta-analyses of moderate-quality RCTs 

Level B-NR 
(non-randomized) 

 Moderate-quality evidence from 1 or more well-designed, 
well-executed non-randomized studies, observational 
studies or registry studies 

 Meta-analyses of such studies 

Level C-LD 
(limited data) 

 Randomized or non-randomized observational or registry 
studies with limitations of design or execution 

 Meta-analyses of such studies 
 Physiological or mechanistic studies in human subjects 

 
Level C-EO 
(expert opinion) 

 Consensus of expert opinion based on clinical 
experience 

RCT, randomized controlled trial. 

2.2.2 SYMPTOMATIC SEVERE AORTIC STENOSIS 
 
The only effective treatment for severe AS is surgical AVR or TAVR. Severe 
high-gradient AS accompanied by symptoms is a class I recommendation for 
AVR. The only exceptions are patients who are expected to survive less than 1 
year due to severe comorbidities and patients in whom improvement in quality 
of life is unlikely due to severe comorbidities, advanced age or poor general 
condition [45,46]. 

Recommendations for surgical AVR for AS are based upon comparisons of 
the natural history of patients with outcomes after SAVR [47] and more 
recently on data from comparative TAVR trials. Recommendations for TAVR 
for AS are based upon randomized trials (chapter 2.6.5). 
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Severe AS is generally identified by an aortic velocity over ≥4.0 m/s or 
mean transvalvular gradient ≥40mmHg. Aortic valve area <1.0 cm2 is 
commonly seen but is not required to identify high-gradient severe AS. 
Figure 6 shows a flow chart of the assessment of AS. While most patients 
become symptomatic when obstruction is more severe, some patients express 
symptoms when stenosis does not meet the criteria for severe AS, particularly 
if there is coexisting aortic regurgitation. In these patients, a careful evaluation 
is necessary to consider other aetiologies for symptoms before attributing 
them to AS. 
 

 

Figure 6. Stepwise integrated approach for the assessment of aortic stenosis severity. a High 
flow may be reversible in settings such as anaemia, hyperthyroidism, arteriovenous 
shunts. AS, aortic stenosis; AVA, aortic valve area; CT, computed tomography; △Pm, mean transvalvular pressure gradient; EF, ejection fraction; LVEF, left 
ventricular ejection fraction; SVi, stroke volume index; Vmax, peak transvalvular 
velocity. Reprinted from European Society of Cardiology / European Association for 
Cardio-Thoracic Surgery valvular guideline [45]. 
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2.2.3 ASYMPTOMATIC SEVERE AORTIC STENOSIS 
 
In patients with asymptomatic severe AS the risks associated with operative 
treatment together with complications related to living with a prosthetic valve 
could exceed the inherent risks of AS, including a sudden death rate of <1% 
per year, and usually therefore close surveillance is recommended. 

An exercise test is useful to confirm the symptom status in patients with 
asymptomatic severe AS and a left ventricular ejection fraction (LVEF) of 50% 
or greater. Low levels of physical activity might prevent symptoms from 
appearing. 25–30% of patients experience exercise-limiting symptoms during 
stress testing and have worse outcomes than those with normal stress test 
results. Poor exercise capacity, abnormal blood pressure response (a decrease 
in blood pressure or a <20 mmHg increase on exertion), or exercise-induced 
arrhythmias are important prognostic findings. When symptoms are provoked 
by exercise testing, patients may be more accurately reclassified as 
symptomatic, and these patients are recommended to undergo AVR. A meta-
analysis showed that in patients with normal stress test results, there were no 
sudden deaths and 21% had adverse cardiac events after 1 year of follow-up. 
In contrast, 5% died of sudden cardiac death and 66% had adverse cardiac 
events if the stress test results were abnormal [48]. 

The timing of AVR for asymptomatic severe AS patients has been debated, 
especially for lower-risk patients with very severe AS who are at a higher risk 
of events. Advances in surgical techniques and prosthetic valves may have 
changed the risk–benefit ratio for early operation. In a recent randomized 
controlled trial (RCT) of 145 asymptomatic low-risk patients with a mean 
European System for Cardiac Operative Risk Evaluation (EuroSCORE) II of 
0.9% and a mean age of 64, those who underwent early SAVR due to very 
severe AS (aortic velocity ≥4.5 m/s or mean transaortic gradient ≥50 mmHg) 
had a significantly lower incidence of primary end point during the mean 
follow-up of 6 years. A primary end point of operative mortality and death 
from cardiovascular causes occurred in 1 patient (1%) in the early surgery 
group and in 11 patients (15%) in the conservative care group (hazard ratio 
[HR] 0.09, 95% confidence interval [CI] 0.01-0.67) [49]. These results should 
not be extrapolated to patients with higher operative risk. 

In patients with left ventricular systolic dysfunction, observational data 
suggest that survival is better in those undergoing AVR in comparison with 
conservative treatment [50,51]. 

ACC/AHA guideline recommendations for asymptomatic patients with 
severe AS are as follows [46]: 
1) In asymptomatic patients with severe AS and an LVEF <50%, AVR is 

indicated (class I, evidence level B-NR). 
2) In asymptomatic patients with severe AS who are undergoing cardiac 

surgery for other indications, AVR is indicated (class I, evidence level B-
NR). 
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3) In apparently asymptomatic patients with severe AS and low surgical risk, 
AVR is reasonable when an exercise test demonstrates decreased exercise 
tolerance (normalized for age and sex) or a fall in systolic blood pressure 
of ≥10 mmHg from baseline to peak exercise (class IIa, evidence level B-
NR). 

4) In asymptomatic patients with very severe AS (defined as an aortic 
velocity of ≥5 m/s) and low surgical risk, AVR is reasonable (class IIa, 
evidence level B-R). 

5) In apparently asymptomatic patients with severe AS and low surgical risk, 
AVR is reasonable when the serum B-type natriuretic peptide (BNP) level 
is >3 times normal (class IIa, evidence level B-NR). 

6) In asymptomatic patients with high-gradient severe AS and low surgical 
risk, AVR is reasonable when serial testing shows an increase in aortic 
velocity ≥0.3 m/s per year (class IIa, evidence level B-NR). 

7) In asymptomatic patients with severe high-gradient AS and a progressive 
decrease in LVEF on at least 3 serial imaging studies to <60%, AVR may 
be considered (class IIb, evidence level B-NR). 

8) In patients with moderate AS who are undergoing cardiac surgery for 
other indications, AVR may be considered (class IIb, evidence level C-
EO). 

2.2.4 SEVERE LOW-FLOW, LOW-GRADIENT AORTIC STENOSIS 
 
Severe low-flow, low-gradient (LFLG) AS is characterized by a valve area 
<1.0 cm2 (aortic valve area indexed to body surface area ≤0.6 cm2/m2) with an 
aortic velocity <4.0 m/s or a mean transvalvular pressure gradient 
<40 mmHg. Low flow is defined as a stroke volume indexed to body surface 
area <35 ml/m2. Low flow may be secondary to reduced left ventricular systolic 
function or to diminished volumes in a hypertrophied stiff ventricle. 

Patients are categorized into classic LFLG AS (with reduced LVEF), 
paradoxical LFLG AS (with normal LVEF) and normal-flow, low-gradient 
(NFLG) AS with normal indexed stroke volume. Patients in any of these 
categories can have either true-severe or pseudo-severe AS. It is crucial to 
determine whether AS is true severe or pseudo-severe because patients with 
pseudo-severe AS do not benefit from valvular interventions and are at 
considerable risk of perioperative mortality because their symptoms are 
primarily due to poor left ventricular function rather than a significant outflow 
obstruction. The low stroke volume reduces the valve opening forces, resulting 
in limited opening of a valve that is not severely stenotic [52]. 

ACC/AHA guideline recommendations for diagnostic testing in LFLG AS 
patients are as follows [46]: 
1) In patients with suspected severe LFLG AS with normal LVEF, 

optimization of blood pressure control is recommended before 
measurement of AS severity (class I, evidence level B-NR). 

2) In patients with suspected severe LFLG AS with reduced LVEF, low-dose 
dobutamine stress testing with echocardiographic or invasive 



Review of the literature 

28 

haemodynamic measurements is reasonable to further define severity and 
assess contractile reserve (class IIa, evidence level B-NR). 

3) In patients with suspected severe LFLG AS with normal or reduced LVEF, 
calculation of the ratio of the outflow tract to aortic velocity is reasonable 
to further define severity (class IIa, evidence level B-NR). 

4) In patients with suspected severe LFLG AS with normal or reduced LVEF, 
measurement of aortic valve calcium score by CT imaging is reasonable to 
further define severity (class IIa, evidence level B-NR). 

 
Some experts recommend calculation of the projected aortic valve area at 
normal flow rate as a method to distinguish true-severe from pseudo-severe 
AS in patients consistent with classic LFLG AS with modest flow reserve (≥15% 
increase in mean transvalvular flow rate) associated with persistently 
discordant aortic valve area and mean gradient with low-dose dobutamine 
stress [53]. Projected aortic valve area may be used along with multidetector 
computed tomography (MDCT) aortic valve calcium score in this patient 
population. 

MDCT can be useful for patients with classic LFLG AS with inconclusive 
low-dose dobutamine stress echocardiography results, for patients with 
symptomatic paradoxical LFLG AS, or for symptomatic patients with NFLG 
AS. The thresholds for aortic valve calcium score are ≥1300 Agatston units in 
women and ≥2000 in men for severe AS [33,52,54]. A limitation of the MDCT 
approach is that it might not be applicable for younger patients with bicuspid 
valves. 

Studies suggest that 10–20% of patients with paradoxical LFLG AS have 
wild-type transthyretin cardiac amyloidosis, which causes marked left 
ventricular hypertrophy with a small left ventricular cavity and a restrictive 
filling pattern. This may significantly affect the prognosis and outcome of 
patients with paradoxical LFLG AS after TAVR [55]. 

ACC/AHA guideline recommendations for AVR in patients with LFLG AS 
are as follows [46]: 

1) In symptomatic patients with severe LFLG AS with reduced LVEF, AVR 
is recommended (class I, evidence level B-NR). 

2) In symptomatic patients with severe LFLG AS with normal LVEF, AVR 
is recommended if AS is the most likely cause of symptoms (class I, 
evidence level B-NR). 

2.3 CHOICE OF INTERVENTION (TAVR VERSUS SAVR) 

For patients with severe calcific native AS who are considered for bioprosthetic 
AVR, there is a choice between TAVR and SAVR (Figure 7). The choice rests 
on the operative risk and patient-specific risk factors like comorbid conditions, 
frailty and anatomical features. 



 

29 

For a significant proportion of patients, decision-making between TAVR 
and SAVR is rather straightforward. However, there is a large intermediate-
risk patient population of approximately 65–80 years of age for whom an 
individualized careful risk estimation is essential when weighing the 
advantages against disadvantages of both procedures. Information needs to be 
discussed with patients for shared decision-making. When both SAVR and 
TAVR are valid options, one must consider the limited data on transcatheter 
valve durability. Another challenging group of patients are those at very high 
risk, when a decision between TAVR and palliative care must be made. 

Guidelines recommend a multidisciplinary heart valve team (including a 
cardiologist with expertise in structural valve interventions and a 
cardiothoracic surgeon) to assess a patient’s anticipated life expectancy with 
SAVR and TAVR and whether the patient’s quality of life is likely to improve. 
If a patient has another life-limiting disease, a consultation with another 
specialist is important. No valve replacement is recommended for patients 
with a life expectancy of less than 1 year or if the quality of life is unlikely to 
improve. Palliative care with medical management is then recommended 
[45,46]. 

The next step is to evaluate the risk of mortality and morbidity associated 
with SAVR (using the Society of Thoracic Surgeons [STS] score) and to assess 
frailty and comorbidities. The heart valve team surgeon then estimates the risk 
of SAVR. Estimates of the procedural risks of SAVR are based on trials and 
registries. Patients with an increased risk of complications include those who 
are not candidates for transfemoral TAVR and those with relative 
contraindications to TAVR. Relative contraindications include significant 
coronary artery disease, haemodynamic instability, emergency operation, 
hypertrophic cardiomyopathy, severe pulmonary hypertension, right 
ventricular dysfunction and elevated risk of annular rupture. Absolute 
contraindications include endocarditis, inadequate aortic annulus size, 
elevated risk of coronary ostium obstruction and a severe other valve disease 
treatable with surgery. Table 4 lists patient characteristics favouring SAVR, 
TAVR or conservative care. 

For patients with asymptomatic severe AS and an indication for 
intervention, TAVR is likely to be a valid choice for patients for whom TAVR 
would be the treatment of choice with symptomatic AS. 

SAVR is the only choice for younger patients in need of mechanical heart 
valve prosthesis. Coexisting coronary artery disease, especially multivessel 
disease, makes SAVR with concomitant coronary artery bypass grafting 
(CABG) the preferred option. 
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Figure 7. Choice of surgical aortic valve replacement versus transcatheter aortic valve 
replacement for severe aortic stenosis with indication for valve replacement. AS, 
aortic stenosis; AVR, aortic valve replacement; LVEF, left ventricular ejection 
fraction; QOL, quality of life; SAVR, surgical aortic valve replacement; TAVI, 
transcatheter aortic valve implantation; TAVR, transcatheter aortic valve 
replacement; TF, transfemoral; VKA, vitamin K antagonist. Reproduced from 
American Heart Association / American College of Cardiology guideline [46]. 
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Table 4. Simplified framework with examples of factors favouring surgical aortic valve 
replacement, transcatheter aortic valve replacement, or palliation. 

 Favours SAVR Favours TAVR Favours palliation 
Age / life 
expectancy 

 Younger age / 
longer life 
expectancy 

 Older age / fewer 
expected 
remaining years of 
life 

 Limited life 
expectancy 

Valve anatomy  Bicuspid valve 
 Subaortic (LV 

outflow tract) 
calcification 

 Rheumatic valve 
disease 

 Small or large 
annulus 

 Calcific AS of a 
trileaflet valve 

 

Prosthetic valve 
preference 

 Mechanical or 
surgical 
bioprosthetic valve 
preferred 

 

 Bioprosthetic valve 
preferred 

 Favourable ratio of 
life expectancy to 
valve durability 

 TAVR provides 
larger valve area 
than same size 
SAVR 

 

Concurrent cardiac 
conditions 

 Aortic dilatation 
 Severe primary MR 
 Severe coronary 

artery disease 
requiring bypass 
grafting 

 Septal hypertrophy 
requiring 
myectomy 

 Atrial fibrillation 

 Severe calcification 
of the ascending 
aorta (porcelain 
aorta) 

 Irreversible severe 
LV dysfunction 

 Severe MR 
attributable to 
annular 
calcification 

Concurrent non-
cardiac conditions 

  Severe lung, liver 
or renal disease 

 Mobility issues 
(high procedural 
risk with 
sternotomy) 

 Symptoms likely 
attributable to 
noncardiac 
conditions 

 Severe dementia 
 Moderate to severe 

involvement of ≥2 
other organ 
systems 

Frailty  Not frail or few 
frailty measures 

 Frailty likely to 
improve after 
TAVR 

 Severe frailty 
unlikely to improve 
after TAVR 

Estimated 
procedural or 
surgical risk of 
SAVR or TAVR 

 SAVR risk low 
 TAVR risk high 

 TAVR risk low to 
medium 

 SAVR risk high to 
prohibitive 

 Prohibitive SAVR 
risk (>15%) or 
post-TAVR life 
expectancy <1 year 
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Procedure-specific 
impediment 

 Valve anatomy, 
annular size, or low 
coronary ostial 
height precludes 
TAVR 

 Vascular access 
does not allow 
transfemoral TAVR 

 Previous cardiac 
surgery with at-risk 
coronary grafts 

 Previous chest 
radiation 

 Valve anatomy, 
annular size, or 
coronary ostial 
height precludes 
TAVR 

 Vascular access 
does not allow 
transfemoral TAVR 

Goals of care and 
patient 
preferences and 
values 

 Less uncertainty 
about valve 
durability 

 Avoid repeat 
intervention 

 Lower-risk 
permanent 
pacemaker 

 Life prolongation 
 Symptom relief 
 Improved long-term 

exercise capacity 
and quality of life 

 Avoid vascular 
complications 

 Accepts longer 
hospital stay, pain 
in recovery period 

 Accepts 
uncertainty about 
valve durability and 
possible repeat 
intervention 

 Higher risk of 
permanent 
pacemaker 

 Life prolongation 
 Symptom relief 
 Improved exercise 

capacity and 
quality of life 

 Prefers shorter 
hospital stay, less 
post-procedural 
pain 

 Life prolongation 
not an important 
goal 

 Avoid futile or 
unnecessary 
diagnostic or 
therapeutic 
procedures 

 Avoid procedural 
stroke risk 

 Avoid possibility of 
cardiac pacemaker 

Reproduced from the 2020 American College of Cardiology / American Heart Association valvular 
guideline [46]. AS, aortic stenosis; LV, left ventricle; MR, mitral regurgitation; SAVR, surgical aortic 
valve replacement; TAVR, transcatheter aortic valve replacement. 

 
ACC/AHA guideline recommendations for the choice of interventions are as 
follows [46]: 
1) For symptomatic and asymptomatic patients with severe AS and any 

indication for AVR who are <65 years of age or have a life expectancy 
>20 years, SAVR is recommended (class I, evidence level A). 

2) For symptomatic patients with severe AS who are 65–80 years of age and 
have no anatomical contraindication to transfemoral TAVR, either SAVR 
or transfemoral TAVR is recommended after shared decision-making 
about the balance between expected patient longevity and valve durability 
(class I, evidence level A). 

3) For asymptomatic patients with severe AS and an LVEF <50% who are 
>80 years of age and have no anatomical contraindication to transfemoral 
TAVR, the decision between TAVR and SAVR should follow the same 
recommendations as for symptomatic patients (class I, evidence level B-
NR). 

4) For asymptomatic patients with severe AS and an abnormal exercise test, 
very severe AS, rapid progression or an elevated BNP, SAVR is 
recommended in preference to TAVR (class I, evidence level B-NR). 

5) For patients with an indication for AVR for whom a bioprosthetic valve is 
preferred but valve or vascular anatomy or other factors are not suitable 
for transfemoral TAVR, SAVR is recommended (class I, evidence level A). 

6) For symptomatic patients of any age with severe AS and a high or 
prohibitive surgical risk, TAVR is recommended if predicted post-TAVR 
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survival is >12 months with an acceptable quality of life (class I, evidence 
level A). 

7) For symptomatic patients with severe AS for whom predicted post-TAVR 
or post-SAVR survival is <12 months or for whom minimal improvement 
in quality of life is expected, palliative care is recommended after shared 
decision-making, including discussion of patient preferences and values 
(class I, evidence level C-EO). 

2.4 RISK ASSESSMENT FOR OPERATIVE TREATMENT 

A variety of factors affect mortality and morbidity associated with valvular 
surgery. Accurate perioperative risk estimation is required for weighing the 
risk of intervention against the expected natural history of the disease. Patient 
life expectancy, expected quality of life and patient preference should be 
considered, as well as local resources. 

The most effective way of stratifying operative risk is by using one of the 
validated risk stratification models, like the STS score or EuroSCORE II. 
However, the available models have limited applicability due to their inability 
to take all individual patient-specific risk factors into account (Table 5). What 
is more, the data on which they are based lag behind rapidly evolving clinical 
practice. Still, these risk estimates provide a useful reference point for risk 
estimation. Risk models for cardiac surgery do not indicate the risk of 
transcatheter procedure [56]. 

A multidisciplinary ‘heart valve team’ is increasingly emphasized for 
evaluation and management of these AS patients. It is especially important for 
patients for whom treatment decisions are not self-evident. Heart valve 
centres with appropriate expertise, experience and resources, in the context of 
an integrated multi-institutional model of care, allow optimization of patient 
outcomes through improved decision-making [57]. 

2.4.1 ESTIMATION OF SURGICAL RISK WITH RISK SCORING TOOLS 

2.4.1.1 STS score 
 
The STS score is a risk model for CABG, valve surgery or both developed and 
validated based on the data of 774,881 patients operated on during 2002–
2006, including nearly 90% of cardiac surgery providers in the USA [58]. The 
STS score has been widely used to estimate patient risk in the pivotal TAVR 
trials. The STS score provides estimates of 30-day mortality and of several 
nonfatal complications such as stroke and renal failure. Risk stratification 
according to the STS score is shown in Table 6. A web-based risk scoring tool 
is available at https://riskcalc.sts.org/stswebriskcalc/calculate. 
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2.4.1.2 EuroSCORE II 
 
The first EuroSCORE model was replaced in 2011 by EuroSCORE II, which 
was developed based on data from 22,381 patients in 43 countries operated on 
during May to July 2010 [59]. The number of elderly AS patients was low in 
this cohort, thus making risk estimates questionable in that patient group. 
EuroSCORE II is available at http://euroscore.org/calc.html. 

2.4.1.3 Other tools 
The STS/ACC TAVR Score is a model to estimate the risk of in-hospital 
mortality specifically after TAVR and is based on the STS/ACC Transcatheter 
Valve Therapy (TVT) registry, which captures all commercial TAVR 
procedures in the USA. This risk score performed better than traditional risk 
stratification models in estimating in-hospital mortality after TAVR [60,61]. 
Examples of lesser used risk score models for TAVR include the German Aortic 
Valve Score (GARY) II and the French Aortic National CoreValve and Edwards 
(FRANCE-2) Score, which are based on data from national cohorts. 
 

Table 5. Examples of procedure-specific risk factors for interventions not incorporated 
into existing risk scores. 

SAVR TAVR 
Technical or anatomical 

 Prior mediastinal radiation 
 Ascending aortic calcification 

(porcelain aorta may be prohibitive) 

 Aortoiliac occlusive disease 
precluding transfemoral approach 

 Aortic arch atherosclerosis 
(protuberant lesions) 

 Severe MR or TR 
 Low-lying coronary arteries 
 Basal septal hypertrophy 
 Valve morphology (bicuspid, 

unicuspid) 
 Extensive LV outflow tract 

calcification 
Comorbidities 

 Severe COPD or home oxygen therapy 
 Pulmonary hypertension 
 Severe RV dysfunction 
 Hepatic dysfunction 

Frailty 
Futlity 

 STS score >15 
 Life expectancy <1 year 

Poor candidate for rehabilitation 
Reproduced from American College of Cardiology / American Heart Association guideline [46]. 
COPD, chronic obstructive pulmonary disease; LV, left ventricle; MR, mitral regurgitation; RV, right 
ventricle; SAVR, surgical aortic valve replacement; STS, Society of Thoracic Surgeons; TAVR, 
transcatheter aortic valve replacement; TR, tricuspid regurgitation. 
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Table 6. Risk assessment for aortic valve intervention. 

 
Variable 

Low risk 
(all criteria) 

High risk 
(any criteria) 

Prohibitive risk 
(any criteria) 

STS score <3% >8% Predictive risk with surgery 
of death or major morbidity 
(all-cause) >50% at 1 year 

Frailty None ≥2 indices (moderate-
to-severe) 

≥2 indices (moderate-to-
severe) 

Cardiac or other major organ 
system compromise that will 
not be improved post-
operatively 

None 1 or 2 organ systems ≥3 organ systems 

Procedure-specific impediment None Possible Severe 

Reproduced from the American College of Cardiology / American Heart Association guideline [46]. 
STS, Society of Thoracic Surgeons. 

2.4.2 FRAILTY ASSESSMENT 
 
Frailty is a geriatric syndrome that diminishes the potential for functional 
recovery from pathological or iatrogenic stressors, like surgery or 
transcatheter procedure, due to ageing-related impairments [62]. 

It is important to identify patients towards the higher end of the risk 
spectrum, for whom intervention might be without benefit or associated with 
a high likelihood of poor outcome. The Placement of Aortic Transcatheter 
Valves (PARTNER) I Cohort B trial demonstrated similar outcomes with 
TAVR in comparison with standard therapy in the highest risk patients with 
STS score ≥15% [8]. Therefore interventions in patients with profoundly 
limited lifespan and quality of life can be considered futile [45,46]. For some 
of these patients, the most appropriate approach is palliative care. This is a 
complex decision and is ideally made by a heart valve team, taking the values 
and preferences of the patient and family into consideration [63]. 

However, the STS score and EuroSCORE II are not designed for, and are 
not accurate enough, in predicting mortality after TAVR [64,65]. Frailty, a 
marker of functional reserve, cognitive function and nutritional status, is a 
major risk factor for excessive mortality after TAVR but is cumbersome to 
measure [66]. Frailty assessment should be routine for elderly patients with 
comorbid conditions but the lack of consensus on how to measure it is a major 
reason why frailty is often not measured in clinical practice [67]. 

A nationwide registry study proposed that up to 18% of TAVR procedures 
performed in France could be considered futile as these patients lived less than 
1 year after the procedure [68]. 
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There are several frailty indices available for assessment of frailty. The 
prevalence of frailty varies significantly depending on the scale used to 
measure it. Examples of frailty indices used include the Fried Plus scale, the 
Rockwood Clinical Frailty Scale, the Short Physical Performance Battery scale, 
the Bern scale, the Columbia scale and the Essential Frailty Toolset (EFT) 
scale. The Activities of Daily Living scale is a widely used graded instrument 
that assesses six primary and psychosocial functions: bathing, dressing, going 
to the toilet, transferring, feeding and continence. 

The prospective FRAILTY-AVR study demonstrated a 1-year mortality of 
65% in TAVR patients of the highest risk score category (from 0 to 5 points) of 
the EFT (Table 7), underscoring the importance of pre-procedural systematic 
assessment of frailty [69]. The EFT scale outperformed other frailty scales to 
identify vulnerable patients at higher risk of poor outcomes after TAVR or 
SAVR. The advantages of the EFT are that it is quick to perform, it does not 
require specialized equipment, and its components have high interobserver 
reliability. 
 

Table 7. Essential Frailty Toolset and 1-year mortality after transcatheter aortic valve 
replacement or surgical aortic valve replacement. 

 
Mobility 

Five chair rises <15 seconds 

Five chair rises >15 seconds 
Unable to complete 

0 points 
1 point 
2 points 

Cognition* No cognitive impairment 
Cognitive impairment 

0 points 
1 point 

Anaemia Haemoglobin ≥130 g/l in men 
Haemoglobin ≥120 g/l in women  

0 points 
1 point 

Nutritional status Serum albumin ≥35 g/l 
Serum albumin <35 g/l 

0 points 
1 point 

 

EFT score 1-year mortality 
TAVR (%)                          SAVR (%)       

1 6 3 
2 15 7 

3 28 16 

4 30 38 

5 65 50 

Modified from FRAILTY-AVR study by Afilalo et al. [69]. *Cognitive impairment defined as Mini-
Mental State Examination <24/30. EFT, Essential Frailty Toolset; SAVR, surgical aortic valve 
replacement; TAVR, transcatheter aortic valve replacement. 
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2.5 SURGICAL AORTIC VALVE REPLACEMENT 

2.5.1 HISTORY 
 
SAVR was first successfully performed in 1960 and has been the gold standard 
for the treatment of severe AS. Over the past half century, tremendous 
advances in open cardiac surgery have completely changed the outlook for 
patients with AS. Despite increasing age and comorbidities, the mortality 
associated with SAVR has decreased dramatically during recent decades 
[70,71]. For an isolated SAVR, the overall 30-day mortality rate was 2.1% in 
the German Aortic Valve Registry (GARY) [72]. In-hospital mortality was 
approximately 3% in a report from the STS database [71]. In Sweden, 30-day 
mortality after isolated SAVR for AS or combined defects was only 0.18% in 
2020 [73]. In Helsinki University Hospital, 30-day mortality after isolated 
SAVR for AS or aortic regurgitation was approximately 1% in 2020 [74]. 

2.5.1.1 Mechanical and biological prostheses 
 
The use of mechanical valves has decreased, especially in patients over 
65 years of age [71,75]. Despite shorter durability in comparison with a 
mechanical valve, many younger patients with an active lifestyle choose a 
bioprosthetic valve to avoid long-term warfarin therapy. Newer oral 
antithrombotic agents are not indicated in patients with prosthetic valves. The 
use of dabigatran in comparison with warfarin in patients with mechanical 
valves was associated with increased risk of thromboembolic and bleeding 
events [76]. After SAVR with bioprosthesis, guidelines recommend 
anticoagulation for 3–6 months with warfarin therapy, although the evidence 
supporting warfarin over aspirin is virtually non-existent [77,78]. 

The most frequently used bioprostheses are stented models composed of 
three leaflets made from bovine pericardium or porcine aortic valve and 
mounted on a metal or polymeric stented rigid ring. There are also stentless 
models which are more complex to implant but offer better haemodynamic 
results with a larger effective orifice area. Sutureless stent-mounted 
bioprosthetic valves have also been developed. 

Studies have yielded mixed results in comparing late outcomes of 
mechanical and biological prostheses. Some but not all have found lower 
mortality rates with a mechanical valve in younger age groups. A large 
observational study found a significantly higher mortality rate with 
bioprosthetic valves in patients aged 45–54 years at the time of surgery (30.6% 
vs 26.4%) [79], and in the same study, the mortality rate was similar in patients 
aged 55–64 years (36.1% vs 32.1%). These findings persisted after adjustments 
for baseline risk factor differences. 
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For older patients (≥65 years), long-term survival has been reported as similar 
or slightly better with a bioprosthetic in comparison with a mechanical valve, 
with fewer bleeding complications and strokes but more reoperations [80-82]. 
Older patients have more bleeding complications related to warfarin therapy 
and require interruption of anticoagulation for surgery or interventional 
procedures [82]. In the Veterans Affairs Cooperative Study, a randomized 
study of biological versus mechanical valves, the 11-year probability of 
bleeding was significantly higher with mechanical valves (42% vs 26%) [83]. 
Therefore, in older patients, it is recommendable to avoid the risks of 
anticoagulation because the valve durability exceeds the expected years of life 
[46]. One challenge when applying evidence to clinical practice is the lack of 
long-term data for newer prosthetic valves and operative techniques. 

2.5.2 BIOPROSTHETIC VALVE DURABILITY 
 
In a meta-analysis, the estimated overall cumulative incidence of structural 
valve deterioration (SVD) was 6% at 10 years, 19.3% at 15 years and 48.0% at 
20 years [84]. Many researchers have examined reoperations in studies 
assessing valve durability, which is problematic, because while SVD is the 
major reason for prosthetic valve reoperation, rates of valve reoperation do not 
capture the true rate of SVD since a portion of patients are not candidates for 
reoperation due to prohibitive risk [85]. In addition, the lower rate of valve 
failure requiring valve reoperation in older adults is likely in part due to 
decreased activity in older patients. 

Patients under 50 years of age at the time of AVR have a higher and earlier 
risk of bioprosthetic valve deterioration. The predicted 15-year risk of needing 
a reoperation because of SVD is 22% for patients 50 years of age, 30% for 
patients 40 years of age and 50% for patients 20 years of age [86]. 

The cumulative rate of reoperation at 15 years for patients aged 55–64 years 
with bioprosthesis was 17% in one study [79]. 

The rate of bioprosthetic SVD is lower in older patients [79,87-89]. The 15-
year risk of SVD is estimated to be <10% for patients 70 years of age [46]. 
 

Table 8. Stages of structural valve deterioration defined in Valve Academic Research 
Consortium-3 criteria. 

Stage 1: Morphological valve deterioration 

 Evidence of structural valve deterioration, nonstructural valve dysfunction (other than 
paravalvular regurgitation or prosthetic–patient mismatch), thrombosis, or 
endocarditis without significant haemodynamic changes. 
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Stage 2: Moderate haemodynamic valve deterioration 

 Increase in mean valvular gradient ≥10 mmHg, resulting in mean gradient ≥20 mmHg 
with concomitant decrease in effective orifice area ≥0.3 cm2 or ≥25% and/or 
decrease in Doppler velocity index ≥0.1 or ≥20% compared with echocardiographic 
assessment performed 1–3 months post-procedure, OR new occurrence or increase 
of ≥1 grade of intraprosthetic AR resulting in moderate AR. 

Stage 3: Severe haemodynamic valve deterioration 

 Increase in mean transvalvular gradient ≥20 mmHg, resulting in mean gradient 
≥30 mmHg with concomitant decrease in effective orifice area ≥0.6 cm2 or ≥50% 
and/or decrease in Doppler velocity index ≥0.2 or ≥40% compared with 
echocardiographic assessment performed 1–3 months post-procedure, OR new 
occurrence or increase of ≥2 grades of intraprosthetic AR resulting in severe AR. 

AR, aortic regurgitation. 
 
There has been considerable variety between studies in the definitions of SVD. 
The Valve Academic Research Consortium-2 (VARC-2) recommendations 
define SVD as moderate-to-severe valve-related dysfunction (mean aortic 
gradient ≥20 mmHg, effective orifice area ≤0.9–1.1 cm2, Doppler velocity 
index <0.35, moderate or severe prosthetic valve regurgitation) or the need for 
a repeat procedure (TAVR or SAVR) [90]. The recent VARC-3 criteria divide 
SVD into stages 1–3 (Table 8), and if with clinical consequences, it is called 
bioprosthetic valve failure. 

The precise mechanisms of SVD are not known. Over time, mechanical and 
flow shear stresses cause valve tissue injury and/or thickening at the surface 
of valve leaflets, which leads to collagen fibre disruption and tissue 
calcification [91]. Risk factors associated with early SVD include young patient 
age, renal failure, abnormal calcium metabolism, and prosthesis–patient 
mismatch (PPM) of the implanted valve [92]. 

Meta-analyses including porcine valve leaflets and pericardial aortic 
bioprostheses demonstrated that SVD begins 8 years after implantation, with 
a greatly increased rate of SVD after 10 years [84,93,94]. 

The Carpentier-Edwards Perimount (Edwards Lifesciences) pericardial 
valve in the aortic position has an actuarial freedom from SVD at 15 and 
20 years of 79% and 54%, respectively, with an expected valve durability 
(median survival time without SVD) of 19 years [86,95]. Long-term outcomes 
with the second-generation Hancock II porcine valve (Medtronic) include 
actuarial survival rates without SVD at 10, 15 and 20 years of 95%, 75% and 
49%, respectively [96,97]. All bioprostheses are not equal in terms of 
durability. There are models which have shown early SVD and their use has 
subsided. 

Understanding the durability of surgical bioprosthetic valves is an 
important backdrop for comparisons with TAVR. 
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2.6 TRANSCATHETER AORTIC VALVE REPLACEMENT 

2.6.1 INTRODUCTION 
 
TAVR is a minimally invasive procedure with insertion of a bioprosthetic 
aortic valve using a catheter. The first transcatheter heart valve was implanted 
by Alain Cribier in 2002 using femoral vein access and a transeptal puncture 
[98]. RCTs started in 2007 and in 2010 Leon et al. reported the superiority of 
TAVR in comparison with conservative treatment [8]. Ever since, there has 
been rapid progress and growth for this innovative procedure which has been 
transformative for patients with prohibitive surgical risk and for high-risk 
patients who are not good candidates for surgery. 

In recent years, there has been an increasing interest in simplifying TAVR 
and eliminating unnecessary procedures. Today, the majority of interventions 
are performed percutaneously without general anaesthesia and with 
temporary pacemaker insertion (using a left ventricular guidewire for 
temporary pacing), and patients are ambulated and discharged earlier. 

2.6.2 PRE-PROCEDURAL EVALUATION 
 
Patients with an indication for valve intervention go through a 
multidisciplinary heart team evaluation. This team includes interventional 
and non-interventional cardiologists, cardiac surgeons, and imaging 
specialists and may include anaesthesiologists and critical care specialists, 
pulmonary specialists and geriatricians. Potential risk factors such as 
depressed LVEF, coronary artery disease, kidney disease, lung disease and 
prior stroke are considered. After the decision to proceed to TAVR, patients 
undergo coronary angiography and comprehensive MDCT. 

MDCT is considered essential for pre-procedural planning to assess the 
aortic root, which includes measurements of aortic annulus size, coronary 
ostial height, sinus of Valsalva, sinotubular junction, assessment of left 
ventricular outflow and subannular calcification, and evaluation of the 
number and anatomy of the leaflets of the aortic valve, thus allowing specific 
valve characteristics to be considered and to avoid potential complications like 
aortic annular rupture or PVR. MDCT imaging of the descending aorta and the 
iliofemoral vascular system identifies patients with unfavourable vasculature 
for transfemoral access and reveals high-risk features such as aneurysms, 
dissections and complex atheromas. 
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2.6.3 TRANSCATHETER VALVES 
 
There are three types of transcatheter valves: balloon-expandable, self-
expandable and mechanically expandable. Valves are crimped on a catheter 
and then, through a vascular access sheath, advanced to the aorta with a 
delivery system. After positioning the valve correctly, it is released and the 
diseased native valve is pushed aside. 

Worldwide, iterations of SAPIEN (Edwards Lifesciences) and CoreValve 
(Medtronic) transcatheter heart valves have been studied and used most 
extensively. The latest generations of balloon-expandable SAPIEN valves are 
intra-annular, have three bovine pericardial leaflets mounted on a cobalt–
chromium stent and have a polyethylene terephthalate outer skirt for sealing. 
Leaflets are treated with an anti-calcification process. The latest generations 
of the CoreValve are supra-annular, self-expanding nitinol frames with a 
porcine pericardial tissue valve treated with an anti-calcification process and 
include an external tissue wrap around the outer sealing zone. 

 
 

Figure 8. Examples of transcatheter aortic valve replacement valves used in Finland during 
the study period of this thesis. Upper row from left to right: SAPIEN XTTM 
transcatheter heart valve, SAPIEN 3TM transcatheter heart valve and LOTUSTM 
valve system. Lower row: CoreValveTM system, EvolutTM Pro system and ACURATE 
NeoTM valve system. Image courtesy of Edwards Lifesciences Corporation, Boston 
Scientific and Medtronic. 
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2.6.4 ACCESS ROUTES 
 
A transfemoral access route is used in the vast majority of patients. According 
to the STS/ACC TVT registry report, 95.3% of all TAVR procedures were 
performed through the transfemoral approach in 2019 [99,100]. Sheath sizes 
have decreased considerably to 14-16 French with current devices, and the 
common femoral artery is accessed percutaneously and later closed with a 
dedicated closure device. 

However, not all patients are suitable for transfemoral TAVR due to severe 
atherosclerosis in the aortoiliac or iliofemoral arteries. With current devices, a 
vessel diameter of less than 5 mm together with circumferential calcium 
represents a contraindication, as well as extreme tortuosity. 

In the early days of TAVR, two transthoracic options quickly emerged as 
alternative access sites. The main drawback of transapical and transaortic 
approaches is the violation of the thoracic cavity with either thoracotomy or 
ministernotomy linked to increased post-operative pulmonary dysfunction, a 
need for general anaesthesia, a longer length of stay and direct myocardial 
injury, particularly with a transapical approach. Alternative access sites are 
associated with increased mortality [25], although this is partly explained by 
the fact that sicker patients with more advanced universal atherosclerosis have 
poorer peripheral access. Transapical and transaortic access sites are still 
commonly used for patients without feasible transfemoral access. 

Figure 9. Vascular access options for transcatheter aortic valve replacement. 

With smaller sheath sizes, less invasive alternate extrathoracic access has been 
increasingly used, with preference often driven by local heart team expertise. 
These options include axillary/subclavian, carotid, suprasternal and 
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transcaval access. There are no comparative RCTs. Data from the STS/ACC 
TVT registry show that, in 2019, only 0.3% of TAVR patients had transapical 
access and 0.5% direct aortic access. The axillary/subclavian approach was the 
most common alternative access site (2.5% of the procedures) and carotid 
access had increased to 0.9% [100]. 

Procedure numbers through transcarotid access have surpassed those with 
transthoracic access in the USA (Figure 10). In a propensity-matched study, 
transcarotid access was associated with lower 30-day mortality in comparison 
with transaortic or transapical access (4.2% vs 7.7%, p=0.004) [101]. Stroke 
rates were similar (4.3% vs 3.7%, p=0.44), there were no differences in major 
vascular complications (MVCs) (1.4% vs 1.9%, p=0.40) and patients were 
discharged 3 days earlier. Another propensity score matched study compared 
transcarotid access with transaxillary access using the STS/ACC TVT registry 
data, and transcarotid access was related to fewer strokes (4.2% vs 7.4%) [102]. 
However, propensity score matching is problematic in comparing access 
routes because many patients who end up being treated transapically or 
through a transaortic approach do not have any suitable vessels for access [99]. 
With the use of standardized surgical techniques including transverse 
arteriotomy and distal carotid artery clamping, single centre studies have 
reported low stroke rates from 0% to 2.4% [103,104]. The French Transcarotid 
Registry of 314 patients reported a stroke rate of 1.6% [105]. Therefore, 
although counter-intuitive, transcarotid access may provide an additional 
degree of cerebral protection compared with an axillary/subclavian access site 
because the carotid artery can be occluded during the valve delivery and 
deployment, and potential embolic debris can be flushed from the carotid 
artery before re-establishing flow to the cerebral circulation [101]. 

The axillary/subclavian approach was the first nontransfemoral approach 
developed after the transapical approach and is one of the most well-studied 
alternative access techniques. It is supported by outcomes superior to 
transthoracic access and equivalent outcomes to transfemoral access. In a 
propensity score matched study, there was no difference in 30-day mortality 
in comparison with transfemoral access (5.4% vs 5.9%) [106]. Surgical cut-
down is the standard technique but in experienced hands it can be well-
managed percutaneously without general anaesthesia. There has been 
discussion about the potential increase in stroke rate. In a large cohort, 
transaxillary access was associated with higher stroke rate in comparison with 
transapical or transaortic access (6.3% vs 3.1%) [107]. However, in a 
propensity score matched study, stroke or transient ischaemic attack (TIA) 
rates were similar in comparison with transfemoral access (7.5% vs 5.0%, 
p=0.30) [106] and similarly, in a meta-analysis, the stroke rate was 
comparable to transfemoral access (3.3% vs 3.8%) [108]. The transaxillary 
approach is problematic for patients with small subclavian friable arteries, 
tortuous arteries, patent internal mammary grafts or significant obesity. 

The suprasternal approach with direct cut-down to the innominate artery 
has been proposed as an alternative approach to TAVR. The innominate artery 
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is evaluated preoperatively with CT scanning. General anaesthesia is required. 
In the largest series of 84 patients, the procedural success rate was 100% with 
low surgical complexity, an easy trajectory direct to the aortic valve, a very low 
incidence of complications (30-day mortality 1.2%, re-exploration for bleeding 
3.6% and major bleeding 2.4%) and, importantly, no cerebrovascular 
accidents were observed. Interestingly, less than half of the patients had 
significant peripheral vessel disease but they were all considered high risk for 
the transfemoral approach due to small vessel calibre, 
tortuosity/calcifications, aneurysmal thrombus burden or morbid obesity 
[109]. 

 

Figure 10. Alternative vascular access sites in the USA reported from the Society of Thoracic 
Surgeons / American College of Cardiology transcatheter valve therapy registry. 
Total number of transcatheter aortic valve replacement procedures in 2019 was 72 
991. 

Greenbaum et al. presented results of 100 patients treated with transcaval 
access in 2017 [110]. It is a rather complex technique involving a puncture 
from the inferior vena cava to the aorta and closure of the aorto-caval puncture 
site with a nitinol cardiac occluder. Transcaval access and closure was 
successful in 99 patients, device success was 98% and 30-day mortality 8%, 
5% had strokes, major or life-threatening bleeding occurred in 6% and 12%, 
respectively, and MVCs occurred in 19% of patients. 9% had a significant 
bleeding event due to retroperitoneal haematoma. A multicentre study of 50 
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patients reported initial experiences of transcaval access in Europe: device 
success was 94%, procedural mortality 2% (aortic rupture/dissection), 30-day 
mortality 4%, 2% had strokes and 14% had MVCs. There were no bleeding 
events after discharge [111]. 

2.6.5 RESULTS OF TAVR IN COMPARATIVE STUDIES 

2.6.5.1 Inoperable patients 
 
The PARTNER 1 trial (cohort B) is the only randomized clinical trial 
comparing TAVR with standard medical care in inoperable patients (n=358) 
[8]. 1-year mortality was significantly reduced with TAVR in comparison with 
standard therapy (30.7% vs 50.7%) [17]. At 2 years, the mortality rates for 
TAVR and standard therapy were 43.4% and 68.0%, at 3 years 54.1% and 
80.9%, and at 5 years 71.8% and 93.6%, respectively [40,112,113]. A higher 
stroke rate was observed in the TAVR group at 30 days (6.7% vs 1.7%) and at 
2 years (13.8% vs 5.5%). 

In this trial, patients were deemed inoperable for SAVR by two experienced 
cardiac surgeons. Unfortunately, the process of risk estimation was not 
explained in detail. The STS score of the overall patient population was 
11.6% ± 6.0%. In the standard therapy group, over 80% of patients had aortic 
balloon valvuloplasty, which has never been proven effective compared with 
medical therapy and is associated with substantial rates of perioperative 
complications including an in-hospital mortality rate of 8.8% [114,115]. 

2.6.5.2 High-risk patients 
 

In cohort A of the PARTNER 1 trial, 699 high-risk patients were randomly 
assigned to TAVR or SAVR. A first-generation SAPIEN balloon-expandable 
transcatheter valve was used and 30% of the TAVRs were performed through 
the transapical approach. The mean age was 84 years and the mean STS score 
11.8%. There were similar mortality rates at 1 year (24.3% and 26.8%), 2 years 
(33.9% and 35%) and 5 years (67.8% and 62.4%) [9,116,117]. Stroke rates were 
higher after TAVR at 1 year (6.0% vs 3.2%) but similar at 5 years (10.4% vs 
11.3%). 

The US CoreValve High Risk trial compared self-expanding TAVR and 
SAVR in 795 high-risk patients. The mean age was 83.2 years and the mean 
STS score was 7.4%. 83% of the TAVR patients were accessed transfemorally 
and the rest through a subclavian or direct aortic approach. This trial reported 
a significantly lower mortality rate with TAVR at 1 year (14.2% vs 19.1%, 
p=0.04) and at 2 years (22.2% vs 28.6%, p=0.04). At 3 years, there was no 
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statistically significant difference in all-cause mortality rates (32.9% vs 39.1%, 
p=0.07) [118-120]. 

The outcomes of important high-risk trials are summarized in Table 9 
together with the outcomes of intermediate-risk trials. 

 

Table 9. Outcomes of transcatheter aortic valve replacement versus surgical aortic valve 
replacement in comparative intermediate- to high-risk trials. 

 PARTNER 
1A 

CoreValve 
U.S. Pivotal 

PARTNER 2 SURTAVI 

TAVR   SAVR TAVR   SAVR TAVR    SAVR TAVR   SAVR 

Age (years) 83.6 84.5 83.2 83.5 81.5 81.7 79.9 79.7 

STS score 11.8 11.7 7.3 7.5 5.8 5.8 4.4 4.4 

30-day 
mortality (%) 

3.4 6.5 3.3 4.5 3.9 4.1 2.2 1.7 

Stroke (%) 4.7 2.4 4.9 6.3 5.5 6.1 3.4 5.6 

MVC (%) 11.0 3.2 5.9 1.7 7.9 5.0 6.0 1.1 

PVR moderate-
severe (% ) 

12.2 0.9 9.9 1.0 3.7 0.6 5.3 0.6 

PPI (%) 3.8 3.6 19.8 7.1 8.5 6.9 25.9 6.6 

1-year mortality 24.2 26.8 14.2 19.1 12.3 12.9 6.7 6.8 

2-year mortality 33.9 35.0 22.2 28.6 16.7 18.8 11.4 11.6 

3-year mortality – – 12.6 19.0 – – – – 

5-year mortality 46 .0 42.1 55.3 55.4 – – 46.0 42.1 

MVC, major vascular complication; PPI, permanent pacemaker implantation at 30 days; PVR, 
paravalvular regurgitation at 30 days, except in SURTAVI at 1 year; SAVR, surgical aortic valve 
replacement; stroke, stroke at 30 days; STS, Society of Thoracic Surgeons; SURTAVI, Surgical 
Replacement and Transcatheter Aortic Valve Implantation; TAVR, transcatheter aortic valve 
replacement. 

2.6.5.3 Intermediate-risk patients 
 
The PARTNER 2A trial randomly assigned 2032 intermediate-risk patients 
(mean age 82 years and mean STS score 5.8%) to TAVR (with second-
generation balloon-expandable SAPIEN XT) or SAVR. 76.3% of the TAVR 
patients were included in the transfemoral cohort and 23.7% in the 
transthoracic access cohort. TAVR was associated with lower rates of acute 
kidney injury, severe bleeding and new-onset atrial fibrillation. SAVR was 
associated with lower rates of MVCs and less PVR. The death rate from any 
cause or disabling stroke was similar in the TAVR and SAVR groups. The 
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Kaplan–Meier event rates at 2 years were 19.3% and 21.1% (HR 0.89, 95% CI 
0.73-1.09) and at 5 years 47.9% and 43.4% (HR 1.09, 95% CI 0.95-1.25). There 
were more events in the TAVR group between 2 and 5 years (HR 1.27, 95% CI 
1.06-1.53). In the transfemoral cohort, TAVR resulted in a lower event rate 
than SAVR at 2 years (16.8% vs 20.4%, HR 0.79, 95% CI 0.62-1.00) but at 5 
years, event rates were similar (44.5% vs 42.0%, HR 1.02, 95% CI 0.87-1.20). 
In the transthoracic cohort, TAVR was associated with significantly higher 
event rates at 5 years in comparison with SAVR (59.3% vs 48.3%) [10,121]. 

The Surgical Replacement and Transcatheter Aortic Valve Implantation 
(SURTAVI) trial randomly assigned 1746 patients with intermediate risk 
(mean STS score 4.5%) to TAVR with a self-expandable CoreValve (84%) or 
Evolut R (16%). 93.6% of the TAVR procedures were done transfemorally. The 
incidence of primary composite end point of death from any cause or disabling 
stroke at 2 years was similar in the TAVR and SAVR groups (12.6% vs 14.0%). 
SAVR was associated with a higher rate of AKI, atrial fibrillation and blood 
transfusions. The TAVR group experienced higher rates of MVCs, a need for a 
permanent pacemaker and moderate or severe PVR [122]. 

2.6.5.4 Low-risk patients 
 
The PARTNER 3 trial enrolled 1000 patients with low surgical risk (mean STS 
score 1.9 ± 0.7) and they were randomized to transfemoral TAVR with a third-
generation SAPIEN 3 valve or SAVR. At 30 days, TAVR resulted in lower rates 
of stroke (0.6% vs 2.4%) and new-onset atrial fibrillation (5% vs 39.5%), and 
there was no significant difference in the need for permanent pacemaker 
insertion (6.6% vs 4.1%). There were no statistically significant differences in 
moderate-to-severe PVR (0.8% vs 0.0%) or mortality rates (0.4% vs 1.1%). At 
1 year, mortality rates were similar (1.0% vs 2.5%). At 2 years, the initial non-
significant differences were further diminished with similar mortality rates 
(2.4% vs 3.2%, p=0.47) and stroke rates (2.4% vs 3.6%, p=0.28). Valve 
thrombosis was increased after TAVR (2.6%, 13 events) in comparison with 
surgery (0.7%, 3 events). Echocardiographic findings were similar between 
groups at 2 years [12,123]. 

In the Evolut Low Risk trial, 1468 patients with low surgical risk (mean age 
74, mean STS score 1.9 ± 0.7) were randomized to TAVR with CoreValve 
(3.6%), Evolut R (74.1%) or Evolut Pro (22.3%), or to SAVR. 99% of the TAVR 
procedures were performed transfemorally. At 30 days, the TAVR group had 
significantly lower incidences of disabling stroke (0.5% vs 1.7%), AKI (0.9% vs 
2.8%) and atrial fibrillation (7.7% vs 35.4%), but higher rates of moderate-to-
severe PVR (3.5% vs 0.5%) and permanent pacemaker implantation (PPI) 
(17.4% vs 6.1%). Mortality rates were not significantly different (0.5% vs 1.3%). 
At 1 year, mortality rates were similar (2.4% vs 3.0%). Prosthetic aortic valve 
gradients were significantly lower (8.6 mmHg vs 11.2 mmHg) in the TAVR 
group. 2-year results were published in EuroPCR 2021 with good correlation 
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with Bayesian estimates presented in 2019; mortality and stroke rates were 
similar (3.5% vs 4.4% and 5.8% vs 5.6%, respectively) [14]. 

In the PARTNER 3 trial, a greater proportion of screened patients were 
excluded for risk factors such as left ventricular outflow tract (LVOT) calcium, 
small sinus of Valsalva, small or calcified sinotubular junction and poor 
femoral access. These exclusions may play a role in the small numbers of PVR 
and PPIs in this trial. Both trials reported a reduction in the soft end point of 
hospitalizations after TAVR in comparison with SAVR. 

 

Table 10. Outcomes of transcatheter aortic valve replacement versus surgical aortic valve 
replacement in comparative low-risk trials. 

 PARTNER 3 Evolut Low Risk trial 

TAVR SAVR TAVR SAVR 

Age (years) 73.3 73.6 74.1 73.6 

STS score 1.9 1.9 1.9 1.9 

30-day mortality (%) 0.4 1.1 0.5 1.3 

1-year mortality (%) 1.0 2.5 2.4 3.0 

2-year mortality (%) 2.5 3.2 4.5 4.5 

Stroke, at 30 days (%) 
At 1 year (%) 
At 2 years (%) 

0.6 
1.2 
2.5 

2.4 
3.3 
3.6 

3.4 
4.1 

3.4 
4.3 

MVC (%) 2.2 1.5 3.8 3.2 

PVR moderate- 
severe (%) 

0.8 0.0 3.5 0.5 

PPI (%) 6.5 4.9 17.4 6.1 

MVC, major vascular complication; PPI, permanent pacemaker implantation at 30 days; PVR, 
paravalvular regurgitation at 30 days; SAVR, surgical aortic valve replacement; stroke, stroke at 
30 days; STS, Society of Thoracic Surgeons; TAVR, transcatheter aortic valve replacement. 

2.6.5.5 Registry data 
 
A study using GARY data on intermediate-risk patients (STS score 4-8%) 
operated on between 2012 and 2014 showed similar 1-year mortality after 
TAVR and SAVR after propensity score matching (17.1% vs 15.7%, 
respectively) [124]. In another GARY study, low-risk patients (STS score <4%) 
operated on in 2014–2015 showed similar 1-year survival rates after TAVR and 
SAVR (90.0% vs 91.2%, respectively) in propensity-matched cohorts [125]. 
The STS/ACC TVT registry reported that 1-year mortality of extreme-/high-
risk patients decreased from 24.3% to 16.6% from the early TAVR experience 
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to 2018. In 2018, the mortality rate for intermediate-risk patients was 8.3% at 
1 year [15]. 

2.6.6 VALVE DURABILITY 
 
The durability of surgical and transcatheter bioprosthetic valves may differ 
from each other for many reasons. Although the same valve tissue has been 
proven durable in surgical valves, transcatheter design potentially causes 
different mechanical stresses on the valve structure, which might affect the 
durability [126]. Crimping the valve to allow transcatheter delivery results in 
microscopic tissue damage in the leaflets [127]. Correlation between these 
defects and SVD has not been demonstrated but they may have an impact on 
the long-term durability of TAVR. The reduction in sheath sizes and delivery 
systems requires even more crimping and thinner leaflet material, which may 
influence the durability. Porcine pericardium, which is used in some 
transcatheter valves due to its relatively low thickness, does not have the long-
term durability data that bovine pericardium or porcine valve leaflets have in 
surgical valves. Studies have shown that transcatheter valves are associated 
with more hypoattenuated leaflet thickening, or subclinical leaflet thrombosis, 
than surgical valves, and this phenomenon may influence the risk of SVD 
[128,129]. Inability to surgically excise the calcific native valve before valve 
implantation could cause distortion or incomplete valve expansion because of 
suboptimal transcatheter valve stent geometry [130]. Both under- and 
overexpansion of the stent frame may have an impact on leaflet mechanics and 
possibly accelerate SVD [131]. 

However, supra-annular self-expandable valves in particular are associated 
with larger effective orifice areas and lower mean gradients, and therefore a 
lower risk of prosthetic–patient mismatch in comparison with SAVR [11,13]. 
In addition, there is no need for a sewing ring, which makes the transcatheter 
valve slightly larger. These haemodynamic benefits may be of importance in 
terms of long-term haemodynamic performance of TAVR valves. 

In the early era of TAVR, patients were mostly prohibitive- or high-risk 
elderly patients, and estimating the risk of SVD in this patient group is difficult 
because of limited overall survival. Many of the patients with SVD have 
multiple comorbid conditions and/or are in poor general condition, which 
leads to conservative therapy and these patients not undergoing redo surgery 
or valve-in-valve procedures. Therefore, the true incidence of SVD is most 
likely higher than reported in studies. SVD is known to be more common in 
younger patients after SAVR. The current TAVR trials with contemporary 
devices have included mainly patients older than 70 years of age. Taking all 
this into account, it will probably take many more years before adequate long-
term durability data are available on younger, low-risk patients. 

The PARTNER 2A trial reported a 3.2% reintervention at 5 years after 
TAVR and 0.8% after SAVR. The main reason for reoperation for the TAVR 
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group was progressive stenosis or regurgitation, and endocarditis for the 
SAVR group [10]. A separate study demonstrated a 2.5-fold rate of SVD with 
the SAPIEN XT valve in comparison with the surgical heart valve, leading to a 
5-year cumulative SVD rate of 9.5% vs 3.5%, respectively [132]. The authors 
performed propensity score matching and compared patients in the 
PARTNER 2 SAPIEN 3 registry with surgical patients in the PARTNER 2A 
trial, and the 5-year cumulative rates of SVD were similar (3.9% vs 3.5%, 
respectively). However, a higher risk of all-cause bioprosthetic failure 
(including structural and nonstructural SVD) was observed with SAPIEN 3 in 
comparison with the surgical heart valve. The adjusted (inverse probability 
treatment weighting) incidence rate (per 100 patient-years) was 0.5 ± 12% in 
SAPIEN 3 and 0.21 ± 0.08% in the surgical valve. This result was driven by 
more frequent valve reinterventions for SAPIEN 3, which were mainly due to 
PVR and predominantly managed percutaneously. 

2.6.7 CHALLENGES OF TAVR 
 
First, the most important challenge for TAVR is to prove its long-term 
durability, especially in younger patients. Second, although moderate-to-
severe PVR has decreased considerably, the incidence rates remain higher in 
comparison with SAVR. Mild PVR continues to occur frequently after TAVR 
and its effect is debated. PVR is discussed in the next chapter (2.7.2), as well 
as the need for PPI, which certainly is a challenge for TAVR (chapter 2.7.6). 
Third, bicuspid valves were excluded from the RCTs due to technical concerns 
about more elliptical deployment and heavier calcification. Although registries 
show promising results, data are still emerging and bicuspid anatomy may be 
associated with slightly elevated risks. Fourth, nontransfemoral access routes 
need to be clarified in RCTs. Fifth, coronary accessibility after TAVR varies 
according to valve design, and coronary engagement with catheters can be 
considerably more difficult through a metallic frame. Sixth, TAVR is not an 
optimal treatment for pure aortic regurgitation and experimental off-label use 
has been associated with a high rate of complications. 

2.7 COMPLICATIONS OF TRANSCATHETER VERSUS 
SURGICAL AORTIC VALVE REPLACEMENT 

2.7.1 PERIPROCEDURAL MORTALITY 
 
Important periprocedural complications from RCTs are summarized in 
Tables 9–10. Procedure-related mortality is reflected in the 30-day mortality 
rates. The PARTNER I cohort A trial reported a 30-day mortality of 3.4% in 
the TAVR arm and 6.5% in the SAVR arm [116]. In the PARTNER 2A trial, 30-
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day mortality was reported at 3.9% after TAVR and 4.1% after SAVR [121]. In 
the SURTAVI trial, 30-day mortality rates after TAVR and SAVR were 2.2% 
and 1.7%, respectively [122]. In the large SAPIEN 3 registry, 30-day mortality 
was 1.1% [133]. 

The STS/ACC TVT registry report demonstrates that overall 30-day 
mortality after TAVR has decreased year-by-year (2011–2019) from 7.2% to 
2.5%. The median STS score declined from 6.9% to 4.4% during these years. 
The 30-day mortality for those deemed extreme/high risk declined from 7.2% 
to 3.8%. In 2018, the mortality rate for intermediate-risk patients was 1.4% at 
30 days. In 2019, over 8000 patients entered into the registry were classified 
as low-risk patients (median STS score 2.3), and 30-day mortality was 0.4%. 
The 30-day stroke rate was 2.7% for the high/extreme-risk cohort and 1.9% for 
the intermediate-risk cohort [15]. 

The FRANCE Transcatheter Aortic Valve Implantation (TAVI) registry 
reported 5.4% 30-day mortality in patients who were operated on from 2013 
to 2015 [134]. The UK TAVI registry reported 1.8% in-hospital mortality in 
2016 [135]. In Germany, the 30-day mortality rate was 1.5% after TAVR 
between 2014 and 2015 in patients with an STS score <4% [125]. In the SWISS 
TAVI registry (2011–2016), 30-day mortality was 3.8% in patients with a mean 
STS score of 5.5% [136]. 

2.7.2 PARAVALVULAR REGURGITATION 
 
PVR is recognized as a significant complication occurring after TAVR, 
particularly when moderate to severe. Moderate-to-severe PVR is associated 
with a threefold increase in 30-day mortality and a 2.3-fold increase in 1-year 
mortality after TAVR [137]. Instead the prognostic significance of mild PVR is 
less clear as it has been associated with worse outcomes in some studies 
[9,19,117] but not in others [138-140]. 

The landmark trials have reported rates of moderate-to-severe PVR 
ranging from 3.7% to 12.2% in intermediate- to high-risk patients and from 
0.8% to 3.5% in low-risk patients with contemporary devices. The rate of mild 
PVR remains rather high even with latest-generation devices: 28.7% 
(SAPIEN 3 in PARTNER 3) and 36.0% (mainly Evolut R and Pro in the Evolut 
Low Risk trial) [13,116,118,121-123]. 

In contrast, PVR is rare after surgery. In the surgery arms of the pivotal 
low-risk trials, the rate of moderate-to-severe PVR ranged from 0.0% in the 
PARTNER 3 trial to 1.0% in the CoreValve U.S. Pivotal trial. The rate of mild 
PVR was approximately 3.0% in both low-risk trials (PARTNER 3 and Evolut 
Low Risk) [13,123]. 

Registry data from the STS/ACC TVT registry reported that the rate of 
moderate-to-severe aortic regurgitation (including PVR) decreased from 8.0% 
in 2011 to 1.6% in 2019 [15]. The GARY studies reported a 4.3% rate of 
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moderate-to-severe PVR in intermediate-risk patients in years 2012–2014 and 
a 3.0% rate in low-risk patients in years 2014–2015 [124,125]. 

The evolution of PVR over time is debatable and studies have yielded 
conflicting reports. Different types of valves may also play a role. Probably the 
most reliable data come from the landmark trials with strict protocols in the 
echocardiographic core laboratories. In the SURTAVI trial, the rate of 
moderate-to-severe PVR was 3.3% at discharge, 4.4% at 6 months, 5.3% at 1 
year and 4.9% at 2 years. In the PARTNER 2A trial, the rate of moderate-to-
severe PVR was 3.7% at 30 days, 3.4% at 1 year, 8% at 2 years and 6.0% at 5 
years. In the PARTNER 3 trial, the rate of moderate-to-severe PVR was 0.8% 
at 30 days and 0.5% at 2 years. In the Evolut Low Risk trial, the rate of 
moderate-to-severe PVR was 3.5% at 30 days and 1.7% at 2 years. 

2.7.3 BLEEDING AND VASCULAR COMPLICATIONS 
 
Bleeding early after TAVR is associated with increased mortality at 30 days, 
1 year and 2 years [141,142]. Most of the bleeding after TAVR is access related. 
Up to two-thirds of access-related bleeding is due to failure of the arterial 
closure device [90]. According to the VARC-2 criteria, a bleeding complication 
has to be a result of overt bleeding and cannot be adjudicated based on blood 
transfusions alone. However, there has been considerable variety in 
definitions and interpretation of bleeding events among studies. In a 
systematic review, TAVR was associated with an approximately 50% relative 
risk reduction in major bleeding in comparison with SAVR [143]. 

In the early days of TAVR, large sheath sizes were used, for example 22–
24Fr for the first-generation SAPIEN valve, and MDCT assessment of vascular 
access was not routine. Surgical femoral access was more common; for 
example, in the PARTNER 1 trial, 61% of the patients had surgical cut-down to 
access the femoral artery. Therefore data from the early era are not very 
relevant in current practice. What is more, several techniques have emerged 
to reduce vascular access complications. For example, the use of ultrasound 
guidance to puncture the common femoral artery reduces the incidence of 
vascular complications during cardiac catheterization and has become 
commonplace also in TAVR [144]. Small series have reported using 
intravascular lithotripsy to gain access in patients with prohibitive iliofemoral 
vascular disease [145]. Novel vascular closure devices, such as MANTA, may 
also reduce the rate of vascular complications [146]. 

In the PARTNER 2A trial, intermediate-risk patients who underwent TAVR 
with the SAPIEN XT valve experienced life-threatening or disabling bleeding 
in 10.4% of patients after TAVR and 43.4% of patients after SAVR [121]. The 
PARTNER 2 SAPIEN 3 registry showed a significant reduction in life-
threatening or disabling bleeding (4.6%), which is partially due to the 
decreasing size of the delivery system sheaths and accumulating operator 
experience [133,147]. The SURTAVI trial reported major or life-threatening 
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bleeding at 30 days or discharge in 12.1% of patients after TAVR and in 9.3% 
after SAVR with very precise definitions for bleeding. The PARTNER 3 trial 
reported a bleeding rate of 1.2% after transfemoral TAVR with SAPIEN 3 and 
11.9% after SAVR [123]. In the Evolut Low Risk trial, bleeding rates were 2.4% 
and 7.5% after TAVR and SAVR, respectively [13]. 

MVCs related to TAVR mostly occur at the access site and can lead to severe 
bleeding and interventions. MVCs are related to significantly higher mortality 
in follow-up [148]. Non-access-site-related MVCs are rare but potentially 
catastrophic vascular or cardiac injuries including aortic dissection, aortic 
perforation, left ventricular perforation and aortic annular rupture. Annular 
rupture (‘device landing zone rupture’) is a critical complication occurring in 
0.5–1.0% of patients and is associated with approximately 50% mortality [149-
151]. 

Aortic dissection/perforation occurs infrequently (0.2%) during TAVR and 
accounts for 8.9% of cases converting to open heart surgery in [152]. Left 
ventricular perforations occur rarely (0.27%) and account for 18.9% of cases 
requiring emergency open heart surgery and 23.5% of post-TAVR tamponade 
cases [153,154]. Preshaped specific guidewires can reduce this complication. 

Other complications related to the TAVR procedure include coronary 
artery occlusion, device malpositioning and device embolization. 

Even though conversion to open cardiac surgery due to TAVR 
complications is rare, emergency surgery in this situation is associated with a 
very poor prognosis: 45.8% mortality at 30 days [155]. 

In the PARTNER 2A and SURTAVI trials, MVCs occurred in 7.9% vs 5.0%, 
and 6.0% vs 1.1%, after TAVR and SAVR, respectively [121,122]. In the 
PARTNER 2 SAPIEN 3 registry the incidence of MVC was 6.1% [133]. In the 
PARTNER 3 trial, the rates of MVCs were similar after TAVR and SAVR (2.2% 
vs 1.5%, respectively) [123]. Similar rates were also reported in the Evolut Low 
Risk trial: 3.8% after TAVR and 3.2% after SAVR [13]. 

Registry data on unselected consecutive patients treated with transfemoral 
TAVR using contemporary devices show a 5.8–6.3% rate of MVC [156-158]. 

2.7.4 ACUTE KIDNEY INJURY 
 
Randomized trials have consistently shown a lower risk of AKI with TAVR in 
comparison with SAVR. In a meta-analysis of RCTs in patients with mean STS 
score <8%, TAVR was found to have less than half the odds of AKI compared 
with SAVR [159]. In the intermediate-risk trials, the rates of AKI stage 2–3 
ranged from 1.3% to 1.7% in the TAVR arms and from 3.1% to 4.4% in the 
SAVR arms. In the low-risk trials, AKI stage 2–3 occurred from 0.4% to 0.9% 
in the TAVR arms and from 1.8% to 2.8% in the SAVR arms. In a large 
propensity-matched cohort of TAVR and SAVR procedures, based on 
nationally representative real-world data, rates of AKI were 22.6% for SAVR 
and 17.6% for TAVR (matched cohorts), and TAVR was associated with 
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significantly lower rates of AKI (odds ratio [OR] 0.69, 95% CI 0.50-0.96) in 
comparison with SAVR. AKI was associated with significantly higher rates of 
in-hospital mortality for TAVR (OR 7.16, 95% CI 5.52-9.29) as well as SAVR 
(OR 9.43, 95% CI 7.71-11.55). 

2.7.5 PERMANENT PACEMAKER IMPLANTATION 
 
The incidence of conduction system disturbances warranting PPI after TAVR 
remains an ongoing concern. Risk factors for development of atrioventricular 
heart block include pre-existing right bundle branch block and use of the self-
expanding CoreValve versus the balloon-expandable SAPIEN valve [160]. 

In the early PARTNER 1A trial the rate of PPI was similar after TAVR and 
SAVR (3.8% vs 3.6%) [116]. In the PARTNER 2A trial, the PPI rate was higher 
after TAVR (8.5% vs 6.9%) [121]. In the PARTNER 2 SAPIEN 3 registry, the 
need for a pacemaker increased to 13%, most likely due to the new SAPIEN 3 
skirt to reduce PVR [133]. In the PARTNER 3 trial, the PPI rate was back down 
to 6.5% after TAVR, while being 4.9% after SAVR [123]. In the CoreValve U.S. 
Pivotal trial, the rate of PPI was higher after TAVR in comparison with SAVR 
(19.3% vs 7.1%). In the SURTAVI trial, the rate of PPI increased to 25.9% after 
TAVR (6.6% after SAVR). In the Evolut Low Risk trial, the rate of PPI 
remained significantly higher after TAVR (17.4% vs 6.1%). The CHOICE trial 
compared the balloon-expandable SAPIEN XT and the self-expanding 
CoreValve and reported a significant increase in the PPI rate with the self-
expanding valve (17.3% vs 37.6% at 30 days and 23.4% vs 38% at 1 year) [161]. 
In the large STS/ACC TVT registry, a pacemaker was implanted in 10.8% of 
patients at 30 days after TAVR [15]. The UK TAVI registry reported that 7% of 
patients required a permanent pacemaker after balloon-expandable valve 
implantation and 19% after self-expandable valve implantation. In France, the 
PPI rate increased from 12.6% in the earlier FRANCE-2 registry to 17.5% in 
the FRANCE TAVI registry [134]. GARY reported a 15.1% rate of PPI in low-
risk patients (STS score <4%) in 2014–2015 [125]. 

Many studies have not shown increased mortality in patients requiring PPI 
after TAVR. However, implanting a permanent pacemaker is likely to cause 
potential harm to a portion of patients. There are studies that have 
demonstrated increased mortality in PPI patients after TAVR. One study 
demonstrated increased 6-year mortality in patients who received a 
permanent pacemaker at 30 days (41.7% vs 57%, p=0.034) [162]. A report 
from the STS/ACC TVT registry encompassing 9785 TAVR recipients 
demonstrated an increased risk in 1-year overall mortality among patients who 
had a PPI after TAVR (adjusted HR 1.31, 95% CI 1.09-1.58) [163]. It is known 
that PPI increases the duration of hospitalization and the rate of 
rehospitalization [164]. Possible complications include pocket haematoma, 
pneumothorax, pocket erosion, lead infection, endocarditis, lead failure, lead-
induced tricuspid regurgitation, and right ventricular perforation. Patients are 
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exposed to new surgeries due to pacemaker replacements. Long-term follow-
up may update the impact of PPI on outcomes. 

One recent study investigating a new-onset LBBB reported an observed 
33% incidence of new-onset LBBB immediately after TAVR, which was more 
common after implantation of a self-expanding CoreValve/Evolut R in 
comparison with a balloon-expandable SAPIEN XT/SAPIEN 3 (38% vs 6%) 
[165]. At hospital discharge, LBBB persisted in 46% of patients. New-onset 
persistent LBBB was associated with an increased risk of PPI at follow-up 
(15.5% vs 5.4%, adjusted HR 2.45, 95% CI 1.37-4.38) but not mortality 
difference. In the PARTNER 3 trial, new-onset LBBB was observed in 22% vs 
8.0% of patients after TAVR and SAVR, respectively. In the Evolut Low Risk 
trial, new-onset LBBB was observed in 24.1% vs 11.7% of patients after TAVR 
and SAVR, respectively. A systematic review and meta-analysis found that 
new-onset persistent LBBB after TAVR was associated with increased risk of 
cardiac death (risk ratio 1.39, 95% CI 1.04-1.86). New-onset LBBB ultimately 
has an adverse effect on left ventricular function and coupled with the 
possibility of right ventricular pacing the negative effects of conduction system 
diseases is supported by strong evidence in other (non-TAVR-based) clinical 
settings [22,166,167]. 
2.7.6 ENDOCARDITIS 
 
The incidence of endocarditis in the general population is estimated to 
approach 15 cases per 100,000 population [168]. In contemporary surgical 
practice, prosthetic valve endocarditis (PVE) still affects 5% of patients for 
10 years after valve replacement, with significant accompanying morbidity 
and mortality [169]. In a prospective multicentre international registry, 
approximately 20% of all endocarditis cases were PVE. 71% of the PVE cases 
were diagnosed within 1 year of prosthetic valve implantation, and 1-year 
mortality after the diagnosis of PVE was 22.8% [170]. 

Data from TAVR trials in intermediate- and high-risk patients indicate that 
the risk of PVE is similar between TAVR and SAVR, estimated at 5.21 events 
per 1000 person-years in the population who underwent TAVR compared with 
4.10 events per 1000 person-years in the population who underwent SAVR 
[171]. 

A study using the Swiss TAVR registry found a yearly PVE incidence rate of 
1.0 per 100 person-years after TAVR [172]. A recent meta-analysis reported 
that the incidence of post-TAVR PVE ranges between 0.9% and 3.1% at 1-year 
follow-up [173]. In TAVR patients with PVE, cumulative mortality rates up to 
71.7% (47.2% in-hospital) have been noted, with medical therapy occurring for 
the vast majority of these high-risk patients [174]. A recent study reported 
26.6% in-hospital mortality and 37.8% 1-year mortality after PVE diagnosis in 
a contemporary cohort (after 2014) [175]. 
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2.7.7 OTHER COMPLICATIONS 
 
Symptomatic or haemodynamically significant valve thrombosis is rare, 
occurring in <1% of patients undergoing TAVR [176]. Evidence is emerging on 
the frequency and clinical significance of subclinical valve leaflet thrombosis 
following TAVR or SAVR. In one study, patients with bioprosthetic valves were 
studied by 4-dimensional CT imaging at varying intervals, and subclinical 
leaflet thrombosis was identified in 13% of patients after TAVR and 4% of 
patients after SAVR. An increase in aortic valve gradient was more frequent in 
patients with subclinical leaflet thrombosis. Subclinical thrombosis was 
associated with significantly increased rates of transient ischaemic attack (4.18 
vs 0.60 per 100 person-years) but not a significantly increased rate of stroke 
(4.12 vs 1.92 per 100 person-years, p=0.10) [129]. 

Severe PPM following TAVR or SAVR is associated with adverse outcomes 
[177,178]. In a substudy of the PARTNER 1A trial, the rate of PPM was lower 
after TAVR in comparison with SAVR [179]. The Swiss TAVR registry reported 
a lower incidence of severe PPM with supra-annular self-expanding prosthesis 
compared with intra-annular balloon-expandable prosthesis (6.7% vs 15.6%) 
[180]. In a study using the STS/ACC TVT registry, severe PPM after TAVR was 
present in 12% of patients [177]. 

2.8 FUTURE OF TRANSCATHETER AORTIC VALVE 
REPLACEMENT 

The future of TAVR is looking bright, although long-term valve durability 
needs to be proven before expanding indications to younger patients. The 
EARLY TAVR trial will compare TAVR with clinical surveillance in 
asymptomatic patients with severe AS [181]. The TAVR UNLOAD trial is 
investigating the possible benefit of TAVR over medical therapy in patients 
with moderate AS and systolic heart failure [182]. 
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3 AIMS OF THE STUDY 

In general, this study investigated the incidence of PVR, vascular 
complications, AKI and endocarditis after TAVR, and assessed how these 
complications affected midterm outcomes, together with comparisons with 
SAVR, when feasible. This study also investigated the risk estimation and 
futility of TAVR. 
 
 
In more detail, the aims were: 
 

1) To study the incidence of PVR and its impact on survival after TAVR 
and SAVR in patients with AS. (I) 

 
2) To investigate the prognostic impact of vascular complications by 

anatomical site and bleeding severity after TAVR in patients with 
AS. (II) 

 
3) To assess the impact of AKI on midterm mortality after 

transcatheter AVR and surgical valve replacement in patients with 
AS. (III) 

 
4) To compare the risk of PVE after TAVR or SAVR in patients with 

AS. (IV) 
 

5) To investigate the efficacy of TAVR in preventing 1-year mortality 
in patients with AS. (V) 
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4 MATERIAL AND METHODS 

4.1 THE FINNVALVE REGISTRY 

4.1.1 STUDY DATA 
 
The FinnValve Registry is the Nationwide Finnish Registry of Transcatheter 
and Surgical Aortic Valve Replacement for Aortic Valve Stenosis. The registry 
retrospectively collected data on 6463 consecutive and unselected patients 
who underwent TAVR (n=2130) or SAVR (n=4333) with a bioprosthesis from 
January 2008 to October 2017 at five Finnish university hospitals (Helsinki, 
Kuopio, Oulu, Tampere and Turku). The study protocol was approved by the 
institutional review board of each participating centre and the Finnish 
Institute for Health and Welfare. Data were collected retrospectively in an 
electronic case report form by cardiologists, cardiac surgeons and trained 
research nurses, and underwent robust checking of completeness and quality. 
Mortality data were retrieved from the national registry Statistics Finland, 
which collects data on death certificates issued by physicians. The last date of 
follow-up of these patients was January 2019. Late cardiovascular events and 
interventions were retrieved from the registry of the Finnish Institute for 
Health and Welfare. Follow-up was considered complete for all patients except 
for those not residing in Finland, and their follow-up was truncated at hospital 
discharge. With the following criteria, 6463 TAVR (n=2130) and SAVR 
(n=4333) patients were included in the registry. 
 
Inclusion criteria: 

 Patients operated on for AS at each Finnish university hospital from 
January 2008 to October 2017. 

 Patients aged >18 years. 
 Primary aortic valve procedure with a bioprosthesis for AS with or 

without associated regurgitation. 
 TAVI and SAVR with or without associated coronary revascularization. 
 TAVI and SAVR for AS after any prior major cardiac surgery other than 

aortic valve procedure. 
 SAVR associated with the maze procedure and/or left atrial appendage 

closure for atrial fibrillation. 
 
Exclusion criteria: 

 Patients who underwent any prior SAVR or TAVI. 
 Patients who underwent SAVR with mechanical valve prosthesis. 
 Patients undergoing concomitant procedures on the mitral valve, 

tricuspid valve or the ascending aorta. 
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 Patients operated on for aortic valve endocarditis. 
 Patients operated on for isolated aortic valve regurgitation. 

 
Data were pseudonymized for analysis. The personal data codes were stored 
at the Heart Centre of Turku University Hospital, and access to all codes was 
limited to three study members in the coordinating centre. Each centre was 
able to access the codes for their own data if necessary. 

4.1.1.1 Study I 
 
Study I included 2129 TAVR patients and 4330 SAVR patients with available 
data on PVR, and these patients were the subjects of this study. 

4.1.1.2 Study II 
 
Study II included patients who had undergone transfemoral access TAVR 
(n=1842). 

4.1.1.3 Study III 
 
Study III excluded patients with chronic kidney disease (CKD) (n=1907) and 
1 patient with missing values of serum creatinine. 4555 patients (TAVR, 
n=1215; SAVR, n=3340) were included in this study. 

4.1.1.4 Study IV 
 
Study IV analysed the data from all FinnValve patients (total cohort, n=6463; 
TAVR, n=2130; SAVR, n=4333). 

4.1.1.5 Study V 
 
Study V included 1433 patients who underwent TAVR with a newer-
generation prosthesis from December 2013 until the end of the study period. 
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4.1.2 BASELINE RISK FACTORS AND DEFINITION CRITERIA 
 
Baseline variables were defined according to the EuroSCORE II criteria [59]. 
CKD was stratified according to an estimated glomerular filtration rate. 
Extracardiac arteriopathy was defined as claudication, carotid occlusion or 
>50% stenosis, amputation for arterial disease, or previous or planned 
intervention on the abdominal aorta, limb or carotid arteries. Chronic lung 
disease was defined as the long-term use of bronchodilators or steroids for 
lung disease. Severe pulmonary hypertension was defined as systolic 
pulmonary pressure >55 mmHg. Myocardial infarction in less than 90 days 
was considered recent. The procedure was urgent if it was necessary during 
the same hospital admission and emergent if necessary before the next 
working day. The critical preoperative state was defined as ventricular 
tachycardia/fibrillation or aborted sudden death, preoperative cardiac 
massage, preoperative ventilation before the anaesthetic room, preoperative 
inotropes, intra-aortic balloon pump, or preoperative acute renal failure. 
Coronary artery disease was defined as any stenosis >50% of the main 
coronary branches. Anaemia was defined as baseline haemoglobin <120 g/l 
for women and <130 g/l for men. 

The operative risk for all patients was stratified according to the STS score 
[58] and the EuroSCORE II [59] risk scoring methods. Frailty was assessed by 
the Geriatric Status Scale, which includes information on incontinence, the 
need for assistance in mobility or activities of daily living, and a diagnosis of 
dementia [183]. 

4.1.3 OUTCOME MEASURES 

4.1.3.1 Primary outcomes 
 
Late mortality was the primary outcome in studies I, II, III and V. In study IV, 
the primary outcome was the risk of PVE. 

4.1.3.2 Secondary outcomes 
 
Secondary outcomes were stroke, AKI, vascular complications, bleeding, 
endocarditis and reinterventions. Stroke and MVCs were defined according to 
the VARC-2 criteria [90]. Severe bleeding was defined as European Coronary 
Artery Bypass Grafting (E-CABG) bleeding grades 2–3, i.e. transfusion of more 
than 4 units of red blood cells (RBCs) or sternotomy for excessive bleeding 
[184]. Blood transfusions were recorded. PVR was graded at hospital 
discharge into none-to-trace, mild, moderate or severe. AKI was defined as an 
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increase in serum creatinine levels of at least 1.5 times the baseline level, a 
serum creatinine level increase of at least 27 μmol/l, or new renal replacement 
therapy during the index hospitalization [185]. In-hospital infectious 
complications were deep sternal wound infection or mediastinitis, vascular 
access-site infection, pneumonia, sepsis or other defined infection. The 
definition of PVE was based on the modified Duke criteria [186]. All cases 
considered possible endocarditis were evaluated, and a decision on the 
diagnosis was based on the consensus of three investigators (N. Moriyama, T. 
Laakso and M. Laine). 

4.2 STATISTICAL METHODS 

Statistical analyses were performed using SPSS v. 25.0 (IBM Corporation, New 
York, USA), SAS v. 9.4 (SAS Institute Inc., Cary, NC, USA) and Stata v. 15.1 
statistical software (StataCorp LLC, College Station, TX, USA). 

Continuous variables are reported as mean  standard deviation for 
formally distributed data, and median and interquartile range for non-
parametric data. Categorical variables are reported as counts and percentages. 
For continuous variables, differences between groups were compared with the 
t-test, Mann–Whitney U test or Kruskal–Wallis test, as appropriate. 
Categorical variables were analysed with the chi-square test or Fisher’s exact 
test. 

Time-trend analysis was done with the linear-by-linear association test. 
Kaplan–Meier estimates were used to estimate survival, and comparisons 

were performed using the log-rank test. Independent predictors of mortality 
were identified with the Cox proportional hazards method. Models included 
covariates from univariate analyses with p<0.1. 

In study I, comparisons involving multiple PVR groups according to PVR 
severity were performed using the Jonckheere–Terpstra test. 

To identify independent risk factors for specific outcomes in studies I, II 
and III, regression models included covariates with p<0.1 in univariate 
analyses. Stepwise multivariable analyses using the logistic regression method 
were performed. 

In study II, the optimal cut-off of bleeding severity predicting 30-day 
mortality was evaluated using receiver operating characteristic (ROC) curve 
analysis. 

In studies III and IV, differences in the baseline covariates between the 
treatment groups were adjusted using one-to-one propensity score matching 
employing the nearest-neighbour method and a caliper width of 0.2 of the 
standard deviation of the logit of the estimated propensity score. Absolute 
standardized differences lower than 0.10 were considered an acceptable 
imbalance between the treatment groups. Matched series were analysed with 
the paired t-test for continuous variables, and for paired nominal data the 
McNemar test was applied to analyse dichotomous variables. 
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In study IV, the risk of PVE was then estimated using competing risk 
analysis. The competing risk was death before PVE. We used the cumulative 
incidence function (CIF) to display the proportion of patients with the event of 
interest or the competing event as time progressed. To evaluate the effect of 
baseline predictors including early outcomes after TAVR or SAVR on the CIF, 
the Fine and Gray regression model for the sub-distribution hazard was 
applied. From the univariate analysis, covariates with p<0.2 were included in 
the model. A multivariable analysis was performed to determine the 
independent predictors of PVE. 

In study V, multivariable logistic regression was used to identify risk 
factors associated with 1-year mortality. A stepwise procedure was applied to 
each sample and additional covariates were selected using a forward selection 
comparing the Akaike information criterion (AIC) for the regression models. 
The model with the lowest AIC was selected for each forward step until the 
inclusion of a new covariate determined an increase in the AIC value. The 
results were confirmed using the Cox proportional hazards method. To assess 
the adaptability of this regression model for midterm prediction of mortality, 
1-year mortality rates were stratified according to deciles of the probabilities 
of this regression model as well as deciles of the STS score and EuroSCORE II. 
A classification and regression tree (CART) analysis was performed to identify 
risk factors for mortality. The CART model included risk factors identified in 
the logistic regression using the AIC considering a minimum number of 
15 patients for the parent node and 5 patients for the child node. p<0.05 was 
set for statistical significance. 
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5 RESULTS 

5.1 THE FINNVALVE STUDY 

The baseline characteristics of TAVR and SAVR patients are presented in 
Table 11. In general, TAVR patients were older and had significantly more 
comorbidities. The mean follow-up time of all FinnValve registry patients 
(n=6463) was 4.3 ± 2.7 years and the median follow-up was 3.9 years (2.2–6.1 
years), ranging from 0 to 11.1 years. In the TAVR cohort, the mean follow-up 
time was 2.9 ± 1.8 years and in the SAVR cohort 4.2 ± 2.6 years. Early 
outcomes are presented in Table 12. Independent predictors of midterm 
mortality after TAVR and SAVR are summarized in Tables 13–14. In both 
groups, the strongest predictors of mortality were AKI, severe bleeding or 
MVCs. After TAVR the survival estimate at 4 years was 64.4% and after SAVR 
it was 83.2%. In the follow-up, 0.3% of the TAVR patients underwent 
reintervention on the aortic valve, while the rate of reinterventions was 1.7% 
after SAVR. 
 

Table 11. Baseline characteristics of FinnValve patients in transcatheter and surgical 
aortic valve replacement cohorts. 

 TAVR 
(n=2130) 

SAVR 
(n=4333) 

p-value 

Age, years 81.2 ± 6.6 75.1 ± 6.5 <0.001 

Female, n (%) 1172 (55.0) 2026 (46.8) <0.001 

Body mass index, kg/m2 27.1 ± 4.8 27.7 ± 4.8 <0.001 

Haemoglobin, g/l 124.9 ± 5.5 132.2 ± 14.8 <0.001 

Anaemia, n (%) 995 (46.4) 1192 (27.5) <0.001 

eGFR, ml/min/1.73 m2 65.4 ± 23.0 75.8 ± 21.6 <0.001 

Chronic kidney disease, classes 3–5, n (%) 914 (42.9) 992 (22.9) <0.001 

Dialysis, n (%) 24 (1.1) 14 (0.32) <0.001 

Diabetes, n (%) 605 (28.4) 1154 (26.6) 0.13 

Insulin-dependent diabetes, n (%) 226 (10.6) 363 (8.4) 0.01 

Previous stroke, n (%) 247 (11.6) 299 (6.90) <0.001 

Previous myocardial infarction, n (%) 305 (14.3) 585 (13.5) 0.37 

Pulmonary disease, n (%) 456 (21.4) 642 (14.8) <0.001 

Atrial fibrillation, n (%) 932 (43.8) 955 (22.0) <0.001 

Extracardiac arteriopathy, n (%) 412 (19.3) 539 (12.4) <0.001 
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Poor mobility, n (%) 206 (9.7) 90 (2.1) <0.001 

Geriatric Status Scale 2–3, n (%) 318 (14.9) 107 (2.5) <0.001 

Cancer, n (%) 431 (20.2) 547 (12.6) <0.001 

Critical preoperative state, n (%) 48 (2.3) 113 (2.6) 0.39 

Acute heart failure <90 days, n (%) 308 (14.5) 557 (12.9) 0.08 

NYHA classes, n (%)   <0.001 

Class 1 17 (0.8) 58 (1.3)  

Class 2 346 (16.2) 1637 (37.8)  

Class 3 1523 (71.5) 2185 (50.4)  

Class 4 244 (11.5) 453 (10.5)  

Urgent or emergency procedure, n (%) 158 (7.4) 588 (13.6) <0.001 

Prior pacemaker, n (%) 208 (9.8) 174 (4.0) <0.001 

Prior cardiac surgery, n (%) 431 (20.2) 97 (2.2) <0.001 

Prior PCI, n (%) 467 (21.9) 405 (9.4) <0.001 

Coronary artery disease, n (%) 603 (28.3) 1970 (39.8) <0.001 

Systolic pulmonary pressure >55 mmHg, n 
(%) 

286 (13.4) 305 (7.0) <0.001 

Maximum transaortic gradient, mmHg, n (%) 78.2 ± 21.8 77.7 ± 22.5 0.39 

Aortic stenosis and regurgitation, n (%) 666 (31.1) 1425 (32.9) 0.19 

Bicuspid aortic valve, n (%) 114 (5.4) 920 (21.2) <0.001 

Mitral valve regurgitation, grade >2, n (%) 288 (13.5) 256 (5.9) <0.001 

LVEF ≤50%, n (%) 596 (28.0) 909 (21.0) <0.001 

Concomitant myocardial revascularization, 
n (%) 

1820 (42.0) 119 (5.6) <0.001 

EuroSCORE II, mean, median 7.24 ± 7.44 
4.91 

(2.92–8.65) 

4.21 ± 5.47 
2.57 

(1.60–4.45) 

<0.001 

STS score, mean, median 4.59 ± 3.32 
3.75 

(2.68–5.47) 

3.04 ± 2.85 
2.29 

(1.56–3.47) 

<0.001 

Values are expressed as counts and percentages, mean and standard deviation, or median and 
25–75% interquartile range. Statistical tests with the chi-square test, independent samples t-test 
or Mann–Whitney U test. eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection 
fraction; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; SAVR, 
surgical aortic valve replacement; STS, Society of Thoracic Surgeons; TAVR, transcatheter aortic 
valve replacement. 
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Table 12. Early outcomes after transcatheter and surgical aortic valve replacement. 

 TAVR 
(n=2130) 

SAVR 
(n=4333) 

p-value 

In-hospital death, n (%) 48 (2.3) 130 (3.0) 0.09 

Stroke, n (%) 53 (2.5) 165 (3.9) 0.004 

Aortic dissection/rupture, n (%) 17 (0.8) 31 (0.7) 0.72 

Coronary ostium occlusion, n (%) 8 (0.4) 10 (0.2) 0.30 

Associated revascularization, n (%) 119 (5.6) 1835 (42.3) <0.001 

E-CABG bleeding grades 2–3, n (%) 
(excludes peripheral bleeding) 

88 (4.2) 1032 (24.1) <0.001 

Major vascular complications, n (%) 191 (9.0) 69 (1.6) <0.001 

RBC transfusion, mean (units) 
                            median (units) 

0.6 
0.0 

3.0 
2.0 

<0.001 

RBC transfusion, >4 units, n (%) 76 (3.6) 926 (21.7) <0.001 

Reoperation for mediastinal or peripheral 
bleeding, n (%) 

74 (3.5) 361 (8.3) <0.001 

AKI stage 2–3, n (%) 54 (2.6) 256 (6%) <0.001 

Renal replacement therapy, n (%) 30 (1.4) 113 (2.6) 0.002 

Atrial fibrillation, n (%) 866 (40.7) 2454 (56.6) <0.001 

Permanent pacemaker implantation, n (%) 185 (8.7) 170 (3.9) <0.001 

Paravalvular regurgitation, n (%)   <0.001 

   None/trace 1587 (74.5) 4074 (94.0)  

   Mild 463 (21.7) 227 (5.2)  

   Moderate/severe 79 (3.7) 29 (0.7)  

Infectious complications, n (%) 272 (12.8) 614 (14.2) 0.02 

Hospital stay, mean (days) 5.5 8.3 <0.001 

AKI, acute kidney injury; E-CABG, European Coronary Artery Bypass Grafting; RBC, red blood 
cell; SAVR, surgical aortic valve replacement; TAVR, transcatheter aortic valve replacement. 
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Table 13. Independent risk factors for 4-year mortality after transcatheter aortic valve 
replacement. 

 Hazard ratio 95% 
confidence 

interval 

p-value 

Age (per 1-year increase) 1.02 1.01–1.04 0.005 

Body mass index (per 1 kg/m2 increase) 0.97 0.95–0.99 0.001 

Diabetes 1.46 1.21–1.77 <0.001 

Pulmonary disease 1.70 1.40–2.06 <0.001 

Atrial fibrillation 1.38 1.16–1.65 <0.001 

Geriatric Status Scale 2–3 1.40 1.12–1.75 0.004 

Aortic stenosis and regurgitation 1.29 1.05–1.58 0.01 

Left ventricular ejection fraction ≤50% 1.34 1.11–1.62 0.003 

Acute kidney injury    

Stage 1 2.09 1.57–2.77 <0.001 

Stage 2 3.39 2.06–5.59 <0.001 

Stage 3 4.58 2.69–7.78 <0.001 

Infectious complications 1.28 1.02–1.61 0.04 

Red blood cell transfusion    

1–2 units 1.47 1.16–1.87 0.001 

3–4 units 1.67 1.17–2.38 0.005 

5–10 units 1.96 1.34–2.86 <0.001 

>10 units 3.78 1.53–9.32 0.004 

Paravalvular regurgitation    

Mild  1.64 1.35–1.99 <0.001 

Moderate-to-severe 1.61 1.10–2.35 0.01 
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Table 14. Independent risk factors for 4-year mortality after surgical aortic valve 
replacement. 

 Hazard ratio 95% 
confidence 

interval 

p-value 

Age (per 1-year increase) 1.04 1.15–1.69 <0.001 

Anaemia  1.42 1.20–1.69 <0.001 

Diabetes 1.29 1.09–1.53 0.003 

Pulmonary disease 1.40 1.15–1.70 0.001 

Atrial fibrillation 1.43 1.20–1.70 <0.001 

Extracardiac arteriopathy 1.51 1.24–1.84 <0.001 

Left ventricular ejection fraction <51% 1.49 1.26–1.77 <0.001 

Acute kidney injury    

Stage 1 1.40 1.14–1.73 0.001 

Stage 2 2.03 1.47–2.82 <0.001 

Stage 3 3.73 2.78–5.01 <0.001 

E-CABG bleeding grades 2–3 1.52 1.26–1.82 <0.001 

Major vascular complications 1.72 1.11–2.66 0.02 

Infectious complications 1.40 1.15–1.70 0.001 

Anaemia, haemoglobin <120 g/l in women and <130 g/l in men; E-CABG, European Coronary 
Artery Bypass Grafting. 
 

5.2 PARAVALVULAR REGURGITATION AFTER TAVR 
AND SAVR (I) 

5.2.1 TAVR 

5.2.1.1 Incidences of paravalvular regurgitation 
The incidences of mild and moderate-to-severe PVR after TAVR were 21.7% 
and 3.7%, respectively. The rates of PVR declined significantly during the last 
study period (p<0.001) (Figure 13). The rates of PVR according to 
transcatheter valve models are reported in Figure 12. 
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Figure 11. Annual paravalvular regurgitation incidence after transcatheter aortic valve 
replacement. 

 

 
 

Figure 12. Paravalvular regurgitation according to different transcatheter valve types. 
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5.2.1.2 Risk factors for paravalvular regurgitation 
 
The baseline characteristics of TAVR and SAVR patients are summarized in 
Table 9. In multivariable analysis, maximal transvalvular gradient, combined 
aortic valve disease, systolic pulmonary pressure >55 mmHg, self-expanding 
valve and predilatation of the native valve were independent risk factors for 
moderate-to-severe PVR after TAVR (Table 15). Newer-generation 
transcatheter prostheses (SAPIEN 3, Evolut R and Pro, LOTUS and ACURATE 
Neo) were associated with significantly lower risk of PVR in comparison with 
early-generation prostheses (SAPIEN, SAPIEN XT, CoreValve) (OR 0.23, 95% 
CI 0.14-0.40) (Table 15). These newer devices were introduced in December 
2013 and their use coincided with a decrease in PVR, although approximately 
at the same time MDCT use became routine. Age (OR 1.04, 95% CI 1.02-1.06) 
and prior cardiac surgery (OR 1.31, 95% CI 1.02-1.70) were additional risk 
factors for mild-to-severe PVR. It is worth noting that TAVR was performed in 
114 patients with a known bicuspid aortic valve and it was not associated with 
a higher rate of mild-to-severe PVR (21.1% vs 25.7%, p=0.27) or moderate-to-
severe PVR (2.6% vs 3.8%, p=0.80) compared with tricuspid aortic valves. 
Furthermore, patients who received a permanent pacemaker within 30 days 
of TAVR did not have an increased or decreased risk of mild-to-severe PVR 
(22.2% vs 25.8%, p=0.71) or moderate-to-severe PVR (4.9% vs 3.6%, p=0.39). 
 

Table 15. Independent risk factors for moderate-to-severe paravalvular regurgitation. 

 Odds ratio 95% confidence 
interval 

p-value 

TAVR 

Aortic valve maximum gradient (per 
1 mmHg increase) 

1.01 1.00–1.02 0.03 

Aortic stenosis and regurgitation 1.92 1.20–3.08 0.007 

Systolic pulmonary artery pressure 
>55 mmHg 

5.95 1.69–20.95 0.005 

Predilatation of the native valve 3.43 1.87–6.29 <0.001 

Self-expanding valve prosthesis 2.47 1.10–5.57 0.03 

Newer-generation valve prostheses 0.23 0.14–0.40 <0.001 

SAVR 

Male 3.21 1.29–7.94 0.01 

Porcelain aorta 12.98 1.61–104.58 0.02 

Prior cardiac surgery 4.22 1.24–14.37 0.02 

SAVR, surgical aortic valve replacement; TAVR, transcatheter aortic valve replacement. 
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5.2.1.3 Survival and reinterventions 
 
Early outcomes are summarized in Table 11. After TAVR, 4-year survival of 
patients with none-to-trace PVR was 69.0%, with mild PVR 54.2% (p<0.001) 
and with moderate-to-severe PVR 48.9% (p<0.001) (Figure 13). In 
multivariable analysis, mild PVR (adjusted HR 1.64, p<0.001, 95% CI 1.35-
1.99) and moderate-to-severe PVR (adjusted HR 1.61, p=0.01, 95% CI 1.10-
2.35) were independent risk factors for 4-year all-cause mortality (Table 13).  

 

Figure 13. Impact of paravalvular regurgitation on survival after transcatheter aortic valve 
replacement. Copyright Oxford University Press. 

Freedom from all reinterventions on the aortic valve prosthesis was 99.6% in 
patients with none-to-trace PVR, 100% with mild PVR and 93.3% with 
moderate-to-severe PVR (p<0.001). Freedom from PVR-related 
reinterventions was 100% for none-to-mild PVR and 95.2% for moderate-to-
severe PVR (p<0.001). Four patients underwent reintervention after TAVR 
because of moderate-to-severe PVR (2 percutaneous PVR closure procedures 
with a plug device, 1 valve-in-valve TAVR and 1 extensive surgical operation 
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including SAVR, tricuspid valvuloplasty and closure of a perimembranous 
ventricular septal defect which caused a significant left-to-right shunt and 
PVR). Patients with mild PVR did not undergo any repeat procedure on the 
aortic prosthesis. Three patients underwent non-PVR-related reinterventions 
in the none-to-trace PVR group. 

5.2.2 SAVR 

5.2.2.1 Incidence of paravalvular regurgitation 
The rates of mild PVR and moderate-to-severe PVR after SAVR were 5.2% and 
0.7%, respectively, and there were no changes in the PVR rates during the 
study period. 

5.2.2.2 Risk factors for paravalvular regurgitation 
 
In multivariable analysis, male gender, porcelain aorta and prior cardiac 
surgery were risk factors for moderate-to-severe PVR (Table 15). For mild-to-
severe PVR, a bicuspid aortic valve was a risk factor for PVR (p=0.01, OR 1.42, 
95% CI 1.07-1.89) along with male gender (p=0.007, OR 1.44, 95% CI 1.11-
1.87). PVR was not affected by different types of SAVR prostheses. 

5.2.2.3 Survival and reinterventions 
 
Early outcomes are summarized in Table 12. After SAVR, 4-year survival 
in patients with none-to-trace PVR was 83.8%, with mild PVR 78.9% and with 
moderate-to-severe PVR 67.8% (p=0.002) (Figure 14). After adjusting for 
multiple covariates, mild and moderate-to-severe PVR were not associated 
with reduced 4-year survival (Table 14). Freedom from all reinterventions on 
the aortic valve was 99.5% in patients with none-to-trace PVR, 97.9% with 
mild PVR (p=0.01) and 77% with moderate-to-severe PVR (p<0.001). 
Freedom from PVR-related reinterventions was 99.8% for none-to-trace PVR, 
99.1% for mild PVR (p=0.01) and 77% for moderate-to-severe PVR (p<0.001). 
1.5% of patients (n=60) with none-to-trace PVR underwent late reintervention 
on the aortic valve prosthesis. 6 of these reinterventions were performed 
because of worsening PVR. 3.5% of patients (n=8) with mild PVR underwent 
reintervention, 2 of them for PVR, 4 for endocarditis and 2 for structural valve 
degeneration. 19.5% of patients (n=8) with moderate-to-severe PVR 
underwent reintervention and all these procedures were related to PVR. These 
reinterventions included 1 valve-in-valve TAVR, 5 SAVRs and 1 Bentall–
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DeBono procedure with CABG. One patient had a second reintervention for a 
new onset of PVR, which was treated percutaneously with a plug device. 
 

Figure 14. Impact of paravalvular regurgitation (PVR) on survival after surgical aortic valve 
replacement. Copyright Oxford University Press. 

5.3 VASCULAR COMPLICATIONS AFTER TAVR (II) 

5.3.1 INCIDENCE OF MAJOR VASCULAR COMPLICATIONS 
 
For the purpose of this study, MVCs were divided into 2 groups: non-access-
site-related MVCs, defined as MVCs in the aorta, aortic valve annulus or left 
ventricle, and access-site-related MVCs, defined as MVCs below the terminal 
aorta. 9.4% (n=174) of the transfemoral TAVR patients (n=1842) experienced 
an MVC. MVC occurred at the access site in 145 patients, and in 29 patients 
MVC was not related to the access site. The mean follow-up duration was 
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2.3 ± 1.6 years. During the 10-year study period, the incidence of MVC 
declined from 25.0% to 6.7% (p<0.001). This trend was mainly derived by a 
significant reduction in access-site-related MVC (from 25.0% to 5.7%, 
p=0.002) (Figure 15). 
 

 

Figure 15. Annual distribution of major vascular complications (MVCs) in transfemoral 
transcatheter aortic valve replacement procedures. 

5.3.2 DEVICES 
 
During the study period, the following transcatheter valves were used for 
patients who underwent transfemoral TAVR: SAPIEN XT (n=405) or 
SAPIEN 3 (n=799), CoreValve (n=81) or Evolut R/Pro (n=167), ACURATE 
Neo (n=157), LOTUS/LOTUS Edge (n=228) and PORTICO (n=5). 

5.3.3 PREDICTORS OF MAJOR VASCULAR COMPLICATIONS 
 
In the multivariable analysis, female gender and time frame of transfemoral 
TAVR were identified as independent predictors of overall MVC (female: OR 
1.56, 95% CI 1.04-2.34; time frame: OR 0.57, 95% CI 0.34-0.95) and access-
site-related MVC (female: OR 1.45, 95% CI 1.01-2.12; time frame: OR 0.31, 
95% CI 0.13-0.75). A self-expandable valve was associated with a significantly 
lower risk of non-access-site-related MVC than a balloon- or mechanically 
expandable valve (OR 0.13, 95% CI 0.02-0.67) (Table 16). 
 

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
n. 21 n. 36 n. 61 n. 86 n. 135 n. 181 n. 228 n. 361 n. 501 n. 519

Overall MVC 25,0 % 23,5 % 20,8 % 5,9 % 17,4 % 13,1 % 12,3 % 8,5 % 7,5 % 6,7 %
Non-acces-site-related MVC 0,0 % 0,0 % 2,1 % 0,0 % 5,4 % 3,6 % 3,2 % 0,9 % 0,0 % 1,0 %
Access-site-related MVC 25,0 % 23,5 % 18,7 % 5,9 % 12,0 % 9,5 % 9,1 % 7,6 % 6,7 % 5,7 %

0,0 %
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Table 16. Independent predictors of major vascular complications and 30-day mortality. 

Predictor of MVC OR (95% CI) p-value 

Overall MVC (n=174) 
Female 
4th quartile (vs 1st quartile) 

 
1.56 (1.04–2.34) 
0.57 (0.34–0.95) 

 
0.030 
0.029 

Non-access-site-related MVC (n=29) 
Self-expandable valve 

 
0.13 (0.02–0.67) 

 
0.009 

Access-site-related MVC (n=145) 
Female 
4th quartile (vs 1st quartile) 

 
1.45 (1.01–2.12) 
0.31 (0.13–0.75) 

 
0.046 
0.011 

Predictor of 30-day mortality OR (95% CI) p-value 

MVC 
Non-access-site-related MVC 
Access-site-related MVC 

6.42 (2.25–20.6) 
39.8 (10.2–92.8) 

22.63 (1.01–9.3) 2 

<0.001 
<0.001 
0.040 

Candidate variables for overall MVC: female, body surface area, eGFR, insulin-dependent 
diabetes, time frame of procedure, oral anticoagulant+antiplatelet therapy, EuroSCORE II, STS 
score, general anaesthesia, sheath size and balloon predilatation. Candidate variables for non-
access-site-related MVC: age, female, body mass index, body surface area, time frame of 
procedure, extracardiac arteriopathy, SE versus BE+ME, and postdilatation. Candidate variables 
for access-site-related MVC: female, COPD, extracardiac arteriopathy, eGFR, time frame of 
procedure, EuroSCORE II, STS score and sheath size. Candidate variables for 30-day mortality: 
age, eGFR, atrial fibrillation, urgent or emergency procedure, NYHA IV, STS score, moderate-to-
severe PVR, AKI grade ≥2, life-threatening or disabling/major bleeding, time frame of TAVR and 
MVC. AKI, acute kidney injury; BE, balloon-expandable; CI, confidence interval; COPD, chronic 
obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; ME, mechanically 
expandable; MVC, major vascular complication; NYHA, New York Heart Association; OR, odds 
ratio; PVR, paravalvular regurgitation; SE, self-expandable; STS, Society of Thoracic Surgeons; 
TAVR, transcatheter aortic valve replacement. 

5.3.4 EARLY AND MIDTERM OUTCOMES 
 
Patients with MVC had higher 30-day mortality (11.5% vs 1.6%, p<0.001) 
(Table 16), higher prevalence of life-threatening or major bleeding events 
(96.6% vs 9.8%, p<0.001), and a sevenfold risk of RBC transfusions, as well as 
unplanned endovascular or surgical interventions, AKI grade ≥2 and longer 
hospital stay. Patients with non-access-site-related MVC had a significantly 
higher 30-day mortality (38.9% vs 6.2%, p<0.001) and longer hospital stay 
(10.4 ± 3.8 vs 7.7 ± 3.8 days, p=0.013) than those with access-site-related 
MVC, and they had a tendency towards a higher incidence of stroke (10.3% vs 
3.4%, p=0.061), AKI grade ≥2 (13.8% vs 5.5%, p=0.091) and PVR grade ≥2 
(10.3% vs 2.8%, p=0.058).  
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Figure 16. Kaplan–Meier cumulative all-cause mortality up to 3 years according to: (A) major 
vascular complication (MVC) status (MVC vs non-MVC, log-rank p<0.001); (B) 
access-site status (non-access-site-related* MVC or access-site-related† MVC vs 
non-MVC, log-rank p<0.001); (C) severity of access-site-related MVC (red blood 
cell [RBC] transfusion 0–3 units vs ≥4 units, log-rank p<0.001). Copyright The 
Japanese Circulation Society. 

3-year mortality differed significantly according to MVC status (MVC 40.8% 
vs non-MVC 24.3%, log-rank p<0.001) (Figure 16A). Although non-access-
site-related MVC was significantly associated with higher 3-year mortality 
compared with non-MVC (77.8% vs 24.3%, log-rank p<0.001), access-site-
related MVC was not (32.6% vs 24.3%, log-rank p=0.12) (Figure 16B). Cardiac 
tamponade (79.3%) was the most frequent clinical presentation in patients 
with non-access-site-related MVC. All-cause mortality at 1 year was 100% in 
patients with annular rupture (n=8, 27.6%) and with ventricular septal 
perforation (n=5, 17.2%), and 87.5% in those with aortic dissection or rupture 
(n=8, 27.6%). For the purpose of severity analysis, patients with access-site-
related MVC were divided into 2 groups according to RBC transfusion units 
(transfusion 0–3 units and ≥4 units) based on ROC analysis. A significant 
difference in 3-year mortality was observed between these access-site-related 
MVC groups (transfusion 0–3 units 26.1%, ≥4 units 51.8%, log-rank p<0.001) 
(Figure 16C). 

In the multivariable analysis (Table 17), overall MVC was significantly 
associated with an increased 3-year mortality risk (adjusted HR 2.01, 95% CI 
1.16-3.62). Adjusted HR for 3-year mortality was 4.30 (95% CI 2.63-7.02) for 
non-access-site-related MVC and 1.38 (95% CI 0.86-2.15) for access-site-
related MVC. Access-site-related MVC requiring ≥4 units RBC transfusion was 
associated with an increased risk of 3-year mortality (HR 2.18, 95% CI 1.19-
3.89). 
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Table 17. Impact of major vascular complications on 3-year all-cause mortality. 

 Cumulative 
mortality rate at 

3 years (%) 
(95% CI) 

Unadjusted HR 
(95% CI) 

p-value Adjusted HR 
(95% CI) 

p-value 

Non-MVC 24.3 (22.8–25.8) - - - - 

MVC 40.3 (39.6–44.9) 2.20 (1.71–6.68) <0.001 2.01 (1.16–3.62) <0.001 

Non-access-
site-related 
MVC 

77.8 (69.8–85.6) 5.27 (4.16–6.68) <0.001 4.30 (2.63–7.02) <0.001 

Access-site-
related MVC 

32.6 (26.7–36.9) 

 

1.58 (1.15–2.18) 

 

0.007 

 

1.38 (0.86–2.15) 

 

0.18 

 

RBC transfusion 
0–3 units 

≥4 units 

 
26.1 (20.5–31.6) 

51.8 (39.2–64.5) 

 
1.21 (0.82–2.03) 

2.38 (1.51–3.75) 

 
0.22 

<0.001 

 
1.08 (0.59–2.00) 

2.18 (1.19–3.89) 

 
0.52 

0.013 

CI, confidence interval; HR, hazard ratio; MVC, major vascular complication; RBC, red blood cell. 

5.4 ACUTE KIDNEY INJURY AFTER TAVR AND SAVR 
(III) 

5.4.1 INCIDENCE AND PREDICTORS OF ACUTE KIDNEY INJURY 
 
The mean follow-up in patients without CKD was 3.5 ± 2.6 years (median 
3.0 years, interquartile range 1.3–5.2 years; range 0–10.0 years) in the overall 
cohorts. After propensity score matching, 542 matched pairs of patients who 
underwent TAVR or SAVR were identified and the baseline characteristics are 
shown in Table 18. 

Patients who underwent TAVR had a significantly lower incidence of AKI 
in comparison with those who underwent SAVR (unmatched: 4.7% vs 16.4%, 
p<0.001; matched: 5.9% vs 19.0%, p<0.001) (Figure 17). In the unmatched 
series, the proportion of AKI in patients who underwent TAVR significantly 
decreased during the study period (ptrend<0.001) but not in those who 
underwent SAVR (ptrend=0.23) (Figure 17). 
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Table 18. Baseline characteristics after propensity score matching. 

 TAVR SAVR p-value Absolute 
standardized 

difference 
Age (years)  77.8 ± 7.7 77.9 ± 5.6 0.96 0.015 

Female 284 (52.4) 276 (50.9) 0.63 0.030 

Body mass index (kg/m2) 27.4 ± 5.2 27.4 ± 4.7 0.80 0.000 

Diabetes 140 (25.8) 142 (26.2) 0.89 0.009 

COPD 141 (26.0) 121 (22.3) 0.20 0.087 

Atrial fibrillation 156 (28.8) 166 (30.6) 0.51 0.039 

Extracardiac arteriopathy 84 (15.5) 86 (15.9) 0.87 0.011 

Coronary artery disease 127 (23.4) 238 (25.5) 0.44 0.049 

Previous pacemaker 30 (5.5) 34 (6.3) 0.61 0.034 

Previous cardiac surgery 42 (7.8) 46 (8.5) 0.66 0.026 

Previous PCI 80 (14.8) 77 (14.2) 0.80 0.017 

Previous myocardial infarction 44 (8.1) 52 (9.6) 0.34 0.053 

Previous stroke 42 (7.8) 55 (10.5) 0.17 0.094 

Haemoglobin (g/l) 129 ± 15.2 129.6 ± 14.3 0.48 0.041 

eGFR (ml/min/1.73 m2) 82.6 ± 18.4 82.6 ± 17.2 0.99 0.000 

LVEF <51% 130 (24.0) 127 (23.4) 0.82 0.014 

NYHA class 4 50 (9.2) 55 (10.2) 0.61 0.031 

Frailty Geriatric Status Scale 2–3 40 (7.4) 42 (7.8) 0.82 0.015 

AHF within 90 days 61 (11.3) 69 (12.7) 0.46 0.043 

Urgent/emergent procedure 45 (8.3) 49 (9.0) 0.82 0.025 

Associated PCI or CABG 51 (9.4) 56 (10.3) 0.44 0.030 

STS score 3.1 ± 1.9 3.2 ± 3.1 0.54 0.039 

EuroSCORE II 4.0 ± 3.6 4.1 ± 4.8 0.53 0.026 

Time frame of AVR   0.57  

1st quartile 32 (5.9) 38 (7.0)  0.048 

2nd quartile 95 (17.5) 83 (15.3)  0.059 

3rd quartile 169 (31.2) 183 (33.8)  0.056 

4th quartile 246 (45.4) 238 (43.9)  0.030 

AHF, acute heart failure; AVR, aortic valve replacement; CABG, coronary artery bypass grafting; 
COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; LVEF, 
left ventricular ejection fraction; NYHA, New York Heart Association; PCI, percutaneous coronary 
intervention; SAVR, surgical aortic valve replacement; STS, Society of Thoracic Surgeons; TAVR, 
transcatheter aortic valve replacement. 
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Figure 17. Incidence of acute kidney injury (AKI) following transcatheter aortic valve 
replacement (TAVR) and surgical aortic valve replacement (SAVR). Patients who 
underwent TAVR had a significantly lower incidence of AKI in comparison with 
patients who underwent SAVR in unmatched and matched series. 

Throughout different cohorts, bleeding complications were significantly 
associated with higher rates of AKI. In the matched TAVR cohort, the 
incidence of AKI in patients with life-threatening/disabling bleeding was 
significantly higher in comparison with patients without bleeding events 
(24.2% vs 3.0%). In the matched SAVR cohort, the incidence of AKI was 40.6% 
in patients with life-threatening or disabling bleeding event versus 10.4% in 
patients without bleeding events. With the E-CABG bleeding severity scale 
(grades 2–3 vs grades 0–1), the incidences of AKI were 34.6% vs 2.6% after 
TAVR, and 43% vs 10.4% after SAVR. After TAVR, the incidence of AKI 
increased significantly with increasing number of RBC transfusion units: 2.5% 
with 0 units, 2.9% with 1–2 units, 10.0% with 3–4 units and 34.8% with >4 
units. After SAVR, the incidence of AKI increased as follows: 9.8% (0 units), 
12.9% (1–2 units), 20.1% (3–4 units) and 46.2% (>4 units). 

Apart from bleeding, TAVR was independently associated with less AKI in 
comparison with SAVR (OR 0.29, 95% CI 0.20-0.41). In the TAVR cohort, the 
time frames of TAVR and moderate-to-severe PVR were independent 
predictors of AKI (Table 19). In the SAVR cohort, sepsis, acute heart failure 
within 90 days, New York Heart Association (NYHA) class 4 and atrial 
fibrillation were significant predictors of AKI (Table 19). 
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Table 19. Multivariable analysis for factors associated with acute kidney injury. 

 OR 95% CI p-value 

Overall  

TAVR vs SAVR 0.29 0.20–0.41 <0.001 

Female  0.66 0.53–0.82 <0.001 

Body mass index (kg/m2) 0.93 0.91–0.95 <0.001 

Atrial fibrillation 1.53 1.23–1.90 <0.001 

AHF within 90 days 1.56 1.10–2.22 0.029 

PVR moderate-to-severe 4.06 2.00–7.96 <0.001 

Sepsis 3.36 1.63–6.76 0.001 

E-CABG bleeding grades 2–3 3.00 2.40–3.75 <0.001 

TAVR 

Time frame per quartile 0.52 0.39–0.61 <0.001 

E-CABG bleeding grades 2–3 9.94 3.82–27.0 <0.001 

PVR moderate-to-severe 4.12 1.39–10.7 0.013 

SAVR 

Age (per year) 1.02 1.01–1.04 <0.001 

Female 0.65 0.51–0.84 0.001 

Body mass index (kg/m2) 0.92 0.90–0.94 <0.001 

Atrial fibrillation 1.50 1.15–1.93 0.003 

AHF within 90 days 1.67 1.09–2.56 0.020 

NYHA class 4 1.67 1.03–2.64 0.038 

Cardiopulmonary bypass time (per 10 min) 1.09 1.02–1.23 <0.001 

Sepsis 3.51 1.49–8.02 0.005 

E-CABG bleeding grades 2-3 3.71 1.94–8.28 <0.001 

AHF, acute heart failure; CI, confidence interval; E-CABG, European Coronary Artery Bypass 
Grafting; NYHA, New York Heart Association; OR, odds ratio; PVR, paravalvular regurgitation; 
SAVR, surgical aortic valve replacement; TAVR, transcatheter aortic valve replacement. 

5.4.2 EARLY OUTCOMES 
 
In matched series, patients who underwent TAVR had significantly lower 
bleeding complications according to life-threatening/disabling or major 
bleeding according to the VARC-2 criteria and E-CABG bleeding grades 2–3 
(i.e. transfusion of more than 4 units of RBCs and/or operation for mediastinal 
or peripheral bleeding). 30-day mortality was similar between TAVR and 
SAVR. 
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Table 20. Early outcomes after transcatheter and surgical aortic valve replacement in 
matched series. 

Matched series 

 TAVR 
(n=542) 

SAVR 
(n=542) 

p-value 

Major vascular complication 53 (9.8) 12 (2.2) <0.001 

Life-threatening or major bleeding 90 (16.6) 285 (52.6) <0.001 

E-CABG bleeding grades 2–3 30 (5.6) 114 (21.4) <0.001 

RBC transfusion >4 units 20 (3.7) 122 (22.5) <0.001 

PVR moderate-to-severe 19 (3.5) 3 (0.55) <0.001 

Stroke 16 (3.0) 21 (3.9) 0.40 

Permanent pacemaker implantation 49 (9.0) 31 (5.7) 0.037 

Sepsis 4 (0.74) 8 (1.5) 0.25 

Length of hospital stay 5.7 ± 5.3 8.3 ± 5.7 <0.001 

E-CABG bleeding grades 2–3 9.94 3.82–27.0 <0.001 

30-day mortality 17 (3.1) 27 (5.0) 0.12 

E-CABG, European Coronary Artery Bypass Grafting; PVR, paravalvular regurgitation; RBC, red 
blood cell; SAVR, surgical aortic valve replacement; TAVR, transcatheter aortic valve 
replacement. 

5.4.3 EFFECT OF ACUTE KIDNEY INJURY ON 5-YEAR OUTCOMES 
 
The results of Kaplan–Meier analyses for all-cause mortality for patients with 
or without AKI in the unmatched cohorts are displayed in Figure 18. All-cause 
mortality was significantly higher in patients with AKI after TAVR (68.7% vs 
38.7%, log-rank p<0.001) and after SAVR (33.2% vs 15.4%, log-rank p<0.001). 
Analysis was performed for the total cohort from 3 months to 5 years, and 
mortality was significantly higher if AKI occurred (AKI 25.8% vs non-AKI, 
17.1%, log-rank p=0.004). Figure 19 presents the results of Kaplan–Meier 
analyses according to AKI grade, demonstrating that increasing severity of 
AKI was significantly associated with the incremental risk of 5-year mortality 
in multivariable analysis. In multivariable analysis, after adjusting for multiple 
covariates, AKI was independently associated with higher mortality at 5 years 
after TAVR (adjusted HR 2.58, 95% CI 1.24-5.32, p=0.011) and after SAVR 
(adjusted HR 2.08, 95% CI 1.57-2.73, p<0.001). 

5-year mortality was not significantly different between the matched 
groups (TAVR 31.5% vs SAVR 24.6%, log-rank p=0.12). 
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Figure 18. Impact of acute kidney injury (AKI) on 5-year all-cause mortality. Cumulative event 
curves in the (A) transcatheter aortic valve replacement cohort and (B) surgical 
aortic valve replacement cohort. Copyright Canadian Cardiovascular Society. 
Published by Elsevier Inc. All rights reserved. 
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Figure 19. Impact of acute kidney injury (AKI) severity on 5-year all-cause mortality. 
Cumulative event curves in the (C) transcatheter aortic valve replacement cohort 
and (B) surgical aortic valve replacement cohort. *Non-AKI vs AKI grade 1, †AKI 
grade 1 vs AKI grade 2, ‡AKI grade 2 vs AKI grade 3. Copyright Canadian 
Cardiovascular Society. Published by Elsevier Inc. All rights reserved. 

5.5 PROSTHETIC VALVE ENDOCARDITIS AFTER TAVR 
AND SAVR (IV) 

A total of 68 cases of PVE were identified in the follow-up. Of these, 15 
occurred in the TAVR group and 53 in the SAVR cohort group. The mean time 
between aortic valve intervention and diagnosis of PVE was 2.1 ± 2.4 years. 
The overall incidence of PVE was 3.0/1000 person-years (3.4/1000 person-
years after TAVR, and 2.9/1000 person-years after SAVR). In the competing 
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risk analysis, there was no significant difference in risk of PVE between TAVR 
and SAVR (Figure 20). 
 

 

Figure 20. Competing risk analysis for the risk of prosthetic valve endocarditis after 
transcatheter aortic valve replacement (TAVR) and surgical aortic valve 
replacement (SAVR). There was no significant difference in the risk of prosthetic 
valve endocarditis between TAVR and SAVR over an 8-year period. Reprinted with 
permission from EuroIntervention. 

In the multivariable analysis, male gender (HR 1.73, 95% CI 1.04-2.89) and 
deep sternal wound infection or vascular access-site infection (HR 5.45, 95% 
CI 2.24-13.2) were independent risk factors for PVE. 

The main clinical features of PVE are shown in Table 21. 72% of the patients 
had fever, approximately 40% presented with NYHA classes 3–4, a little more 
than 30% had possible causative infection, the mean onset from symptoms to 
diagnosis was over 50 days (median 22 days), over 80% fulfilled the definite 
modified Duke criteria for PVE, 53–89% of the patients had 
echocardiographic findings and embolization occurred in approximately 30% 
of patients. Among 68 patients with PVE, staphylococci were the most 
frequent causal microorganisms (38.2%), followed by streptococci (27.9%) 
and enterococci (19.1%). 

Surgical treatment was less frequently performed in the TAVR cohort 
compared with the SAVR cohort (6.7% vs 47.2%, p=0.004). In-hospital death 
occurred in 20% after TAVR (n=3) and 32.1% after SAVR (n=17). Surgical 
treatment for PVE was the only independent predictor of in-hospital death 
(HR 0.34, 95% CI 0.21-0.61). The mortality rate after PVE was 37.7% at 
1 month and 52.5% at 12 months. 
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Table 21. Prosthetic valve endocarditis features and in-hospital outcomes in transcatheter 
and surgical aortic valve replacement patients. 

 All PVE TAVR PVE SAVR PVE p-value 

Age 78.4 ± 8.1 85.1 ± 9.0  76.5 ± 6.7  <0.001  
First symptoms 

Fever 
Sepsis 
Heart failure 
Bradycardia 
Neurological 
Weight loss  

49 (72.1)  13 (86.7)  36 (67.9)  0.15  
18 (26.5)  4 (26.7)  14 (26.4)  0.98  
7 (10.3)  2 (13.3)  5 (9.4)  0.66  
4 (5.9)  1 (6.7)  3 (5.7)  0.88  
2 (2.9)  0 (0)  2 (3.8)  0.45  
2 (2.9)  0 (0)  2 (3.8)  0.45  

NYHA ≥III at admission  27 (39.7)  5 (33.3)  22 (41.5)  0.57  

Possible causative event 
Infection 
Dental 
Urinary tract 
Gastrointestinal 
Skin 
Surgery 
Unknown  

23 (33.8)  6 (40.0)  17 (32.1)  0.57  
3 (4.4)  1 (6.7)  2 (3.8)  0.63  
11 (16.2)  1 (6.7)  10 (18.9)  0.25  
4 (5.9)  2 (13.3)  2 (3.8)  0.16  
3 (4.4)  0 (0)  3 (5.7)  0.34  
12 (17.7)  2 (13.3)  10 (18.9)  0.62  
28 (41.2)  5 (33.3)  23 (43.3)  0.49  

Onset to diagnosis, days 

Mean 
Median 

56.5 ± 85.6 40.5 ± 79.2 61.3 ± 87.4 0.39 
22 (5–49) 7 (2–20) 27 (7–52) – 

Duke definite  57 (83.8)  12 (80.0)  45 (84.9)  0.65  
Duke possible  11 (16.2)  3 (20.0)  8 (15.1)  0.65  
Causative microorganism(s)  

Staphylococci 
Coagulase-positive 
Coagulase-negative 
Enterococci 
Streptococci 
Fungal 
BCNIE 
Others  

26 (38.2)  4 (26.7)  22 (41.5)  0.30  
11 (16.1)  3 (20.0)  8 (15.1)  0.65  
15 (22.1)  1 (6.8)  14 (26.4)  0.10  
13 (19.1)  4 (26.7)  9 (17.0)  0.40  
19 (27.9)  7 (46.7)  12 (22.6)  0.049  
1 (1.4)  0 (0)  1 (1.9)  0.59  
4 (5.9)  0 (0)  4 (7.6)  0.27  
5 (7.4)  0 (0)  5 (9.4)  0.22  

Echocardiographic finding(s)  55 (80.9)  8 (53.3)  47 (88.7)  0.002  
Vegetation  40 (58.9)  6 (40.0)  34 (64.2)  0.093  
Abscess  17 (25.0)  0 (0)  17 (32.1)  0.011  
Leaflet dehiscence  6 (8.8)  0 (0)  6 (11.3)  0.17  
Fistula  4 (5.8)  0 (0)  4 (7.6)  0.27  
Pseudoaneurysm  2 (2.9)  0 (0)  2 (3.8)  0.46  
New aortic regurgitation ≥2 grade  19 (27.9)  5 (33.3)  4 (26.2)  0.60  
New mitral regurgitation ≥2 grade  15 (22.1)  3 (20.0)  12 (22.6)  0.83  

Embolization(s)  18 (26.5)  1 (6.7)  17 (32.1)  0.051  
Brain  13 (19.1)  1 (6.7)  12 (22.6)  0.16  
Spleen  4 (6.3)  0 (0)  4 (7.5)  0.27  
Others  5 (8.1)  0 (0)  5 (10.4)  0.21  

Surgical treatment  26 (38.2)  1 (6.7)  25 (47.2)  0.004  

In-hospital death  19 (27.9)  3 (20.0)  17 (32.1)  0.44  

BCNIE, blood culture negative infective endocarditis; NYHA, New York Heart Association; PVE, 
prosthetic valve endocarditis; SAVR, surgical aortic valve replacement; TAVR, transcatheter aortic 
valve replacement. 
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5.5.1 PROPENSITY SCORE MATCHED SERIES 
 

Propensity score matching provided 1252 pairs with similar characteristics 
(STS score: TAVR 3.9 ± 2.6% vs SAVR 4.1 ± 3.7%, p=0.22) as well as 
standardized differences <0.1 for all covariates (Table 22). Among the 
matched pairs, the competing risk analysis showed that the risk of PVE was 
similar between the study groups (SAVR vs TAVR, HR 1.67, 95% CI 0.61-4.59). 

Table 22. Baseline characteristics of patients in propensity-matched series. 

Matched series 

 TAVR 
(n=1252) 

SAVR 
(n=1252) 

Standardized 
differences 

Age, years  79.6 ± 7.0 80.2 ± 4.5 0.099 
Female, n  712 (56.9) 747 (59.7) 0.057 
Body mass index, kg/m2  274 ± 5.1 27.4 ± 4.7 0.005 
Haemoglobin, g/l  127 ± 16 125 ± 14 0.088 
eGFR, ml/min/1.73 m2  69 ± 23 68 ± 20 0.055 
Dialysis, n  7 (0.6) 8 (0.6) 0.010 
Diabetes, n  341 (27.2) 355 (28.4) 0.025 
COPD, n  240 (19.2) 266 (21.2) 0.052 
Atrial fibrillation, n  439 (35.1) 473 (37.8) 0.056 
Extracardiac arteriopathy, n  207 (16.5) 226 (18.1) 0.040 
Coronary artery disease, n  419 (33.5) 363 (29.0) 0.097 
Active malignancy, n  30 (2.4) 33 (2.6) 0.015 
Prior pacemaker implantation, n  76 (6.1) 91 (7.3) 0.048 
Prior cardiac surgery, n  88 (7.0) 85 (6.8) 0.009 
Prior PCI, n  200 (16.0) 198 (15.8) 0.004 
Frailty Geriatric Status Scale ≥2, n  94 (7.5) 91 (7.3) 0.009 
Critical preoperative state, n  29 (2.3) 31 (2.5) 0.010 
NYHA class 4, n  135 (10.8) 136 (10.9) 0.003 
LVEF ≤50%, n  303 (24.2) 305 (24.4) 0.004 
Bicuspid aortic valve, n  89 (7.1) 63 (5.0) 0.087 
Urgent or emergent procedure, n  112 (8.9) 104 (8.3) 0.023 
EuroSCORE II 5.4 ± 5.6 5.6 ± 6.6 0.020 
STS score 3.9 ± 2.6 4.1 ± 3.7 0.050 

COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; LVEF, 
left ventricular ejection fraction; NYHA, New York Heart Association; PCI, percutaneous coronary 
intervention; SAVR, surgical aortic valve replacement; STS, Society of Thoracic Surgeons; TAVR, 
transcatheter aortic valve replacement. 
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5.6 EFFICACY OF TAVR IN PREVENTING EARLY 
MORTALITY (V) 

For the purpose of this study, older-generation valves were excluded to make 
this study better reflect current practice. Of the 1433 patients with a mean STS 
score of 4.3 ± 3.4% who underwent TAVR with newer-generation devices 
(SAPIEN 3, n=872; Evolut R and Pro, n=172; LOTUS, n=334; ACURATE Neo, 
n=155), 104 (7.3%) died within 1-year of the procedure. 

5.6.1 ESTIMATED RISK PROBABILITIES AND MORTALITY RISK 
 
Figure 21 shows the observed 1-year mortality rates according to estimated 
deciles of the STS score and EuroSCORE II as well as the deciles of the 
estimated risk probabilities of the present study. In the highest risk score 
decile of the STS score (>7.5%), mortality at 1 year was 19.6%, while in the first 
eight deciles with STS score <5.5%, 1-year mortality ranged from 1.4% to 8.3%. 
1-year mortality in the highest EuroSCORE II decile (>13.1%) was 15.4%, and 
while EuroSCORE II was <8.3% in the first eight deciles, 1-year mortality 
ranged from 3.5% to 7.6% in the lower deciles. In the highest decile of the 
present study’s estimated risk, 1-year mortality was 23.1%, while in the first 
eight deciles 1-year mortality ranged from 2.8% to 9.2%. In particular, patients 
with STS score ≥10% had a 1-year mortality rate of 27.4%. 
 
 

 

Figure 21. 1-year all-cause mortality after transcatheter aortic valve replacement with newer-
generation devices according to deciles of the present study risk probabilities as 
well as of EuroSCORE II and Society of Thoracic Surgeons (STS) scores. 
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Early outcomes were stratified according to risk score deciles (Table 23), and 
30-day mortality and AKI were significantly more frequent findings with 
increasing risk score decile. 

Table 23. Early adverse events after transcatheter aortic valve replacement according to 
this study’s risk probabilities, Society of Thoracic Surgeons score and 
EuroSCORE II deciles. 

Covariates Deciles of risk probabilities 
 1 2 3 4 5 6 7 8 9 10 p-

value† 
Study risk probabilities            

30-day mortality 0.7 2.1 2.1 0.7 0.0 1.4 1.4 2.1 2.1 8.4 <0.001 

Acute kidney injury 1.4 2.2 3.6 3.5 0.7 2.2 2.8 6.5 5.0 17.7 <0.001 

Pacemaker 
implantation* 

10.4 10.4 8.5 7.7 12.9 10.7 9.0 14.1 8.4 13.3 0.38 

Major vascular injury 7.6 6.9 7.0 10.6 3.4 6.4 9.0 10.6 9.1 9.1 0.13 

Stroke 2.8 2.1 1.4 2.8 1.4 2.9 2.1 2.1 3.5 2.8 0.59 

E-CABG bleeding 
grades 2–3  

2.8 2.8 4.3 6.4 0.0 3.6 4.3 5.0 4.3 6.3 0.16 

STS score            

30-day mortality 0 0.7 2.1 0.7 1.4 0 2.1 2.8 2.1 9.1 <0.001 

Acute kidney injury 3.5 4.3 4.3 1.4 4.9 2.2 3.6 2.9 6.4 11.0 0.02 

Pacemaker 
implantation* 

11.9 8.4 16.0 9.1 9.7. 7.7 7.6 13.3 9.8 11.9 0.83 

Major vascular injury 7.7 6.3 6.9 9.1 6.2 4.2 11.1 9.1 10.5 8.4 0.17 

Stroke 2.8 1.4 1.4 2.1 2.8 0.7 3.5 3.5 2.1 3.5 0.30 

E-CABG bleeding 
grades 2–3  

3.5 4.3 4.3 3.5 3.5 1.4 5.6 3.5 4.3 5.7 0.52 

EuroSCORE II            

30-day mortality 0.7 2.1 0 0.7 2.1 2.1 1.4 2.1 1.4 8.4 <0.001 

Acute kidney injury 2.2 2.2 2.9 4.9 5.7 3.7 4.3 5.0 4.3 8.8 0.01 

Pacemaker 
implantation* 

9.7 12.0 9.1 11.8 11.6 8.6 11.1 9.7 12.6 9.1 0.94 

Major vascular injury 7.6 8.5 4.9 9.0 9.6 7.1 4.2 9.0 9.8 9.8 0.39 

Stroke 1.4 2.8 1.4 2.1 3.4 2.9 2.1 1.4 2.8 3.5 0.43 

E-CABG bleeding 
grades 2–3  

4.3 3.6 2.1 3.5 7.6 2.2 1.4 6.3 2.8 5.8 0.59 

*Pacemaker implantation at 30 days; †Linear-by-linear association test. Acute kidney injury, 
Kidney Disease: Improving Global Outcomes classification stages 1–3; E-CABG, European 
Coronary Artery Bypass Grafting; STS, Society of Thoracic Surgeons. 
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5.6.2 INDEPENDENT RISK FACTORS FOR 1-YEAR MORTALITY 
 

Multivariable logistic regression using the AIC was used to identify risk factors 
associated with 1-year mortality (chapter 4.2) (Table 24). To assess the 
adaptability of this regression model for prediction of midterm mortality, 1-
year mortality rates were stratified according to deciles (Figure 22). 

Table 24. Risk factors for 1-year mortality after transcatheter aortic valve replacement 
estimated with logistic regression employing the Akaike information criterion. 

Covariates OR, 95%CI 

eGFR 0.99, 0.98–1.00 
Haemoglobin 0.98, 0.97–1.00 
NYHA class 4 1.79, 0.99–3.26 
Pulmonary disease 1.66, 1.05–2.62 
Coronary artery disease 1.49, 0.96–2.31 
Oxygen therapy 13.47, 2.36–76.88 
Age 1.00, 0.97–1.03 
Female 0.76, 0.50–1.16 
Atrial fibrillation 1.38, 0.91–2.10 
Recent AHF / critical preoperative state 1.60, 0.89–2.90 

AHF, acute heart failure within 60 days; CI, confidence interval; eGFR, estimated glomerular 
filtration rate; NYHA, New York Heart Association; OR, odds ratio. 
 
Risk factors identified in the logistic regression using the AIC were included in 
a CART model. The CART analysis showed that 1-year mortality was 31.8% 
among patients with NYHA class 4 symptoms and severe anaemia 
(haemoglobin <100 g/l), and reached 50.0% in patients with additional 
coronary artery disease (Figure 22). Patients with NYHA class 4 symptoms, 
haemoglobin >100 g/l and estimated glomerular filtration rate 
<45 ml/min/1.73 m2 had a 1-year mortality of 22.2% (Figure 22). 
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Figure 22. Classification and regression tree model for prediction of 1-year mortality after 
transcatheter aortic valve replacement (TAVR). art., artery; eGFR, estimated 
glomerular filtration rate; NYHA, New York Heart Association. 
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6 DISCUSSION 

6.1 PARAVALVULAR REGURGITATION AFTER TAVR 
AND SAVR 

This study demonstrated that both mild and moderate-to-severe PVR after 
TAVR were associated with lower midterm survival and that PVR rates 
diminished over time. 

It has been consistently demonstrated in the literature that moderate-to-
severe PVR after TAVR increases mortality [17,137]. Previous studies on the 
significance of mild PVR after TAVR have yielded conflicting results. In the 
PARTNER 1 trial, the rate of mild PVR was 38%, and it was associated with 
significantly increased 1-year mortality in comparison with none-to-trace PVR 
(22.2% vs 15.9%) [19]. In the same study, 1-year mortality in patients with 
moderate-to-severe PVR was 35.1%. A meta-analysis demonstrated higher all-
cause mortality in patients with mild PVR compared with none-to-trivial PVR 
(HR 1.26, 95% CI 1.11-1.43, p<0.001) [18]. Still, several studies did not confirm 
the negative prognostic impact of mild PVR after TAVR [17,20]. 

Mild PVR remains common at approximately 30% even after implantation 
of the latest-generation valves. Taking into account the large number of 
patients with mild PVR, it would supposedly be possible to detect any 
significant effect on survival. However, the impact of mild PVR over the long 
term in younger patients remains unknown. A recent report demonstrated a 
significantly lower rate of mild PVR after implanting SAPIEN 3 Ultra in 
comparison with SAPIEN 3 (6.5% vs 19.4%) [187]. SAPIEN 3 Ultra has a 40% 
higher outer skirt. 

The diagnosis of PVR is challenging and reported rates vary due to 
differences in patient populations, timing of assessment and valve types. It 
could be that a five-class scheme dividing mild PVR into ‘mild’ and ‘mild-to-
moderate’ would yield clearer results, as proposed by some authors [188]. 
Inconsistencies in categorizing PVR between different trials have been an 
obvious limitation for investigating the effect of PVR on mortality. The grading 
of eccentric PVR jets is difficult and associated with considerable interobserver 
variability. In a study comparing PVR grading with echocardiography with 
magnetic resonance imaging, the severity of PVR was underestimated with 
echocardiography [189]. 

The findings of our study are consistent with the previous literature in 
terms of moderate-to-severe PVR but the significance of mild PVR in real-
world clinical practice differs from many studies. In the present study, 
multivariable analysis showed similar late mortality risk with mild and 
moderate-to-severe PVR. This could be due to a low number of patients with 
moderate-to-severe PVR, and PVR grading irregularities as a portion of mild 
PVR cases might have been moderate to severe in reality. In our study, self-
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expandable valves accounted for 20% of valves, which is less in comparison 
with many other national registries. Self-expandable valves have been 
consistently associated with more PVR, although many studies comparing 
self- and balloon-expandable valves are controversial. 

We identified a number of risk factors associated with moderate-to-severe 
PVR after TAVR. Most of these risk factors are likely an indirect measure of 
the severity of AS, i.e. transvalvular gradient and increased pulmonary artery 
pressure. Also predilatation was associated with increased risk of PVR, but this 
was most likely performed in patients with asymmetric or severe aortic valve 
calcification. Importantly, this study confirmed that the use of newer TAVR 
devices in real-world practice was associated with a significant decrease in 
PVR rates. Valve design with a pericardial skirt to seal the paravalvular space 
has become better over time. 

Another factor affecting PVR rates is the treated patient population. Over 
time, TAVR indications have expanded from inoperable to intermediate- and 
low-risk patients, which itself leads to less PVR, and it has been suggested that 
PVR acts as a marker of more advanced vascular disease in higher-risk 
patients. What is more, there are unmeasured and unknown patient factors 
which might have an effect on outcome and therefore account for residual 
confounding. For example, detailed data from CT scans could be used to 
predict the risk of PVR but such data were not systematically available. There 
are always patient factors that are not captured in the data sheets of register 
studies. 

PVR is not frequent after SAVR. In the present study the rate of moderate-
to-severe PVR at discharge was 0.7%. In the previous literature, the rate of 
moderate-to-severe PVR after SAVR has been approximately 0.5%, with 
endocarditis cases excluded [190]. In the intermediate-risk population of the 
PARTNER 2 trial the rate of moderate-to-severe PVR after SAVR was 0.6% 
[9]. In most similar studies, PVR results in SAVR patients are not highlighted 
and its prognostic impact not documented. Our study showed worse survival 
with mild and moderate-to-severe PVR after SAVR, but this difference was not 
statistically significant in multivariable analysis when adjusted for multiple 
covariates; still, the adjusted risk estimates suggest that mild and moderate-
to-severe PVR had a tendency towards decreased survival also among SAVR 
patients. 

6.2 VASCULAR COMPLICATIONS OF TAVR 

In the early era of TAVR experience, MVC was demonstrated to be a significant 
risk factor for early and late mortality [148]. Recently, Arnold et al. reported 
the impact of short-term complications on 1-year mortality in 3763 TAVR 
patients enrolled in the PARTNER 2 trial [142]. Life-threatening or major 
bleeding events were associated with an increased risk of 1-year mortality, but 
MVCs were not. Bleeding occurred both with and without vascular 
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complications, with only 32% of bleeding complications occurring during the 
TAVR procedure (61% post-procedure but before discharge and 7% after 
discharge). However, vascular complications are highly associated with life-
threatening or major bleeding and therefore the results of Arnold et al., 
together with the present study, may indicate that if vascular complications 
are corrected quickly without resulting in severe bleeding, MVCs have little 
impact on late outcomes. 

In the present study, important predictors of vascular complications, such 
as sheath to femoral artery ratio, extensive tortuosity of iliofemoral vessels or 
severe iliofemoral atherosclerosis, could not be assessed as CT data were not 
systematically available. Unfortunately the type of vascular closure device was 
not captured in the FinnValve registry either. 

6.2.1 NON-ACCESS-SITE-RELATED MAJOR VASCULAR 
COMPLICATIONS 
 
Despite increased case volumes and evolution of the technique and device 
technology, non-access-site-related MVC still occurred in 0.8–1.0% of patients 
between 2015 and 2017. In comparison, from 2012 to 2014 the rate of non-
access-site MVC varied between 3.2% and 5.4%. In the TVT registry, the 
incidence of MVC involving the aorta, aortic valve annulus or left ventricle was 
between 0.2% and 1.1% from 2012 to 2014 [152]. 

In the present study the rates of annular rupture (n=8, 0.43%) and cardiac 
tamponade (n=23, 1.25%) were similar to those of previous reports. Cardiac 
tamponade accounted for 79% of non-access-site-related MVCs in our series. 
A study from Switzerland demonstrated a 0.6% (n=10) rate of annular rupture 
in 1635 consecutive TAVR patients with mean STS score 5.3% and systematic 
preoperative MDCT assessment. Only 1 annular rupture occurred with a self-
expanding valve and it was attributed to postdilatation. Patients with 
moderate or severe LVOT calcification had significantly higher incidences of 
annular rupture (2.3% vs 0.2%, p<0.001) [191]. The same study reported a 
0.9% rate of cardiac tamponade, 0.4% rate of coronary occlusion, 1.9% rate of 
valve dislocation/embolization and an overall MVC rate of approximately 11%. 
In Sweden, the rate of cardiac tamponade was 0.5% in 2020 according to the 
SWEDEHEART Annual Report [73]. In the present study, consistent with the 
previous literature, the use of a self-expandable valve was significantly 
associated with the risk of non-access-site-related MVC. Annular rupture is 
the most feared complication of TAVR and occurs in 0.5–1% of patients [149]. 
The different subtypes of annular rupture include intra-annular, subannular, 
supra-annular and combined. Risk factors include small annular size, heavy 
or bulky calcification of the leaflets or annulus, LVOT calcification, 
implantation of a balloon-expandable device and aggressive pre- or 
postdilatation [149]. The presentation is variable, ranging from a thickening 
of the aortic wall or small pericardial effusion to immediate tamponade and 
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rapid cardiac arrest. The treatment is chosen according to clinical presentation 
and type of annular rupture, ranging from conservative treatment to isolated 
pericardial drainage and surgical repair. Approximately half of the surgically 
treated patients survive [192]. Besides emergency surgical repair, several 
treatment options have been reported, such as the valve-in-valve technique, 
N-butyl-2-cyanoacrylate glue use and autotransfusion as a bridge to specific 
therapy [193,194]. 

Aortic dissection/perforation occurs infrequently (0.2%) during TAVR and 
accounts for 8.9% of cases converting to open heart surgery in [152]. There are 
no systematic studies on outcomes in the TAVR setting. In a large study of 
patients with iatrogenic aortic root complications, Mehta et al. reported a 
52.5% in-hospital mortality with conservative treatment of type A aortic 
dissection and 37.5% for those treated surgically [195]. 

Considering the seriousness of these complications, high-level 
multidisciplinary pre-procedural planning and dedicated valve selection are 
mandatory in order to avoid non-access-site-related MVC. 

6.2.2 ACCESS-SITE-RELATED MAJOR VASCULAR COMPLICATIONS 
In our study, the rate of access-site-related MVC in transfemoral TAVR 
patients ranged from 5.7% to 7.6% in 2015–2017. In the previous literature, 
MVC incidence has varied widely from approximately 2.0% to 17% in 
transfemoral TAVR patients, depending on patient characteristics, operator 
experience, centre volume, MDCT planning, type of percutaneous vascular 
closure device and sheath/device size. In a series of unselected patients treated 
with modern valves and a ProGlide vascular access closure device, the rate of 
access-site-related MVCs was 9.9% [196]. A series from a high-volume US 
centre reported a 4.7% MVC rate between 2014 and 2019. According to the 
STS/ACC TVT report, the incidence of access-site-related MVC in 2019 was 
higher in the high/extreme-risk cohort at 1.5% than in the intermediate-risk 
cohort at 1.1%, and it was least in the low-risk cohort at 0.7% [15]. However, 
these reported percentages seem rather low in comparison with studies 
specifically addressing vascular complications. 

Van Kesteren et al. demonstrated that MVCs influence survival only in the 
direct post-operative period in the first 30 days [156]. The impact of access-
site-related MVC on midterm survival, however, has not been well described 
to date. In the present study we demonstrated that access-site-related MVC 
does not have a significant impact on mortality unless severe bleeding occurs 
requiring a transfusion of ≥4 RBC units. A similar result has been previously 
reported in the study by Piccolo et al. [197]. The increasing units of RBC 
transfusion can be considered a marker of bleeding severity leading to poor 
outcome. Blood transfusions could have an independent adverse effect on 
outcome, as demonstrated in surgical studies [198]. 

In the present study, female sex was a predictor of MVC. This is probably 
due to smaller body surface area and iliofemoral arteries in comparison with 
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male patients. The later study period was associated with approximately three 
times less access-site-related MVC (4th quartile vs 1st quartile), and this is 
related to smaller device sizes and increased operator experience. 

6.3 KIDNEY INJURY AFTER TAVR AND SAVR 

The present study has demonstrated the following findings: 1) TAVR was 
independently associated with a lower risk of AKI in comparison with SAVR; 
2) bleeding complications were significantly associated with AKI after TAVR 
and SAVR; 3) the incidence of AKI after TAVR decreased during the study 
period; 4) the occurrence of AKI was associated with an increased risk of all-
cause mortality at 5 years correlating with its severity. 

Several studies have investigated the effect of AKI in outcomes after TAVR 
in patients with high surgical risk, but most have included patients with a high 
prevalence of CKD [199-202]. In this high-risk setting, the incidence of AKI 
ranged from 12% to 57% depending on the definition of AKI. On the other 
hand, among patients with intermediate to low surgical risk with low 
prevalence of CKD, the incidence of AKI reduced to less than 5% 
[13,121,123,203,204]. 

For example, in intermediate-risk trials (STS score 4.4–5.8%) PARTNER 
2A and SURTAVI, the rates of AKI stage 2–3 ranged from 1.3% to 1.7% in the 
TAVR arms and from 3.1% to 4.4% in the SAVR arms. Our data show 
comparable rates of AKI stage 2–3 (1.9% and 5.6%), although STS scores in 
unmatched series of the present study were somewhat lower (TAVR 
3.8% ± 2.7%, SAVR 2.6% ± 2.2%). 

Real-world data from the USA in a large nationally representative study 
demonstrated an 18.7% rate of AKI (any stage) for TAVR and a 15.4% rate for 
SAVR (data from years 2011–2014), and dialysis in 1.26% of patients in both 
treatment groups [159]. The same study demonstrated, after propensity score 
matching, a significantly lower rate of AKI after TAVR in comparison with 
SAVR (17.6% vs 22.6%; OR 0.69, 95% CI 0.50-0.96). In comparison, our data 
showed a 4.7% rate of AKI after TAVR and a 16.4% rate after SAVR, and 
dialysis rates of 0.2% and 1.7% after TAVR and SAVR, respectively. In a meta-
analysis of RCTs in patients with mean STS score <8%, TAVR was found to 
have less than half the odds of AKI compared with SAVR [84]. We confirmed 
that SAVR is associated with a significantly higher risk of AKI compared with 
TAVR even among patients without CKD. 

As previously reported, patients with CKD undergoing SAVR are at 
significantly higher risk of AKI and haemodialysis. Gummert et al. 
demonstrated that up to 16% of patients with CKD required haemodialysis 
during the post-operative period after SAVR [205]. It is worth noting that 
bleeding complication was the strongest risk factor for AKI in patients who 
underwent TAVR and SAVR, as previously reported [206]. In our study, if no 
bleeding occurred during or after TAVR, patients had a significantly lower 
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incidence of AKI compared with those who underwent SAVR, even after 
propensity score matching. The invasive nature of SAVR can be considered 
disadvantageous for kidney function, as well as the effects of cardiopulmonary 
bypass, which have been well elucidated [207]. 

In the above-mentioned propensity score matched study from a large 
patient cohort, AKI was associated with significantly higher rates of in-
hospital mortality for TAVR (OR 7.16, 95% CI 5.52-9.29) as well as SAVR (OR 
9.43, 95% CI 7.71-11.55). A previous report has shown that the occurrence of 
AKI is associated with higher rates of early and 1-year mortality after TAVR 
[199]. Among a high-risk population with CKD, Elmariah et al. reported a 1-
year mortality rate of 66.7% in AKI patients in comparison with an 8.6% 
mortality rate in patients without AKI [208]. The current study has 
demonstrated in a propensity score matched analysis in well-balanced 
treatment groups of low to intermediate risk (STS scores 3.1 ± 1.9 and 3.2 ± 3.1 
for TAVR and SAVR, respectively) that AKI is associated with increased 
mortality after TAVR. The minimally invasive nature of TAVR, high 
percentage of transfemoral approach in local anaesthesia and generally 
reduced risk of bleeding complications in modern TAVR practice can be 
considered beneficial for kidney protection. 

6.4 PROSTHETIC VALVE ENDOCARDITIS AFTER TAVR 
AND SAVR 

This study has demonstrated that there was no difference in the risk of PVE 
after TAVR and SAVR over time. We also observed that the incidence of PVE 
was significantly associated with male gender and patients with a deep sternal 
wound or vascular access-site infection. An excessive rate of mortality was 
observed in patients who developed PVE. 

The incidence of PVE after SAVR is well documented in the literature, 
ranging from 3 to 12/1000 person-years [209]. In contemporary surgical 
practice, PVE still affects 5% of patients 10 years after the valve replacement 
(translating to approximately 9/1000 person-years), with significant 
accompanying morbidity and mortality [169], although this study used the 
Kaplan–Meier method instead of competing risk analysis. 

With regard to TAVR, the incidence of PVE has been reported to be 
between 0.3% and 3.4% at 1-year follow-up [112,174,210,211]. Data from TAVR 
trials in intermediate- and high-risk surgical patients indicate that the risk of 
PVE is similar in TAVR and SAVR, estimated at 5.21 events per 1000 person-
years after TAVR in comparison with 4.10 events per 1000 person-years after 
SAVR [171]. Currently, the data on PVE beyond 5 years are scarce. In this 
study, we used a competing risk method to elucidate the risk of PVE as 
suggested by a consensus statement [212]. Indeed, in this context the Kaplan–
Meier method censors patients who die before the occurrence of PVE; this may 
lead to an overestimation of the risk of PVE [213]. Using the competing risk 
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regression method, we observed that the risk of PVE was similar after TAVR 
and SAVR. 

A meta-analysis suggested that native valve endocarditis occurs more 
frequently in males [214]. Østergaard et al. reported that PVE is also more 
common in males [215]. These reports support our finding that gender affects 
the risk of PVE. 

PVE is a critical condition associated with high in-hospital mortality. 
Surgical treatment was the only factor leading to better survival. Nevertheless, 
the rate of surgical treatment was very low in the TAVR group in the current 
study, most likely due to old age and extensive comorbidities. Results suggest 
that patients who are candidates for surgery and who undergo surgery may 
have improved outcomes. In a prospective multicentre international registry, 
1-year mortality after diagnosis of PVE was 22.8% [170]. A recent study 
reported 26.6% in-hospital mortality and 37.8% 1-year mortality after PVE 
diagnosis in a contemporary cohort (after 2014) [175]. 

6.5 EFFICACY OF TAVR IN PREVENTING EARLY 
MORTALITY 

TAVR has made the treatment of AS feasible and effective in patients with a 
wide range of operative risk profiles. However, this less invasive procedure can 
be associated with significant early mortality and morbidity. It is a challenge 
for clinicians to estimate whether an elderly patient with multiple 
comorbidities and poor general condition will ultimately benefit from TAVR. 
Guidelines recommend refraining from interventions on the aortic valve if the 
estimated life expectancy is less than 1 year or the intervention is unlikely to 
improve quality of life in patients with severe comorbidities. Part of early 
mortality is due to complications and part to poor patient selection, which 
means that a patient is going to die soon irrespective of fixing the AS. 
Interventions can be considered futile for patients dying soon afterwards. 

The main findings of this nationwide study are: 1) In Finland, only a 
minority of patients undergoing TAVR had excessive rates of 1-year mortality; 
2) a few risk factors were associated with prohibitive 1-year mortality and 
should be considered in the pre-procedural decision-making process; 3) the 
observed 1-year mortality after TAVR was slightly higher than the 30-day 
mortality estimated by the STS score. 

The PARTNER Cohort B trial proved TAVR to be superior over standard 
therapy in inoperable patients who cannot undergo surgery [40]. 1-year 
mortality in PARTNER Cohort B standard therapy patients was 50.7%, 
whereas 30.7% of patients died within 1 year of TAVR [8]. Interestingly, over 
80% of patients in the standard therapy group underwent aortic balloon 
valvuloplasty, which has never been proven effective compared with medical 
therapy and is associated with significant adverse effects including an in-
hospital mortality rate of 8.8% [114,115]. Of note, the treatment groups 
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differed in some aspects in favour of TAVR. Patients were deemed inoperable 
by two experienced cardiac surgeons, but unfortunately the risk estimation 
process was not explained in more detail. In comparison with the patient 
population of the present study, the PARTNER trial clearly included higher-
risk patients with a mean STS score of 11.6 ± 6.0%. In these high-risk patients 
with serious comorbidities, not all mortality in the standard therapy group was 
due to AS. Other trials have reported 1-year mortality rates from 26% to 37% 
in patients with medically treated symptomatic AS [216,217]. In the present 
trial, TAVR was considered futile if death occurred within 1 year. Defining 
overall excessive mortality for our patient cohort is difficult as there was no 
medically treated control group. According to the previous literature, we can 
assume that 1-year mortality of more than 25% could be regarded excessive, 
especially when taking into account the relatively low mean STS score of this 
patient population. 

The magnitude of survival benefit from TAVR is inversely related to 
increasing STS score, and in the PARTNER trial patients with STS score ≥15% 
had similarly high mortality rates. In patients with STS score ≥15%, both 
treatment strategies had similarly high mortality rates. Indeed, for some of 
these frail patients, conservative treatment could be a valid option. Therefore, 
preoperative risk assessment is a key factor for the optimal treatment of AS 
patients to avoid futile operations. Our study has demonstrated that, in 
particular, rising STS scores were associated with increasing mortality, but the 
STS score and EuroSCORE II are not powerful enough when predicting 
mortality after TAVR, as demonstrated in the previous literature [64]. 

Trials have not given good answers to how to recognize patients who are 
too sick to benefit from TAVR. A risk score model for TAVR based on the 
STS/ACC TVT registry performed better than traditional risk stratification 
models [61] but it will clearly not solve the problem. Frailty, a marker of 
functional reserve, cognitive function and nutritional status, is a major risk 
factor for excessive mortality after TAVR but is cumbersome to measure and 
there is no consensus regarding which frailty indices should be used in the risk 
estimation process. The FRAILTY-AVR study reported a 1-year mortality of 
65% in the highest risk score category (5 points) versus 6% in the lowest risk 
category (0–1 points) using their rather simple EFT [69]. This study 
emphasizes the power of pre-procedural systematic assessment of frailty. In 
the present study, the frailty markers captured in the registry were not 
accurate enough to improve the risk estimation model. 

In Finland, 1-year mortality was considerably lower than in France (7.5% 
vs 18.1%) as reported from a French national registry [68]. This probably 
reflects stricter preoperative selection policy among Finnish patients, 
although this is not obvious by comparing baseline characteristics. The 
proportion of urgent/emergent procedures could also play a role because they 
are associated with higher mortality. In our study, 7.5% of the interventions 
were urgent/emergent but this information was not reported in the French 
study. 
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The present study suggests that TAVR might have been futile or at least at 
very high risk of early mortality in one-tenth of patients. 

6.6 LIMITATIONS 

The retrospective nature of this study is its main limitation. Events were 
adjudicated by investigators from each participating centre. Therefore, a 
certain degree of under-reporting of events cannot be completely ruled out. 
With regard to study I, echocardiographic exams were performed according to 
standard practice and the results might differ from studies with strict imaging 
protocols and echocardiographic core laboratories as in RCTs. In addition we 
did not have data on late echocardiographic controls. CT data on annular size, 
calcification and access-vessel properties were not available in this registry, 
which could have been useful in studies I–II. Study III limitations include the 
lack of data on renal function after discharge and the rate of late dialysis. 
Moreover, we did not have data on pre-procedural proteinuria. Therefore, 
early-stage CKD was not recognized. In study IV, we cannot rule out under-
reporting of endocarditis. Many patients in poor general condition might have 
been treated without sufficient diagnostic work-up leading to diagnosis of 
endocarditis. With regard to study V, a control group of patients 
conservatively treated was not available for a comparative analysis. In 
addition, we did not have sufficiently detailed data on frailty, which prevented 
a possibly more accurate risk assessment of this study population. However, 
this study provides real-world data in a nationwide setting and important 
results to complement the data from randomized clinical trials. 
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7 CONCLUSIONS 

1) The incidence of PVR after TAVR declined significantly during the study 
period. Both mild and moderate-to-severe PVR after TAVR were associated 
with increased mortality in the midterm follow-up. PVR after SAVR was 
rare (I). 
 

2) Non-access-site-related MVC was associated with threefold 3-year 
mortality. In contrast, access-site-related MVC increased 3-year mortality 
only with concomitant severe bleeding (II). 

 
3) In propensity score matched series, AKI was significantly less common 

after TAVR in comparison with SAVR. AKI increased midterm mortality 
significantly after both procedures, and the more severe the kidney injury, 
the worse the outcome (III). 

 
4) There was no difference in the risk of endocarditis between TAVR and 

SAVR in the midterm follow-up. The overall incidence of endocarditis was 
3.0/1000 person-years (IV). 

 
5) Most patients underwent transfemoral TAVR with very acceptable risk. 

Still, the benefit of TAVR was less evident in approximately one-tenth of 
patients (V). 
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